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Biological sciences have reached the fundamental unit of life: the cell. Ever-growing field of Biological Microelectromechanical
Systems (BioMEMSs) is providing new frontiers in both fundamental cell research and various practical applications in cell-
related studies. Among various functions of BioMEMS devices, some of the most fundamental processes that can be carried out
in such platforms include cell sorting, cell separation, cell isolation or trapping, cell pairing, cell-cell communication, cell
differentiation, cell identification, and cell culture. In this article, we review each mentioned application in great details
highlighting the latest advancements in fabrication strategy, mechanism of operation, and application of these tools. Moreover,
the review article covers the shortcomings of each specific application which can open windows of opportunity for improvement

of these devices.

1. Introduction

The analytical platforms that facilitate growing, monitoring,
analyzing, and manipulating cells are essential to the
advancements of the biological and biomedical fields [1]. In
cell-related studies, it is of vital importance to be able to iden-
tify, isolate, sort and separate, culture, pair, and record the
differentiation and communications of cells. While 2-
dimensional (2D) in vitro platforms enable a certain degree
of progress, they fall short in mimicking the microenviron-
ment the cells experience within a living body [2]. Moreover,
cell studies within traditional petri dish commonly require
large sample volume and various external equipment to sup-
port the experiments. Biological Microelectromechanical
Systems (BioMEMSs) have emerged as great alternatives to
facilitate cell studies for multiple applications. These devices
are compact and portable while operating on small sample
volume and offering automatization of multiple processes.
Application of BioMEMS in cell-related studies allows
metering, dilution, flow switching, particle separation, mix-

ing, pumping, incubation of reaction mixtures, and dispens-
ing or injecting cells for different procedures [2]. BioMEMS
closely mimics microenvironment of cells by incorporating
the necessary stimulations of physical, electrical, chemical,
and mechanical natures that cells need in order to grow
and respond to their surroundings. The intrinsic properties
of cells including size, shape, deformability, and charge play
a crucial role in physically manipulating them [3, 4]. These
devices rely on several forces including electrical, magnetic,
mechanical, hydrodynamic, and centrifugal forces to manipu-
late cells for intended applications. Fabrication of BioMEMS
commonly follows the standard soft or hard lithography tech-
niques often combined with lift-off, wet etching, replica
modeling, and 3-dimensional (3D) printing. Polymers, in par-
ticular, have played a significant role in fabrication of these
devices as they lend remarkable characteristics to the device
including flexibility, transparency, lightweight, ease of fabrica-
tion, and cost-effectiveness [5].

In this review article, the latest advancements of polymer-
based BioMEMS in cell-related studies are summarized. In
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FiGureg 1: Cell-related applications of BioMEMS: cell sorting, cell separation, cell isolation, cell pairing, cell-cell communication, cell

identification, and cell culture.

specific, applications such as cell sorting, cell separation, cell
isolation or trapping, cell pairing, cell-cell communication,
cell differentiation and identification, and cell culture in latest
designs of BioMEMS are thoroughly reviewed (Figure 1).
Each field of study includes the latest updates of the Bio-
MEMS along with their main components, the fabrication
strategy, the mechanism of operation, and the specifics of
each platform. The review article also covers limitations
and shortcoming of BioMEMS in cell-related studies with
specific emphasis on the applications of interest.

2. BioMEMS in Cell Sorting

Accurate and high-throughput particle/cell sorting is a criti-
cal step in various protocols in biology, biotechnology, and
medicine [6]. Nowadays, conventional technologies are capa-
ble of providing high-efficiency sorting in a short timescale.
Recent advances in BioMEMS have allowed the development

of miniaturized devices offering similar capabilities as those
provided by commercial cell sorting platforms [7]. Cell sort-
ing on BioMEMS provides several advantages, including the
reduction of the equipment size, eliminating potential haz-
ardous aerosols, simplifying complex protocols, and multi-
plexing several steps [8]. BioMEMSs dedicated to particle
or cell sorting are capable of integrating time-consuming
and labor-intensive experimental procedures into compact
integrated pieces of equipment. These devices manipulate
small sample volumes that allow examining individual cells
or particles of interest [6, 9]. Table 1 presents some of the lat-
est applications of BloMEMS devices in cell sorting in detail
providing the components of the device, the fabrication strat-
egy, and the mechanism of operation, in addition to the spe-
cific and remarks for these devices.

The intrinsic physical properties of the target cells are
often used to achieve controlled cell sorting. The use of exter-
nal charges or forces is introduced to BloMEMS in order to
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TaBLE 1: Recent BloMEMS platforms for particle/cell sorting including the type of the platform, the main components, the fabrication
strategy, the mechanism of operation, and the specifics of each platform.

BioMEMS platform Main components szt;;i:g;n Mechanism of operation Specifics Ref.
Raman effect takes place when
light illuminates a certain region
Laser beam laser . .
of the microdevice. The photon
. L1 tweezer Raman Standard soft . . The laser tweezers enable
Microfluidic-based . . interaction perturbs the electron . e
microscopy PDMS- lithography . trapping of individual cells at the [15]
Raman ACS : 1 . configuration of the molecule to
based microfluidic technique . ) focus of the laser beam.
device an unstable virtual state during
the photon scattering, yielding the
differences between particles.
The micromotors were designed The design needs to overcome the
. to harness local H,0, produced
Micro/nanomotors . . . low Reynolds number and
Synthesized PS Wet etching and by cancer cells to convert chemical . . .
for cancer cell . . . . Brownian motion, which work  [14]
. Janus particles photolithography energy into mechanical . ,
targeting . . . . together against the motor’s
propulsion while targeting specific 1 .
ocomotion.
cancer cells.
Centrifugal Charge-based By ap plylr}g a voltage to the cells, The device encapsulates and sorts
microfluidic Chip ~ microchannel flow monodisperse droplets were cells in one single step [10]
Standard soft generated and manipulated. )
Single-molecule Microchannels lithography Acoustic waves push specific The device can be used for
tracing microfluidic ~ Acoustic wave particles into cavities depending  organic and inorganic particle  [11]
chip transducer on their size and deformability. separation.
DEP was used to separate death
from live monocytes using 3D
carbon electrodes. A voltage was
3D-carbon Two-step applied to create an electric field. The strategy offers a contact-free
3D carbon-DEP . . .
microfluidic chi electrodes voltage  photolithography Live monocyte cells reacted to the procedure leading to more [17]
P signal generator process attraction force and were trapped accurate analytical results.
in the electric fields near the
electrodes while dead cells remain
unresponsive.
ITO electrodes Following th.e channels, the cells The device is capable to induce
. were carried to the tumor- .
. L1 Function generator . cell sorting based on DEP by
DEP microfluidic Standard soft  trapping zone, where tumor cells . S
- Power supply . . . encapsulating particles in [18]
chip . lithography could not continue traveling .
Syringe pump . droplets and applying a voltage
Microfluidic device through the device outlet due to potential in a single step
their size and deformability. '
Cells from a sample fluid were
flown into a 1.n1croﬂu1d1.c device The device is capable of sorting
and focused in the vertical and . .
Raman . o four model bacteria while
. 1 . horizontal directions by two .
Microfluidic-based  microspectroscopy sheath flows. Cells captured by the demonstrated a sorting accuracy
Raman ACS Laser beams Standard soft . ’ b Y of 98%, high-throughput
. . optical tweezers were moved to . [16]
optofluidic Laser tweezers lithography the sample-free stream for performance by sorting up to 500
platform PDMS-based P cells per hour, and compatibility

microfluidic device

Au/Ti electrodes
Function generator

DEP microfluidic Power supply
chip Syringe pump
PDMS-based

microfluidic device

Standard soft
lithography,
physical vapor
deposition, and
D.C. sputtering

spectrum measurement. Cells of
interest were released into the
collection outlet for further
cultivation.

A sample was injected in the
microfluidic chip at a constant
rate, following through the
channels; the cells of interest were
subjected to DEP forces and
trapped in different areas.

with cultivation after collection of
the cells.

The device is capable of
separating three kinds of
circulating cells. The proposed
model for DEP-based cell
stretching enables the integration
of more reliable geometries that
can potentially optimize the use
of DEP for cell sorting.

(20]
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TaBLE 1: Continued.

Fabrication

BioMEMS platform Main components
strategy

Mechanism of operation

Specifics Ref.

Ag-PDMS-based

electrodes Standard soft

DEP microfluidic

chip with Power supply hth;iiﬁilye?nd
conductive PDMS ~ PDMS microfluidic . Y
chip lithography

Sorting was achieved by DEP
forces while a solution of cells
passed through the microfluidic

The device utilizes Ag-PDMS
electrodes in a simple fabrication
process. DEP is utilized atlow DC [19]
voltages of less than 15 Vpp with

device. a high frequency.

ACS: activated cell sorting; Ag-PDMS: silver-polydimethylsiloxane; CTCs: circulating tumor cells; DEP: dielectrophoresis; H,O,, hydrogen peroxide; ITO:
indium tin oxide; LOC: Lab-on-a-Chip; PDMS: polydimethyl siloxane; PS: polystyrene; RACS: Raman activated cell sorting; Vpp: peak to peak voltage

(Vpp); 3D: three dimensional.

achieve a fine sorting of particles. A microscale centrifugal
technology called centrifugal microfluidic chip (CMC) was
developed by Yu et al. The authors describe a device capable
of classifying immune cells from the blood cells based on
their charge and performing a cell analysis in situ. The
CMC consists of a glass-sandwich channel-layer assembly
with an integrated polydimethylsiloxane (PDMS) layer along
with microfluidic channels that connect the two glass layers.
This glass-sandwich approach was used to enhance the CMC
mechanical properties and minimize the deformation of the
PDMS channels at higher centrifugation speeds. Since the
glass tensile strength is higher than that of PDMS, the
authors were able to achieve an acceleration of 1,000g
without damaging the microfluidic PDMS channels while
enabling a higher recovery of peripheral blood mononuclear
cells (PBMC). A simple 10-minute centrifuge step was neces-
sary to reach purity and recovery levels above 95% for PBMC
[10]. This implementation yields several applications related
to the automatization of blood sample assays and could
potentially be utilized to develop point-of-care (POC)
devices for rapid diagnostics.

A device capable of controlling the movement of different
particles using surface acoustic waves (SAWs) was developed
by Lin et al. [9]. The device employed a digital transducer to
generate different sound waves that enabled the movement of
particles of specific sizes in predefined pathways. The sound
waves directed the particles into separate cavities, enabling
the individual analysis of these targeted particles [9]. The
PDMS chamber of the device was fabricated on a silicon
(Si) mold etched by deep reactive ion etching and molded
using conventional soft lithography techniques. Demolding
from the Si wafer was achieved by finalizing the etching pro-
cess with a passivation step to yield a hydrophobic surface
layer on the PDMS. Diverse sound waves can be generated
providing a basis for the device to work with an extensive
range of particles (inorganic and organic), thus allowing it
to be used for several applications related to cell studies
including cell differentiation and stress research, among
others [9].

Another example of a BioMEMS applying SAW for cell
sorting is the work of Ding and Huang which utilized tunable
standing surface acoustic waves (SSAWs) in a continuous
flow to separate white blood cells. The main difference
between the proposed work of Lin et al. and this work is
the use of the acoustic radiation force to directly manipulate

cells, rather than affecting the fluids [11]. The authors
described the use of a single-layer PDMS channel and a pie-
zoelectric substrate with a pair of interdigitated transducers
as part of the device. PDMS is often used as the preferred
polymer for BioMEMS and cell studies due to its beneficial
features including optical transparency, biocompatibility,
low autofluorescence, deformability, low electromagnetic
energy dissipation, and high dielectric strength, among
others [12]. Nevertheless, it has been reported that the thick-
ness of PDMS walls could directly affect the transmission of
the SAW. For that reason, it is recommended that microflui-
dic channel walls to be as thin as possible to enhance the effi-
ciency of the SAW-based devices [13].

BioMEMS devices focused on particle or cell sorting are
an enabling technology to automate and integrate multistep
operations. The use of MEMS technologies significantly
reduces the total time of an assay in applications related to
diagnostics and drug-delivery systems (DDS). Gao et al.
described a technique for cell sorting based on micro/nano-
motors, which were equipped with in situ energy conversion
that made them capable of autonomous movement. The abil-
ity of some cancer cells to mutate, inhibit antiproteases, and
result in metastasis involves generating oxidative stress by
producing an elevated level of hydrogen peroxide (H,O,).
The authors used this fact as the principle for designing the
device. The micromotors were designed to harness local
H,O, produced by cancer cells to convert chemical energy
into mechanical propulsion while targeting specific cancer
cells. Presented mechanism with the propelled navigation
allows micro/nanomotors to act as highly diffusive delivery
vehicles that promote cancer cell targeting with possible
applications related to DDS and cancer diagnostics by the
aim of specific biomarkers [14].

The single-cell Raman spectra (SCRS) is often utilized to
characterize phenotypic changes and functions of cells of
interest. Song et al. described the development of a Raman
activated cell sorting (RACS) device with no external labeling
[15]. Furthermore, Lee and colleagues in 2019 described a
Raman-based cell sorting technique with 3D microfluidics.
In this work, a 3D hydrodynamic focusing microfluidic sys-
tem for a fully automated, continuous Raman activated cell
sorting (3D-RACS) was described. The system consisted of
3D printed detection chambers that have been integrated
within a PDMS-based sorting unit. The device demonstrated
the ability to precisely position cells in the detection chamber
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for Raman measurements and sorting from 1xm to 10 ym
cell sizes [16].

Another sorting approach that uses a label-free method
and has been continuously used due to its relevant character-
istics is dielectrophoresis (DEP). DEP is often referred to as
one of the most utilized sorting methods since it preserves
cell viability, employs intrinsic properties of cells, is con-
tact-free, and provides high-yield for the downstream analy-
sis of the cells [17]. Yildizhan et al. proposed a PDMS chip
with 3D carbon electrodes for the separation of monocyte
cells. The work introduced the integration of 3D electrodes
based on carbonization of SU8 by pyrolysis and the utiliza-
tion of lower electrical impulses due to the conductivity of
the carbon-based electrodes. The device demonstrated the
DEP separation of live and dead human U937 monocyte cells
from a mixture of cell suspension [17]. Another device that
utilized DEP as a sorting technique was proposed by Hung
et al. in which a device combined droplet microfluidics and
DEP. The authors reported the formation of droplets and
encapsulation of particles of interest. The following DEP
sorting and manipulation of droplets were achieved based
on the dielectrical charges of the encapsulated materials
[18]. Another work that utilized modified electrodes was
demonstrated by Nie et al. The authors used AgPDMS as
the material for the integrated microelectrodes. Such design
in the conducting-PDMS electrodes has exploited the poly-
mer doped with Ag to enable the DEP-based bidirectional
cell sliding and sorting by mirroring the unidirectional track
to incorporate more parallel flow streams [19]. Hosseini et al.
proposed a different DEP-based sorting device in which opti-
mized conditions were developed based on cell stretching
and lumped mechanical modeling. The authors showed
how an optimized electrode design can highly increase the
sorting of different cell types in a single fluid. The study pro-
posed a model for cell elongation and verified the experimen-
tal results. The model was examined for three kinds of
circulating cells, namely, erythrocyte, PBMC, and breast can-
cer cell line (T-47D). Although the authors utilized regular
Au/Ti electrodes as the base for the DEP device, the opti-
mized geometry of the structures paired with a SUS8 insulator
layer in a PDMS channel provided label-free analysis for a
large variety of cells with different sizes and properties [20].

3. BioMEMS in Cell Separation

Cell separation refers to the process of splitting a specific cell
population from others within a biological sample, for
instance, circulating tumor cells (CTCs) from blood or a par-
ticular tissue. This process is fundamental to acquire analytes
of interest within a single fluid [4]. Multiple systems can be
used in order to achieve the separation of different cell pop-
ulations. In BioMEMS, different transport processes can be
performed in microfluidic devices; hence, a number of
microfluidic features are used for fluid transfer for the spe-
cific purpose of cell separation [21]. Similar to cell sorting,
developed approaches for sell separation highly rely on
intrinsic properties of the target cells including size, shape,
charge, and deformability. In Table 2, we provide some of

the latest techniques developed for cell separation within
BioMEMS.

Several Lab-on-a-Chip (LOC) devices have been utilized
in order to separate cells or particles based on their size. A
device for size-based separation was reported in 2013 by
Geislinger and Franke. The separation process benefited
from hydrodynamic effects on Reynolds number (Re) to
divide the cells based on their size and deformability
(Table 2). The microfluidic was reported to be a suitable can-
didate for sorting CTCs from a mixture including red blood
cells (RBCs) [22]. The authors reported possible applications
of this device in cancer diagnostics and therapeutics. More-
over, Hvichia et al. described a microscale separation plat-
form that consisted of a stepped physical structure that
decreased progressively in the dimensions of the fluidic path
through which the cells traveled. This process allowed cap-
turing viable CTCs [23]. The application of microfluidics
for cell separation in liquid biopsies is also a prominent and
recurrent theme in deformability-based cell separation
(Figure 2). In particular, CTCs have a deformability charac-
teristic which is a key indicator for metastasis and noninva-
sive diagnosis of cancer [23].

Charge-based cell separation techniques employ the elec-
trical properties of cells and/or the medium that contains
them in order to cause a displacement [6]. This approach is
especially useful to sort out and separate target cells from a
homogeneous solution since low concentrations and similar-
ities in shape and size can make this task difficult [24]. Song
et al. proposed an array of oblique interdigitated gold elec-
trodes within a PDMS-based BioMEMS for the continuous
sorting of stem cells in a homogeneous mixture of cells
(Table 2). This facilitated further applications of this device
in differentiation of target cells and cell-cell studies [25].
These technologies enable scientists to generate new diagnos-
tic tools that could considerably shorten the time needed for
bioanalytical assays.

Another technology that has been used for cell separation
in BioMEMS is inertial microfluidics. In inertial microfluidic
devices, cells can be manipulated and separated by using
hydrodynamic forces of the carrier fluid in the channel to
focus particles in certain bands. This passive manipulation
relies on the microchannel characteristics and the intrinsic
hydrodynamic effects of the target cells [26]. By using polyvi-
nyl chloride (PVC), Zhu et al. described a polymer-film iner-
tial microfluidic jigsaw (PIM]) sorter for rare cell separation.
The proposed device was fabricated by assembling laser-
patterned polymer-film layers of different thicknesses and
assembling it as a jigsaw puzzle. A high recovery ratio of
more than 90% was achieved for the separation of rare tumor
cells from white blood cells (WBCs) [26].0ne of the main
advantages of this system was the easy fabrication method,
as opposed to conventional PDMS-based microchips. The
authors highlighted the ease of fabrication by simple assem-
bly of multiple layers to form a 3D structure on the same
plane, enabling a faster production of devices with complex
geometries without the need of a clean room facility. Razavi
et al. described an inertial microfluidic device based on 3D
printing with a right-angled triangular cross-section. Made
from poly(methyl methacrylate) (PMMA), the device was
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TaBLE 2: Recent BioMEMS platforms for cell separation including the type of the platform, the main components, the fabrication strategy, the
mechanism of operation, and the specifics of each platform.

BioMEMS platform  Main components lezgct:;;n Mechanism of operation Specifics Ref.
The separation process took The device is capable of sorting
— advantage of size and MV3-melanoma cells from an
Noninertial . = T . .
- Syringe pumps deformability as intrinsic RBC suspension at a high
hydrodynamic lift- : ST . . .
. . Microfluidic chip biomarkers were induced by a hematocrit level. [22]
induced cell sorting . . N
device Voltage source hydrodynamic effect at very low The mechanism of sorting is
Re, separating the target cells by  gentle compared to other label-
their size. free techniques.
Plastic molding The system used a microfluidic
containing a cassette th.at captured cells t?a.sed Cell size must be known for the
i stepped separation on their size and deformability.
Parsortix™ system Standard soft system to be able to capture them.
structure and . The sample passes through a . [23]
for cell capture . lithography . : The device does not depend on
microchannels fluidic path leading to flow antibody affini
Heat-bonded thin distribution channels and over the Y -
plastic cover stepped separator.
Oblique
interdigitated
Continuous-flow electrode array The devices used DEP to force the The device facilitated the
microfluidic DEP AC frequency target cells to flow in a determined continuous label-free cell [25]
chip generator path. separation.
Syringe pumps
Microfluidic chip
Separation was achieved by the
Paper-based Paper-based valve 3D printingusing ~ combination of hlgh affinity The device can be used in
. . Sponge-based a photopolymer  between the negatively charged L . [87]
extraction device . . . resource-limited settings.
buffer storage resin particles of interest and the
positively charged glass fiber.
Mlcroﬂuldm chip 2D microscale Stand:ard PDMS The device used oscillatory flow to . -
with a ratchet multilayer soft . The device has the ability to
. funnel membrane- . manipulate cancer cells and .
mechanism coupled lithography refresh the filter microstructure  [88]
- . based ok leukocytes and performed a .
with a hydrodynamic . fabrication . after each separation.
Microvalves . throughput separation.
concentrator techniques
Rectangular The device operated a high-
microchannel throughput separation by L .
Inertial focusing LOC Serpentine multichannel shape-based sorting The dev1ce1;ieclci z-eszectwe and [95]
microchannels of the microalga using inertial ’
Fluidic resistors Standard soft foc‘using techniql?es.
lithography Continuous separation of
o . techniques with parFiFles of equal Vf)lum'e by
Elasto-inertial Asymmetric T- PDMS exploiting the elasto-inertial lift-
pinched flow shaped induced particle viscoelastic The device offered a label-free [96]
fractionation microchannels fluids. The device uses particle’s separation.
microfluidic platform  Syringe pumps rotational movements controlled
by the zig-zag shape of the
induced microchannel.
The device demonstrates a
A trapezoidal The device utilized a syringe ~ complete separation of the binary
Polymer-film inertial spiral inertial Laser cutting  pump to inject the cell suspension  particles with a minimum size
microfluidic jigsaw ~ microfluidic sorter Plasma-activated  at specific flow rates. The cells  difference of 2 ym. The device was [26]
sorter chip bonding were separated by inertial forces successfully applied for the
Syringe pump and recovered in different outlets. separation of rare CTCs from the
blood samples.
. N 3D printed device DLP 3D printing The device utilized the inertial ~ Through this strategy, fabrication
3D printed inertial Pressure- . . .
. s . PMMA sheet L . forces to separate different cell ~ of a right-angled triangular cross- [27]
microfluidic device . sensitive adhesive . . .
Syringe pump lines. section was possible.

bonding
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TaBLE 2: Continued.

Fabrication

BioMEMS platform strategy

Main components

Mechanism of operation

Specifics Ref.

PDMS-based chip

A fluidic chi AW tran T
coustofluidic chip SAW tra ’sduce Standard soft
for Function .

. . lithography
nano/microparticle generator ) .

. - . techniques with
separation Amplifier Syringe PDMS

pump

Hydrodynamic focusing was
Photolithography applied allowing particles to enter
consistently into the same
position in the acoustic field, and
once the SAW field was applied,
particles were deflected and
separated into different streams.

Particles with a wide size range
from 200 nm to 10 ym can be  [28]
separated with this device.

CTCs: circulating tumor cells; DEP: dielectrophoresis; DLP: digital light processing; LOC: Lab-on-a-Chip; PDMS: polydimethyl siloxane; PMMA®: poly(methyl
methacrylate); RBCs: red blood cells; Re: Reynolds number; SAW: surface acoustic wave ; 3D: three-dimensional; 2D: two-dimensional.
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separation

F1GURE 2: The microfluidic device for the (a-g) cell capture process shows the device and the progression of capturing CTCs [23], ©2016,

National Library of Medicine.

capable of separating target cells without altering the cell
activity which made it a safe method for biological assays
[27]. Alike the work of Zhu et al., the authors also described
the challenges of manufacturing PDMS-based devices and
the new possibilities that alternative polymers could give to
the BioMEMS devices.

As previously discussed in the cell sorting section, SAW is
a technique often utilized in BioMEMS devices. Zhao et al.
described a disposable PDMS acoustofluidic chip for nano/-
microparticle separation [28]. The authors demonstrated
the use of a hybrid channel design with hard and soft mate-
rials and tilted-angle standing SAWs. The disposable part
of the device was the PDMS-based chip with the channels,
while the interdigital transducers (IDTs) were reused multi-
ple times. The device was capable of differentiating and suc-
cessfully separating bacteria from RBCs with a purity of 96%.
The hybrid hard/soft PDMS channels were employed to min-
imize the acoustic attenuation factor that PDMS causes in
SAW. This control was achieved by utilizing a low thickness
PDMS bottom enclosure [28].

4. BioMEMS in Cell Isolation/Trapping

In molecular and cellular biology research, cell isolation
and trapping are essential steps for accurate and precise
analysis of specific cell types which subsequently allow
exploiting particular cell properties and cell categorization
[29]. Highly efficient cell isolation and trapping could open
various windows of opportunity to the areas of drug discov-
ery, cancer genomics, cell separation, confinement, and
controllable transfection of cells [30]. Table 3 provides an
overview of the latest advancements made over the past five
years highlighting the specific interface between BioMEMS
and cell isolation/trapping.

Centrifugation enables fluids with different densities to
sediment into layers of increasing density under the influence
of gravitational forces [29]. Espulgar et al. proposed a PDMS-
based centrifugal microfluidic device to trap single cells with
controlled separation distance allowing studying of cell
growth, coupling, decoupling, and beating in a rapid manner
[31]. Other examples of PDMS cell trapping device include
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TaBLE 3: Recent BioMEMS platforms for cell isolation/trapping including the type of the platform, the main components, the fabrication
strategy, the mechanism of operation, and the specifics of each platform.

BioMEMS Main components  Fabrication strategy Mechanism of operation Specifics Ref.
platform
Microfluidic chip
Acrylic plastic
Ce.ntr1fu.ga} plates with silicon The device applied centrifugal The device does not need large
microfluidic tubes . . . . [31]
. g force to isolate the cells. equipment for cell manipulation.
chip Filtering channels
Focusing channels
Trapping channels thhog;ztiphg nziethods
andar .
P-DEP chip photolithography Cel.ls wi:r.e :rafﬁ)edlb); ap(};lylrr}gh AC
TPIDA electrodes technique signat into e electrodes. 1A
(A_IDA and B- paired cells in each microwell
Planar p-DEP could be pushed together into a U- C e
. IDA electrodes) . L The device is facile and accurate. [32]
chip . 1 shaped microbaffle by liquid flow
Microfluidic - :
channels through a capillary-sized channel,
Microwell arra resulting in single isolation and
Y subsequent cell-cell contact.
Eﬁ?:gjﬁaiﬂlis Cell medium would be streamed
. along with the flow, and only one  The strategy offered a low-cost
3D cell rotation C-PDMS . : . : .
. Photolithography and cell was trapped at the opening of device with straightforward
BioMEMS electrodes . . [34]
wet etching methods the V-shaped pillars, subsequently approach that had a better control
platform ITO electrode e . - .
back-flowed, and stabilized inside  over cell trapping and isolation.
Controllable 3D
. the chamber.
cell rotation
Gold electrodes Cells were t'rapped at the constant . 4 e offered control over
PDMS Standard flow with the continuous T
Flow-through . - - o . unwanted lysis. It involved
microfluidic photolithography and  application of the electric field. . . [30]
LOC ) . . simultaneous n-DEP trapping
channel lift-off techniques The n-DEP allowed trapping the nd AC electroporation
DEP trap cells independent of gravity. a electroporation.
MLC;:SESIC The cells were flowed in, and The device used passive trappin
Microfluidic cell . Photolithography single cells were trapped on the . bassive frapping
Hydrodynamic . S suitable for preserving cell [35]
trap array . - technique protein micropatterns by the o
sieve-like trap . . viability.
sieve-like traps.
system
Microfluidic
. 1 network of 60 The cell-drug mixture was injected ~ The devices presented control
Microfluidic - . . o
device with loops Soft lithography into the grid, and the device over the distribution of
. Bypass channel trapped individual cells within the cells/clusters. It involves a [36]
integrated - process £ caviti di bilized d f .
ipettes Cavities array of cavities and immobilize ownstream assay for capturing
PP Trap them. rare CTCs.
Pipettes
I\/[Sayrrir::tgii I:S)Efrlll; The cells were kept in suspension
. 1 § 8 Photolithography and  through a magnetic stirring bar, It is a noninvasive device for
Microfluidic bar . . - o
. . - soft lithography while the cell mixture or blood  monitoring the response to cancer [37]
device Micropillar array .
techniques sample was pumped through the treatments.
Fluorescence :
. device.
microscope
Hydrodynamic
trap microfluidic
c_hannels Multilayer Cells were seeded at 1°W flow rate Microtracks allowed guiding cell
1D cell Microtracks . onto the patterned microtracks L 1o L8
- photolithography . migration with high predictability [38]
migratory assay Stamped and trapped by hydrodynamic d . S
substrates process barriers. and precise positioning.

Laser ablated
substrates
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TasLE 3: Continued.
Ella?tlzl) l;:j:l/[s Main components ~ Fabrication strategy Mechanism of operation Specifics Ref.
Semiautomated Fluid channels
microfluidic Pneumatic valves Rapid prototvpin A controllable pneumatic trap was In this device, the chemical
cell-based Fluid crossed- piap typing used to encapsulate and discharge stimulation to cell was achieved [39]
biosensor channel structure suspended cells. by flexible hydrodynamic gating.
Control channels
Single cells were trapped and
V-shaped WEITS e oelectrochemical manipulated within a high flow
U-shape dwelling . . and low-pressure area that L .
. . process, inductively .~ . The device is capable of trapping
Hydrodynamic region reconcentrated the streamline via . . :
. . o coupled plasma . single cells in 10s. Additionally, it [40]
Snaring Array Microcultivation . a V-shaped weir that loaded the .
etching, and . Lo allows for long-term cultivation.
system hotolithaeranh cells, pushing them precisely into
96-well plates b BAPRY the dwelling region due to the void
and wedge structures.
Particles were directed along the
Porous- Sieved microwell top channel and captured in the
. microwells. A shielding flow along . .
microwell array he si fth h | In this device, well occupancy and
trapping- Microfluidic two- the sides of the top channel was t . . d [41]
pping icrofluidic two d ide the flow direct] rapping were improved.
system layered channel used to guide the flow directly over

the wells, and untrapped particles

were sieved along the flow path.

Microcapsules

with shells and Droplet microfluidic

Polymer-based technology and

porous asymmetrical chemical ohase
microcapsules  distributed funnel- icalp
separation process
shaped pores

The pores’ geometry and bacteria’s
motility drive the bacteria to enter bacteria while adding bactericide [42]
the microcapsule cavity.

The surrounding liquid
environment safeguards the

into the cavities greatly enhanced
the efficiency of the system.

AC: alternating current; C-PDMS: carbon-black-PDMS; CTCs: circulating tumor cells; DUV: deep ultraviolet illumination; DLD: deterministic lateral
displacement; Au: gold; ITO: indium tin oxide; IDA: interdigitated array; LOC: Lab-on-a-chip; n-DEP: negative dielectrophoresis; C4F8:
octafluorocyclobutane; PDMS: polydimethyl siloxane; PolyMUMP: polysilicon multiuser surface micromachining process; p-DEP: positive

dielectrophoresis; Ti: titanium; TPIDA: two-pair interdigitated array.

DEP, a versatile method for cell manipulation due to its com-
patibility with cells, label-free nature, simplicity, and integra-
tion of in situ cell measurements [32]. DEP enables the
manipulation of individual living cells by regulating electrical
signals applied to the electrodes [33]. Different designs and
electrode arrangements were reported for such devices.
Among these proposed strategies, positive dielectrophoresis
(p-DEP) offers a facile method for cell trapping which can
be further used for cell communications and a precise cell
pairing in cell fusion [32]. Negative dielectrophoresis (n-
DEP) provides a better control over unwanted lysis and
simultaneous analysis of alternate current (AC) electropora-
tion of single cells (Figure 3) [30]. Moreover, a coupling of
different techniques such as hydrodynamics and DEP
enables single-cell loading, cell rotation, and consequently
sell isolation [34].

Another simple yet effective example of polymer-based
BioMEMS was proposed by Lin et al. for accurate and con-
trolled isolation of single cells on protein micropatterns. This
PDMS microfluidic device incorporated aligning sieve-like
trap arrays in a microfluidic channel to control the type,
the amount, and the arrangement of nearby cells [35]
(Table 3). Bithi and Vanapalli presented a pipette-based
microfluidic cell isolation (MCI) device for operating
single-cell drug assays. The PDMS device was developed for
handling and manipulating rare types of cells and to com-

partmentalize such cell samples [36]. Another example was
a PDMS microfluidic device that immobilized tumor cells
on the surface of the microchannels by the aim of capture
agents. Functionalized with aptamer-antibody, the micro-
channel of this device promoted a strong bond between the
substrate and the cells which allowed isolation (Table 3)
[37]. Hisey et al. proposed a BioMEMS that hydrodynami-
cally seeded single cancer cells onto polystyrene (PS) micro-
tracks benefiting from topographical cues and encouraging
migratory cell behavior. The device improved the reproduc-
ibility of cell trapping and enhanced the clinical applicability
of in vitro single-cell migration assays. This device benefited
from automatic analysis of single-cell migration behavior to
predict treatment outcomes and antimetastasis drug screen-
ing [38]. In another study, a multiarray microchip developed
by Huang et al. allowed studying mechanically induced phys-
iological changes in cells through a side-stretching mecha-
nism and a controllable pneumatic trap which were used to
encapsulate and discharge suspended cells (Table 3). This
PDMS device has shown promises in molecular processes
and tissue reshaping applications [39].

Chiang et al. were able to trap a single cell in 10s with a
hydrodynamic snaring array (Table 3), enabling a stable per-
fusion culture microenvironment. Furthermore, the authors
presented a unique microstructural design method. Their
particular approach of V-blocking and voids enabled new
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FIGURE 3: (a) An overview of the BioMEMS platform made from PDMS and gold electrodes and (b) a cross-section view of the trapping

chamber [30], ©2019, Nature Publishing Group.

techniques to trap various cell types and different cell sizes.
Additionally, the authors demonstrated an independent cul-
tural environment in each PDMS well, showing great prom-
ise for interaction studies among single and multiple cells
[40]. Other studies have also benefited from hydrodynamic
forces. Romita et al. have utilized hydrodynamic forces as a
main driving force to capture cells and to exclude the need
for sedimentation time. The authors developed sieved micro-
wells with open pores at the bottom, enabling crossflow trap-
ping within a double-layered PDMS microfluidic device, in a
simple two-step fabrication process, as seen in Table 3. This
device opened new channels to improve capture ability and
well occupancy, showing great promise for single-cell analy-
sis. Moreover, its versatile fabrication methods allowed the
device to be adaptable into a wide range of sizes and shapes
[41]. Scientists use various geometric designs to isolate cells
in devices. For instance, in the case of Luo et al. the
authors developed polymer-based porous microcapsules to
capture, trap, and isolate bacteria (Table 3). In this study,
poly(DL-lactide-coglycolide) (PLGA) and poly(L-lactide)-
b-poly(ethylene glycol) (PLA-b-PEG) were sued to create
the microcapsules while polyvinylpyrrolidone (PVP) served
as surfactant. The asymmetric porous geometry in combi-
nation with the bacteria’s own motility greatly diminishes
the need for nutrient source or chemical components to
entice the bacteria, thus reducing bacterial toxicity to sur-
rounding cells. This device has shown great promises as
an alternative to reduce bacterial contamination in liquids
for environmental studies [42].

5. BioMEMS in Cell Pairing

Cell pairing facilitates a better comprehension of cell-cell
communication mechanisms and therefore is a key to under-
standing most physiological and pathological disorders of
multicellular organisms. Cell pairing triggers the fusion
between cells, a unique tool to combine genetic and epige-
netic information of two different cell types. Since the
1960s, this methodology has been commonly used to identify
transacting factors that affect gene expression and antibody-
producing hybridoma generation [43]. Cell paring has
proven to be an excellent strategy for biological studies such
as cell fusion and cell-cell communications. Cell pairing
approaches commonly rely on initially trapping individual
cells (explained in the previous section) followed by intro-
ducing the second cell type to the system which allows the
two trapped cells to pair [44]. Table 4 provides an overview
of the latest advancements of recent years highlighting the
specific BIOMEMS developed for cell pairing applications.

Li et al. demonstrated a strategy that used centrifugal
force to hydrodynamically trap and pair cells for analysis
over an extended period of time [44]. The method enabled
a higher density of cell pairing units in a straightforward,
rapid, and simple operation while remaining friendly to cells.
Furthermore, the device allowed both homotypic and hetero-
typic cell pairing, accompanied by long-term on-chip cocul-
ture for the analysis of intercellular interactions. The
BioMEMS device proposed in this study proved to be a
robust tool in biological applications and a controllable
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TaBLE 4: Recent BioMEMS platforms for cell pairing including the type of the platform, the main components, the fabrication strategy, the
mechanism of operation, and the specifics of each platform.

BioMEMS Main Fabrication strategy Mechanism of operation Specifics Ref.
platform components
Individual cells were By this selective manipulation, the
. Cell chamber hydrodynamically trapped and device could trap three or more
Centrifugal . . .
. array relocated into cell chambers by single cells in one cell chamber.
hydrodynamic . . . . .

. 1 Hydrodynamic- centrifugation of transient storage. =~ Moreover, the design gave more  [44]
microfluidic . . . .
chip assisted single- Subsequently, a second cell could be  available spatial space to the cells

cell traps captured and trapped in the and without chamber-chamber
structure of the device. crosstalk.
Cells flowed by hydrostatic pressure,
Hydrodynamic Hydrodynamic and th(.e corresponding traps were High efficiency and.smgl.e—cell‘

: s trap occupied. Subsequently, residual ~ accuracy were offered in this device
microfluidic o . L [45]
chip Oil-isolated cells were washed away, and a with minimize chance of cross-

microchambers different cell suspension was added contamination.
sequentially.
vaelgers Tweezers were used to control the
trapping area, where PFR on the =~ The mechanism allowed the control
. Glass substrate . .
Mechanical comb layer was slide to open of the amount and order of lined-up
. SU-8 comb o .
parylene slide laver positions and cells were trapped cells; however, the cell pairing [46]
system 4 along the PFR. Subsequently, system depended on wettability of
PDMS box
Standard soft another cell could be trapped the surfaces.
PDMS cover lithography methods through the same strate
Syringe pump graphy me & &Y.
The cells were captured in the single-
cell traps by passive hydrodynamics Sequential trapping and pairing of
PDMS o : R . :
hydrodynamic and pipetting. Once saturation was  cells with similar and diverse sizes
Microfluidic Y traps reached, additional cells traveled were possible. In this platform, the
deformability- Flow- t}fr ouch through the trap with an increased cell fusion was achieved using [47]
based device & flow. Thus, the second load of cells  biological, chemical, and physical
channel . . Lo . .
Syringe pumps were introduced to the device and  biological, chemical, and physical
¥ were passively transferred into the stimuli.
larger traps with the captured cells.
Before encapsulation, each cell type
was stained with different
Sorting chip fluorescent dyes. Afterward, The device mimics a niche
Droplet-based  Collection chip emulsions were injected into the ~ environment enabling pairing and
microfluidic Electroosmotic device and a refilling pump was used cell-cell interactions at the single-cell [48]
platform pump to withdraw droplets that did not level. It does not require specific
Syringe pumps trigger sorting. The positive droplets solutions for cells of different sizes.
were collected into the chip, and
trapping was monitored.
Standard lift-off
Multlfunctlon— process, soft P-DEP was applied to attract two Either electrical or chemical stimuli
integrated IDA electrodes lithography cells into the trenches. n-DEP force . .

. - . . . . can be used for cell fusion allowing [50]

microfluidic Microwells technique, and was then activated to achieve cell oy . .
. . . flexibility and multi-fusion.
device mold-replica pairing.
modeling
The array operates in a FIFO
manner. The generated droplets
Pneumatic were carried by the continuous oil
Droplet-based microvalve . phase into the FIFO storage unit and
. . Multilayer soft . . .

multifunctional ~ Droplet trap . . sequentially captured in the traps to The entire procedure was

. 1 lithography using : . s . . . [51]
microfluidic chamber PDMS form a library of immobilized accomplished in several minutes.
platform Lateral bypass droplets. After filling the trap array,

channels selected droplets were moved to the

merging chamber, where controlled
droplet fusion was induced.
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TaBLE 4: Continued.
BioMEMS Main Fabrication strategy Mechanism of operation Specifics Ref.
platform components
Droplet Vertical droplet cultivation was
micro fll)ui dic reflowed into a planar droplet reflow
channel remaining tightly packed. .
system 2PP Subsequently, the '?r airgl o fY vslljater-in- Droplets had the capacity to
Droplet 3D electrodes microfabrication oil emulsion{iro lets flowed info the encapsulate cells from a large library
microfluidic Microfluidic Multilayer soft aqueous flow anil the carrier oil was t© generate droplet libraries, while [49]
platform channels lithography using ch:: aved into tile first train of droplets the paired cells remained closely
citrioziizn PDMS which generated a second water-in- connected.
h v ! oil emulsion droplet, resulting in
channe their pairing.
Microwell Objects were precisely posmon.ed The device permitted design arrays
and loaded into the array and briefly . A
. platform . . . of defined cell/object combinations
HL-Chip Soft lithography  centrifuged until the occupancy was . . - [52]
Dual-well HL- achieved. The dual-well structure for different analysis and material
Chip ' retrieval.

contributed to pairing.

2PP: two-photon photolithography; AC: alternating current; FIFO: first-in, first-out; HL-Chip: hierarchical loading microwell chip; IDA: interdigital array
(IDA); n-DEP: negative dielectrophoresis; PRF: parylene rail films; PDMS: polydimethyl siloxane; p-DEP: positive dielectrophoresis.

model for complex biological system studies which success-
fully handled fragile cells.

Hydrodynamic principles were also used for the develop-
ment of a microfluidic chip that facilitated cell pairing in con-
trolled environments with highly efficient trapping and
pairing without the aid of external equipment. Cells, in this
device, flowed by hydrostatic pressure and the corresponding
traps were occupied. Subsequently, residual cells were
washed away, and a different cell suspension was added
sequentially in order to pair the predetermined cells. While
the chance of cross-contamination was limited, the device
offered a slightly low throughput [45]. Abe et al. demon-
strated a cell pairing system suitable for mounting and posi-
tioning and manipulating cells by mechanically sliding a
parylene rail films (PRF). Furthermore, the PDMS-based
device could control the trapping sites, and by repetition, it
enabled pairing multiple cells in a specific order within the
device (Table 4). The proposed system could be applicable
in studies of cell-cell interactions, cell fusion, and coculture
aimed at drug discovery [46].

Cell pairing is essential for cell fusion, a natural process
that occurs during embryogenesis and immune responses.
Classic fusion methods depend on random cell pairings
therefore lack control over cell-cell contacts [47]. In order
to address this shortcoming, microfluidic devices of different
classes were developed for controlled pairing of partner cells
[47, 48]. Dura et al. developed a PDMS-based cell pairing
device for sequential trapping and pairing multiple cells. This
device employed passive hydrodynamics and flow-induced
deformation to capture the cells (Table 4). The proposed
device applied biological, chemical, and physical stimuli to
pair cells of similar and diverse sizes [47]. Hu et al. presented
a droplet-based microfluidic device for cell pairing based on
dual-color sorting. This device was fabricated by using
PDMS:SUS8 with 10: 1 ratio on silicon wafer. A refilling pump
was incorporated in this device to withdraw droplets that did
not trigger the sorting mechanism. This pairing method facil-

itated unique collection and analysis of droplets with two dif-
ferent cells (stained with different dyes) within a robust tool
for screening and manipulating cells [48].

Furthermore, Zhang et al. presented an integrated multi-
layer droplet microfluidic platform capable of handling a
large number of droplets of different sizes, allowing to oper-
ate large-scale multistep droplet processing (Table 4). The
platform had minimal error during the assays and could even
handle large droplet sizes (known to be difficult to manipu-
late). The study presented two significant innovations: (1)
the usage of curved microstructures and (2) a new droplet
cleaving scheme. The first permitted consistent droplet
reflows (in both planar and vertical directions), and the latter
facilitated automatic droplet pairing. This strategy allowed
continuous aqueous-phase flow and cleavage of the water-
in-oil emulsion droplets, permitting sequential manipula-
tion. This versatile PDMS-based device enabled droplet
generation, reflow, cleaving, pairing, and cocultivation [49].

A PDMS microfluidic device for cell capturing, pairing,
fusion, transfer, and culture was developed by He et al.
[50]. The device incorporated capture wells and electrodes
which operated by the aim of DEP (Figure 2). A p-DEP was
applied to attract two cells into the trenches within capture
wells, and a n-DEP was then activated to achieve cell pairing.
When cells were fused, they were transferred for on-chip cul-
ture by flipping the device (Figure 4).

This simple-structured multifunctional device offers var-
ious cell-related operations with compatibility and flexibility
[50]. Another multifunctional PDMS microfluidic platform
was developed by Babahosseini et al. offering droplet genera-
tion, capture, storage, and selective merging of the target
droplets. The droplets used in this study were of different
sizes containing individual cells of different types and pairing
of diverse ranges of cells within discrete droplets [51]. More
recently, Zhou et al. were able to pair and align functionalized
beads and different types of cells utilizing a hierarchical load-
ing microwell chip (HL-Chip) (Table 4). The PDMS-based
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FIGURE 4: The schematic representation of the device and its functions in different applications. With permission [50], ©2019, American

Institute of Physics.

device presented high precision and efficiency in pairing and
aligning cell beads adjacent to each other. The authors
claimed that the HL-Chip technology could be a powerful
microtool as it enabled quantitative and simultaneous detec-
tion, retrieval of desired single cells, and high-throughput
and single-cell loading efficiency whilst remaining easy to
handle [52].

6. BioMEMS in Cell-Cell Communication

Communication between cells is of particular importance in
multicellular organisms [53, 54]. The interaction between
cells regulates different processes, including cell proliferation,
apoptosis, differentiation, and response to stimuli, among
others. Moreover, errors in communication pathways can
lead to diseases including cancer, autoimmune disorders,
and diabetes [53]. Due to their complexity, cell communica-
tion mechanisms remain poorly understood. Microfluidic
platforms can provide an in vivo-mimicked environment
where studies of intercellular communication are performed
offering advantages over other systems including a precise
control of dynamic perfusion, extracellular chemical envi-
ronment, cell arrangement, and single-cell manipulation [5,
8]. The results from these studies can be translated into
new applications in the areas of drug screening, tissue engi-
neering, and for understanding the nature of different
diseases.

One of the main applications of BioMEMS is in studying
cell-to-cell interactions between tumor cells and various
types of target cells [55]. Ma et al. developed a PDMS micro-
fluidic device that promoted indirect interactions between
fibroblasts and tumor cells. The proposed platform enabled
the study of the interaction between different types of cells
in a single device including the interactions of human embry-
onic lung fibroblasts (HFL-1) with either carcinoma cells
(HepG2, ACC-M, and ACC-2) or healthy epithelial cells
(GES-1) (Figure 5). The results of the study revealed that
the site-directed migration and transdifferentiation of

embryonic fibroblasts only occur in the presence of carci-
noma cells [56]. Similarly, Fang et al. created a unidirectional
microfluidic chip with the same purpose of studying indirect
cell interactions between either invasive or noninvasive
breast cancer tumor cells (MDA-MB-231, MCF-7) and fibro-
blasts (MRC-5). The proposed device was made combining
both soft lithography and traditional lithography techniques,
and it was comprised of a PDMS piece with two culture
chambers and two surrounding media channels. Both culture
channels were connected by the medium transport channels,
which carried the used medium of one culture chamber to its
counterpart, hence enabling the unidirectional and noncon-
tact communication between the cells. The communications
between both types of tumor cells resulted in a major conver-
sion rate from the invasive breast cancer tumor cells (MDA -
MB-231) [57]. Further, approaches to the study of the indi-
rect cell interactions between cancerous and target cells
include passive diffusion. Rahman et al. generated a two-
layer microfluidic culture device, made from a bottom layer
of agarose (3%) and a top layer of PDMS to facilitate chemi-
cal diffusion. The culture and media supply channels were in
the top PDMS layer. Breast cancer cells (MDA-MB-231) and
adipose-derived stem cells (ASCs) were cultured in their
respective channels, and media was supplied via their neigh-
boring outer channels to reduce shear stress. The coculture
proved to have a positive effect on MDA-MB-231 cell growth
and proliferation, suggesting that ASCs provide a supportive
environment for the breast cancer cells [58].

Other microdevices that are based on interconnected cell
culture chambers have also been employed in cancer cell
migration assays and motility studies [59] as well as chemo-
therapy testing applications [60, 61]. Table 5 provides a thor-
ough overview of some of the latest strategies developed for
studying cell-cell communication.

Another important aspect that can be carefully studied in
microdevices is neural development and dysfunctions [55].
Taylor et al. presented a PDMS-based device that simulated
synapses on-chip, where rat hippocampal neurons were used
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FIGURE 5: The schematic representation of the BioMEMS in direct contact with cells. With permission [56], ©2010, Wiley Online Library.

to form synapses in a microarray to study the effect of chem-
ical injuries. One significant advantage of the proposed plat-
form was that it manipulated, both fluidically and genetically,
two neuronal populations in an independent manner [62].
Schneider et al. developed a multiscale PDMS chip that per-
mitted cell culture and cell-cell communication of neuronal
progenitor cells. Their microreactor enabled cell stimulation
by assembling patterned protein surfaces inside individual
wells. The authors combined the use of polymer and glass
substrate, to benefit from easy 3D fabrication, and chip’s
mountability. This device used substrates patterned with
biomolecules allowing communication through narrow
channels, while permitting cells to be cultured spatially sepa-
rated from each other. Moreover, by this design, cells were
prevented from migrating the cell soma, while permitting
physical contact with neighboring cells. This microreactor
showed great promise as a compartmentalized culture sys-
tem. Furthermore, the experiments demonstrated that cell-
cell communication of physically stimulated separated cells
can be feasible [63].

Other devices, such as microfluidic platforms and cocul-
ture systems, have been used to study interactions between
neurons and other cells as well [64, 65]. BioMEMSs are pow-
erful tools for controlling and analyzing cell-cell interaction-
s/communication at different levels of complexity. However,
most of the available technologies are still at a proof-of-
concept stage. Future efforts should be made to use micro-
fluidic chips to generate more human-like biological
microenvironments.

7. BioMEMS in Cell Differentiation
and Identification

Different BioMEMS have been developed for cell differentia-
tion and identification. Cell differentiation is an important
phenomenon that occurs numerous times in the process of

multicellular formation within organisms as it alters from a
simple eukaryotic cell to a more complex structure such as
tissues or different cell types. Differentiation remains as one
of the main functions of cells throughout tissue repair and
cell turnover. The studying of cell differentiation is, therefore,
vital in various biological-related fields.

For cell differentiation, Bilican et al. presented a focusing-
free microfluidic device and tested the device for the differen-
tiation of RBCs and lymphocytes. In this PDMS device, a cur-
rent between the external electrodes was generated by an AC
signal. In the absence of the particles, the output current was
zero. In the presence of the particles, however, the positive
output voltage increased. This device was capable of differen-
tiating the target cells, even when the cells were similar size
range. Additionally, the platform had the potential to be used
in hematological diseases such as malaria or anemia [66].
Another PDMS device was developed by Ong et al. proposing
a pump-free microfluidic platform to achieve the long-term
differentiation of HepaRG cells into hepatocyte-like-cells
(HLCs) and presented potential to develop in vitro liver
models on a simple platform [67]. Table 6 provides a thor-
ough overview of some of the latest strategies developed for
studying cell differentiation within BioMEMS.

Alternatively, cell differentiation can be performed
benefiting from the electromagnetic properties of cells. Jupe
et al. developed a flexural plate-wave (FPW) sensor capable
of detecting respiratory infectious viral diseases at newborns.
In this strategy, an oscillation of 23 to 30 MHz was applied to
cells which caused their binding to the surface of the device.
The attached cells to the surface produced a mass gain used
for differentiation. The sensor was designed to be highly
specific, capturing only molecules that are complementary
to the target cell [68]. Gajasinghe et al. presented an electrical
impedance spectroscopy-based PDMS-based device for
studying tumor cells [69]. Using impedance measurement,
the recorded AR, values depended on cell size. This
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TaBLE 5: Recent BioMEMS platforms for cell-cell communication including the type of the platform, the main components, the fabrication
strategy, the mechanism of operation, and the specifics of each platform.

BioMEMS platform Main Fabrication Mechanism of operation Specifics Ref.
components strategy
?Lﬁtlia}llzrcselolf Human liver carcinoma cells and
. 1 . P human embryonic lung fibroblast Indirect coculture with tumor cells
Microfluidic device culture . . . s .
L Wet etching cells were introduced into two ~ was performed in this device. As a
for indirect contact chambers . o [56]
method culture chambers, and culture result, direct migration and
coculture Parallel layer of . . . . . L
L medium was infused into a third  transdifferentiation were observed.
migration
. chamber.
regions
Melanoma cells and immune cells
Center end- from. the spleen of Wlld. type and The device monitored the
deficient knockout for interferon . .
. closed channels . interactions between cancer and
On-chip coculture regulatory factor 8 mice were . .
Cell culture immune cells of immune [59]
system cocultured for one week and
chambers . competence vs.
. monitored by fluorescence . -
Microchannels . . immunodeficiency.
microscopy and time-lapse
recordings.
Standard Human peripheral blood .
Cell culture photolithograph mononuclear cells or alternative
Microfluidic device Y mouse splenocytes were loaded into ~ FPRI promoted interactions
. chambers method .
for chemical and Mieration one chamber and treated and between dying cancer cells and  [61]
physical contact 18 untreated tumor cells into another leukocytes.
microchannel
chamber. The cells were carefully
monitored by time-lapse recordings.
Human bladder cancer cells,
. 1 . Cell culture L
Microfluidic device chambers macrophages, fibroblasts, and The device incorporated
for tumor HUVECs were cultivated inside the simulation system for screening of [60]
- . Hydrogel . . .
simulation barriers chambers and monitored by different chemotherapeutic agents.
inverted microscopy.
Rat hippocampal neurons were
Microgrooves plated in the two compartments, o
hamb t lith h ltured. and then infected with The device incorporated
Synapses on-chip Chambers Soft lithography ~ cultured, and then infected wit simulation system to access and  [62]
Y Perfusion method either a GFP- or RFP-Sindbis virus . . .
. . . . manipulate synaptic regions.
channel in order to visualize potential
connections.
Neurons and glial cells were
Axon and glia Two Standard cultured in separate chamber.s. Only The d§V1ce .allowed the studying of
compartments . neuronal processes (especially the signaling pathways between  [64]
coculture system photolithography I .
Central channels axons) could enter the glial side neurons and glia.
through the central channels.
Osteocyte-like cells and motor
. neurons were cultured on the device
Cell-seeding - . .
. Two-step for 7 days and heated from one side.  The device measured the signal
Macro-micro-nano  compartments . .
photolithography The concentrations of extracellular response of osteocytes and [97]
system Nanochannel
arra process ATP and ATP receptor were neurons to heat shock.
Y measured to quantify the response
of the cells.
Dissected primary neuron cells were
Circular soma loaded into the soma compartment.
. compartment  Micromilling, hot ~After 14-17 days of culture. When a The device facilitated the studying
Multicompartment . . .
: Satellite embossing, and dense axonal layer inside the of the central nervous system
neuron-glia ) . . . . [65]
axon/glia soft lithography axon/glia compartments was axonal biology and axon-glia
coculture platform . . . .
compartments methods formed, oligodendrocyte progenitor interactions.
Microchannels cells and astrocytes were loaded on

top of the isolated axon layer.
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BioMEMS platform coml\gzlrﬁen s Fi?;;i:tgl;n Mechanism of operation Specifics Ref.
PPMS chip Cells were cultured in adjacent wells .
Microreactor . . : The microstructure system allows
100 mesoscale Soft lithography in the microreactor. Cell-cell both spatially separated
PDMS chip open ell: method and UV communication was possible via the coculti Pation);n dpsa :ciﬁc [63]
Micfosc:;e dee lithography interconnecting channels of tre:tmen t of ceﬁs
channels P neighboring wells. ’
Two culture Traditional Cells were cultured in separale 1y device facilitated the study of
R chambers . culture chambers, and their L .
Unidirectional photolithography - . communication and conversion
. 1 . Two surrounded respective secretions traveled [57]
microfluidic chip . and soft - between healthy and cancerous
medium . through the medium channels to the
lithography . cells.
channels opposing culture chambers.
Breast cancer cells and human
adipose stromal cells were cultured
PDMS layer Traditional in the inner culture channels while . -
Two culture . . . The delivery of fresh media via a
Two-layer channels photolithography, - fresh media was supplied by the separate channel reduced the risk
micr ﬂYi dic devi Two medi soft lithography, outer channels. The spacing E f the cells’ exposure to shear [58]
crofiuidic device “170 hem? 1 and PDMS between the media and the cell ece strI:,ssu ¢ a
SUPPIY channels replication channels allowed the delivery of )

Agarose layer

fresh media and cellular crosstalk
via passive diffusion.

ATP: adenosine triphosphate; FPR1: formyl peptide receptor 1; HUVECs: human umbilical vein endothelial cells; PDMS: polydimethylsiloxane.

noninvasive device had an effectiveness of 93.2% without the
need for functionalization or cell labeling.

Lui et al. used the electromagnetic properties of cells to
identify and count the cells in situ. In this single-cell detec-
tion sensor, three electrodes were divided the straight micro-
channels into two consecutive stage microcoulter. When the
cells passed through the microcoulter, each cell generated
voltage pulses and by using the magnetic beads, the target-
cell was identified. This detection method has shown the
potential to be used in drug screening and stem cell popula-
tion analysis [70]. Ghassemi et al. performed the detection
of CTC through impedance spectroscopy. The PDMS-based
microfluidic device had two main channels for delivery and
constriction. The cell suspension was inserted into the deliv-
ery channel and was subsequently sent to the constriction
channel to measure the cell’s impedance. Finally, this system
not only differentiated normal and cancer cells with more
than 90% accuracy, but also has potential to identify differ-
ent types of cancer [71]. Huang et al. developed an in situ
single-cell recognition system (ISCRS) in order to extract
a single-adhered-cell and perform the analysis of its phos-
phatidylcholine (PC) compositions through mass spectrom-
etry (MS). This methodology used the U87-MG cells (U87),
human hepatoma (HepG2) cells, human epithelial colorectal
adenocarcinoma (Caco-2) cells, and human umbilical vein
endothelial cells (HUVEC) for the single-cell identification
and classification. The single-cell probe, which is the main
component for the analytical system, was fabricated from
PDMS using standard soft lithography techniques. The
ISCRS consisted of four steps: flow injection, observation,
operation, and detection system. Once the cell’s mass data
was collected, the cell identification was done by the applica-
tion of a linear discriminant analysis (LDA). The device has

shown an accuracy rate of 91.8% for cell classification. This
methodology has potential for cell identification and auxil-
iary disease diagnosis [72]. Zhu et al. proved that cells stained
with gold nanorods (GNRs) could be detected and stimulated
simultaneously due to femtosecond-laser irradiation. While
the laser could cause necrosis of apoptosis, the effect could
be controlled by adjusting the laser focusing. The ideal expo-
sure duration was found to be around 1 and 2 ms/cell. This
PDMS-based microfluidic device showed that photostimula-
tion could be useful for cell detection [73].

8. BioMEMS in Cell Culture

Cell culture is a fundamental step in most cell-related studies.
It is a process of growing and monitoring various aspects of
cells in a laboratory environment. While traditional 2D
cultures performed in petri dish may fail to mimic the micro-
environment of cells, the 3D cell culture setups within Bio-
MEMS present carefully controlled conditions, which are
similar to those of cells’ natural environment [74]. Bio-
MEMSs for cell culture also provide controlled temperature,
continuous supply of nutrients, and monitored gas exchange.
Various advancements of BloMEMS in 3D cell culture have
made significant contributions to the areas of in vitro disease
modeling, pharmaceutical industries, drug testing, gene
expression, drug toxicology, and diagnosis, among others.
As previously mentioned, a precise monitoring of culture
conditions is of vital importance which, in turn, initiated
development of novel strategies for 3D cell culture. These
new developments cover a range of advancements from the
shape of the culture chambers [75-77] to the fabrication
materials [76, 78]. The temperature, in particular, plays a
great role as it should remain homogeneous across the device
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TaBLE 6: Recent BIoMEMS platforms for cell differentiation and identification including the type of the platform, the main components, the
fabrication strategy, the mechanism of operation, and the specifics of each platform.

BioMEMS Main Fabrication Mechanism of operation Specifics Ref.
platform components strategy
A current between the external
electrodes was generated by an AC
signal. In the absence of particles, the
Conventional soft output current was zero. In the presence . L .
Au and Cr . . " Differentiation was possible even
UuIFC lithography of the particle, however, the positive N [66]
electrodes . . when the cells had similar sizes.
technique output voltage increased. When the
particle reached the second electrode,
the negative output voltage was
recorded.
PDMS-based A pump-free perfusion system was used
Pump-free microfluidic . for long-term differentiation. A passive The differentiation was achieved
. e . Soft lithography ¢ . g .
microfluidic device and DRIE pumping system was implemented to  within 14 days. The device had a [67]
platform Micropillars control medium perfusion in a constant  derivation efficiency of 92%.
Valve control flow rate.
Five Oscillations (23-30 MHz) were
Frequency shift- FPW Sensor photolithographic 1gtroduced o the.dev1ce and caused the The device binds only to one type
. Comb-like biomolecules to bind to the surface. The . [68]
based POC device steps based on of chemokine and repels others.
IDT electrodes attached cells to the surface produced a
photomask-set .
mass gain.
Impedance measurements were done at
Electrical Photolithoeraph 750kHz and 10 MHz. Since the cells This noninvasive device has an
impedance Silicon wafers (OBTAPRY were of different sizes, the detected AR, effectiveness of 93.2%. The
and anisotropic . . [69]
spectroscopy- and PDMS etchin values depended on the size of cells. method requires no
based LOC & Finally, opacity could be used to functionalization or cell labeling.
differentiate cell lines.
The first path in this device was a trap
while the second path was a bypass
PDMS channel. When the trap was empty, a
Impedance Microchannels )  the trap pLy, The device could monitor
. cell would be driven into the trap. Once . . .
measurement- Bypass Soft lithography . dynamic changes in electrical
. 1 . the trap was occupied by a cell, the flow- . .o [91]
based microfluidic ~ channels and lift-oft properties of individual cells over
device Coplanar through path would block. Therefore, long periods of time
electrodes the next cell would be driven into the ’
bypass channel and enter the next
available trap.
The sensor was able to detect single cells
External due to their magnetic properties. Three
magnet electrodes were used and divided the
. Electrodes straight microchannels into two The device identifies and counts
Single-cell . I Standard soft . . ul h s in situ whil ine th
detection sensor Microcoulter lithography consecutive stage microcoulter. When  cells in situ while measuring the [70]
counter the cells passed through the size of each cell individually.
Microfluidic microcoulter, each cell generated a
chip voltage pulse and by using the magnetic
beads, the target cells were identified.
The “oft-chip” device had an embedded
PDMS pair of planar electrodes. The impedance
Syrinee pum was obtained in the surrounding of the Differentiation was achieved with
Impedance-based YrSeisgrs P Photolithography medium. When the CTC was detected, = 90% of success. The system has (71]
CTC detector Planar and lift-oft an impedance peak was obtained. When the potential for detecting
the “on-chip” device detected a CTC in different types of cancer.
electrodes -
the constriction channel, a peak was
deviated from a constant baseline.
PDMS
ISCRS ESI-QTOF- Standard soft The target cell was captured due to the The accuracy of the classification [72]
MS lithography probe’s adjustment. was 91.8%.

Syringe pump
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BioMEMS Main Fabrication Mechanism of operation Specifics Ref.
platform components strategy
GNRs were added into the cell buffer,
and photostimulation was performed.
PDMS Subsequently, the solution of suspended
Photostimulation- Gold Standard soft cells and oil was injected into the chip, The necrosis of apoptosis can be (73]
based LOC nanorods lithography and the cells created a single-cell controlled by the laser focusing.

laminar flow. Lastly, the cells were
delivered into a petri dish for culture

and analysis.

AC: alternating current; R: cell’s resistance; CTCs: circulating tumor cells; Cr: chromium; CMOS: complementary metal-oxide-semiconductor; DRIE: deep
reactive ion etching; ESI-QTOF-MS: electrospray quadrupole time of flight mass spectrometer; FPW: flexural plate-wave; Au: gold; GNR: gold nanorods;
IDT: interdigital transducer; ISCRS: in situ single-cell recognition system; LOC: Lab-on-a-chip; yIFC: microfluidic-based impedance flow cytometer; PDMS:

polydimethyl siloxane; POC: point-of-care.

for optimal growth [79]. It poses a challenge as the system
may heat up and cool down faster due to its size. Numerous
efforts in temperature surveillance and control techniques
have been proposed and explored using microfluidic
approaches. These strategies include microheaters [80], tem-
perature sensors, and integrated incubator [81]. Miki et al.
fabricated a device for indirect temperature measurement
during cell culture [81]. This PDMS-based device incorpo-
rated a proportional-integral (PI) controller and a tempera-
ture sensor plate (TSP). The PDMS device was made of two
PDMS layers and a glass lid. Six culture chambers were
punched on the top PDMS layer and were irreversibly
merged with the bottom layer using oxygen plasma treat-
ment. The PI control system implemented sensors to detect
the temperature of the cell culture wells and to generate a
response from the closed-loop temperature control system.
The platform was proven to successfully control the temper-
ature inside and outside the culture system [81].

Nutrient depletion is a common issue in small-sized cell
culture platforms. Different approaches have attempted to
offer better control over these key elements [82]. In general,
mammalian cells require oxygen in order to grow. Therefore,
the oxygen consumption rate (OCR) is yet another important
parameter to measure and control in such devices [83].
Bunge et al. developed a 3D cell culture platform for long-
term cell cultivation and monitoring [82]. The culture cham-
ber was located at the center of the device surrounded by two
porous hydrogel walls, which provided a constant supply of
nutrients and gases from neighboring channels [82]. A ure-
spirometer for monitoring OCR was also proposed by the
same authors [84]. The device was fabricated using a glass
wafer and a silicone piece with DRIYE-etched channels.
The Madin-Darby Canine Kidney cells (MDCK) were cul-
tured inside this device, and the oxygen concentration was
recorded by the aim of platinum(II)-5,10,15,20-tetrakis-
(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) fluores-
cent dye within a PS-matrix. The glass and silicon segments
of the device were oxygen-impermeable. With a low drift
rate, a long-term measurement of oxygen consumption
was, therefore, possible [84].

Additionally, biocompatibility accounts for one of the
priorities of cell culture BioMEMS. PDMS is by far the most

popular material for soft lithography and fabrication of cell
culture devices as it projects great biocompatibility. However,
its stability and cell adhesion properties have not been
described as optimal. As a replacement, Dabaghi et al. pro-
posed the use of polydopamine (PDA) coating prior to the
application of the traditional collagen coat to improve the
overall cell attachment and proliferation. Two PDA coating
methods were implemented including dynamic and static
coating methods. In dynamic coating, the PDA solution
passed through the device with a peristaltic pump versus
the static coating in which the microfluidic device was filled
with the PDA solution. Human bronchial epithelial cells
(HBECs) were cultured in devices with both types of coating
application and showed no significant differences in cell
attachment [85].

Specific cell types are more challenging to culture in vitro.
Stem cells are recognized to be one of the most difficult types
of cells to culture in vitro since they tend to differentiate if
they are not successfully kept under conditions similar to
the in vivo environments. One of the solutions to this chal-
lenge is the use of microdroplets as culture chambers.
Carreras et al. proposed the use of a PMMA -based microflui-
dic device that generated a double-layered microdroplet bead
to culture hematopoietic stem cells (HSCs) from bone mar-
row. This proposed method showed almost no differentia-
tion, with few exceptions over the culture time, proving
that microdroplet-based microfluidic can be a possible alter-
native for stem cell culture [86].

More recent cell culture approaches include the use of
alternative polymer materials such as SJI-001. This alterna-
tive offers a lower autofluorescence emission hence suitable
for fluorescence-based applications. The authors tested the
use of SJI-001 as a component for microfluidic devices and
as a potential cell scaffold. The proposed microfluidic device
was fabricated using both traditional lithography and soft
lithography techniques. The walls of the device were
PDMS-based, and the SJI-001 or SU-8 was used for the bot-
tom layers. HeLa cells expressing green fluorescent protein-
fused histone H2B (HeLa-H2B-GFP) were cultured in both
devices for 9 days, from which the SJI-001-based platform
presented better adherence rate and proliferation times than
its traditional counterpart [78].
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TaBLE 7: Recent BioMEMS platforms for cell culture including the type of the platform, the main components, the fabrication strategy, the
mechanism of operation, and the specifics of each platform.

BioMEMS Main Fabrication Mechanism of operation Specifics Refs.
platform components strategy
I;Ie:tt;;g The PI control system implemented
Indirect Y porous sensors to detect the
Temperature The platform enables temperature
temperature . temperature of the cell culture wells - .
sensor plate  Soft lithography control inside and outside the culture [81]
measurement and to generate a response from the
PDMS system.
LOC closed-loop temperature control
chamber svstem
Electrodes Y ’
Microheater A precise square voltage pulse was
Ml.croheater Culture Soft hthogr.aphy applied to the electrical probes in order The device supports a wide range of
chip for cell chambers and laser direct- . . [80]
. . to generate a heating response from the temperatures (37-100°C).
culture Electrical write methods i
thermal stimulator.
probes
PS matrix DRIE, powder ,uResplromet.er determined the OCR of . .
. . mammalian cells. The film was The integrated device allowed
uRespirometer ~ Glass wafer  blasting, and UV . . . o -
. > integrated into a closed microfluidic ~ continuous fluorescent measurement [84]
LOC Microsensor excitation . .
chip made of oxygen-impermeable over 12 hours.
film processes ;
materials.
The main channel width was constant
at some places and increased linearly at
other regions. The test channels were
Butterfly- Main channel Standard all positioned at dlﬂfetrent dlstance.s The device was compatible with
shaped Test channel hotolithograph from each other relative to the main different cell tvpes and mixtures [98]
microchip Fluid reservoir ¥ graphy channel. The device was used to P ’
determine whether there was a
distance-dependent interaction
between a cell type and a factor.
Five inlets The culture chamber was located at the
. center of the device surrounded by two ~ The device required no external
Long-term on- Channels  Photolithography . . . .
. . . porous hydrogel walls, which provided  equipment and provided no shear  [82]
chip culture 3D printed  and wet etching ;
the nutrients and gases from stress on the cells.
holder . .
neighboring channels.
The building blocks could be
interlocked via tongue and groove
L Conventional ~ OnRections and. by an interference fit The device is stiff enough to allow
LEGO inspired Three . vertical connections. To assemble the . .
o lithography on a . manual coupling of the pieces, and
modular building > double-layer blocks, the microwells . s [75]
. - soft lithography . . yet, its deformability accommodates
microfluidic blocks were attached to their respective .
mold . the interferences.
tubing, coupled and hollowed to form
an O-ring-free sealed microfluidic
system.
PMMA The culture chambers were sealed with
Gelatin-based PDMS their respective GEL-D gelatin film  The chips were found to be resistant
microfluidic Glass Soft lithoeraph which allowed materials of different to pressure (up to 0.7 MPa) and [76]
cell culture NOA 8TAPRY  patures (PMMA, PDMS, and glass) to exposure to organic solvent, as well as
chip GEL-D gelatin be attached to each other and interact temperature (up to 70°C)
film with cells.
Pneumatic
Multilavered- layers The porous membrane allowed the cell
ray Porous Conventional  interaction with either different drugs The device enables dual drug testing
architecture . o .
. 1 membranes  lithography and  individually or simultaneously due to on the same cell culture chamber and [77]
microfluidic ; - L .
arra 3D culture soft lithography the incorporated top and bottom is suitable for scaled-up drug testing.
Y layer valves.

Fluidic layers
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BioMEMS Main Fabrication Mechanism of operation Specifics Refs.
platform components strategy
Battery

Closed Peristaltic . Cells seeded inside the microchannel 5] I_.OOI was used a the. bottom of the

. L3 pump Conventional . . microchannel, which improved the
microfluidic . . were cultured for long periods with a . -

Microchannel  lithography and overall cell adhesion rate in [78]
cell culture ; controlled flow rate due to the . .
svstem (PDMS, SJI-  soft lithography eristatic pum comparison to the conventional
4 001) P pump- counterpart.
Reservoir
}1:/; ;(;r(;)droplet— 4 inlets PMMA laser Double-layered microdroplets were ~ Most cells remained undifferentiated,
microfluidic Mixing area  engraving, drill  generated by hydrodynamic focusing, ~ with slight lymphoid and myeloid  [86]
Outlet pressing and flows were driven by gravity. exceptions.

system
PDMSPDA  Inlet i cllgen cont i ot 1o improe
treated Outlet Soft lithography 8 . P The strategy improved cell

;i . . . cell attachment. PDA interacts with the o [85]
microfluidic Microchannel and PDA coating amine erouns and covalently binds attachment and stability.
device (PDMS, PDA) group 4

them into the PDMS surface.

DRIE: deep reactive ion etching; LOC: Lab-on-a-chip; NOA: Norland optical adhesive; OCR: oxygen consumption rate; PDMS: polydimethyl siloxane; PMMA:
poly(methyl methacrylate); PI: proportional-integral; GEL: Reversible gelatin-based; 3D: three-dimensional; PDA: polydopamine.

BioMEMSs are powerful tools that have permitted cul-
turing different cell lines that would otherwise be challenging
to culture and analyze by traditional methods due to their
specific requirements. Table 7 provides some of the latest
advancements of 3D cell culture BloMEMS aimed at control-
ling the cells’ microenvironment for effective culture and
monitoring of cells.

9. Limitations of BioMEMS in Cell-
Related Studies

While numerous proof-of-concept studies are available for
the use of BiIoMEMS devices in cell-related studies, imple-
mentation of these techniques as a widely accepted conven-
tional approach faces serious challenges. Among the general
shortcomings of BloMEMS devices, the complexity of opera-
tion is a significant obstacle preventing the widespread use of
these tools. The high costs of MEMS research facilities create
a burden which further limits these devices to reach their full
potentials. While these miniaturized devices are compact and
portable, they still require external heating, pumping, and
tubing equipment to operate. Apart from the general short-
coming of BioMEMS, they fall short when certain aspects
of cell studies are concerned.

Cell sorting in BioMEMS often enables higher control
and a fine automatization of the process. Nevertheless, there
exist certain limitations that could thwart the desired func-
tionality and outcomes of BioMEMS devices. The need for
cell labeling could potentially restrict the number of cells or
particles that can be sorted by these devices [18]. Some sort-
ing mechanisms rely on DEP which is reported to have low
efficiency in cell lysing as often a high voltage is needed to
enable DEP [17]. While several complex microfluidic plat-
forms for cell sorting are reported, only a small number of
them can be used directly for whole blood, saliva, or other
samples. Such systems commonly need external bulky setups,

elaborated designs for purification, or manual intermediate
purification steps prior to sorting [10].

Cell separation is a fundamental step in the majority of
cell-related studies to acquire analytes of interest from a sin-
gle heterogeneous fluid. Performing cell separation in Bio-
MEMS devices, however, poses certain challenges. One of
the drawbacks of size-based cell separation is that the size
of the target cells must be known beforehand. This is while
the fluid might contain other cells that are in the same size
range as the target cells [23]. The purification step that is
often needed prior to cell separation involves manual addi-
tion of reagents into the device which may lead to errors
[87]. Furthermore, the high cost of implementing equipment,
the inconsistent isolation efficiency, and the possible degra-
dation of cell viability/functionality in the separation process
are reported as constraining factors in this application [88].

Cell isolation and/or trapping is another essential step in
cell-related studies. BioMEMS commonly uses passive cap-
turing or hydrodynamic force for cell isolation and/or trap-
ping purposes [32, 35, 38, 89]. These techniques face
challenges including selective capturing of cells and further
release of the trapped cells. Other category of BioMEMS
relies on mechanisms including DEP [30], micropipettes
[36], or optical tweezers [46], which can be harmful to the
cells and often hard to maintain their dynamic and chemical
stimuli while positioning the cells [36, 89].

Pairing methods often require external forces and sophis-
ticated equipment while the undesirable effect of heat in the
involving steps of operating a BioMEMS may impact the cells
and complicate the long-term studying of pairing [44]. DEP,
electric field, and magnetic force are commonly applied to
cell pairing devices which may induce potential to damage
cells as high field strength encourages disruptions in the cell,
leading to unwanted lysis [30, 34, 44]. In specific designs were
the cells are initially positioned in wells of opposite sides,
applying an electric field may, in fact, trap the cells even



Advances in Polymer Technology

further in their positions and act against pairing [32]. A care-
ful control over the electric field and optimization of elec-
trodes into a planar structure are, therefore, crucial steps in
cell pairing [32, 34]. In addition, sequential trapping com-
monly involves complicated 3D fabrication techniques. Such
devices are reported to lack sufficient throughput, and trap-
ping three or more cells can be challenging [46]. Moreover,
in some of these designs, the spatial positioning of cells which
leads to pairing in a specific order might be very challenging
to achieve.

Cell-cell communication is the basis of various diseases
including cancer, autoimmune disorders, and diabetes [53].
A careful analysis of communication between cells is, there-
fore, crucial for understanding the nature of these illnesses.
The major limitation of BioMEMS which is aimed at cell-
cell communication is the complex microenvironments
which they need to reproduce in order to accurately mimic
the physiological models [55, 90]. Other challenges involve
the simultaneous culture of multiple cell types, paralleliza-
tion, and automation of the process [55].

Cell differentiation and/or identification BioMEMS typi-
cally relies on techniques such as impedance flow cytometry,
which has the limitation of identifying cells through nonspe-
cific electrical properties [70]. Impedance-based flow cyt-
ometers are also unable to track temporal changes in
properties of individual cells [91]. Human stem cell-derived
differentiation in a BioMEMS requires hepatocyte culture
platform and long-term culture for robust applications [67].
Furthermore, some BioMEMSs apply dynamic bioreactors
to differentiate cells which could introduce hydrodynamic
shear stress hence decreasing the cell viability [92].

Cell culture is one of the most fundamental protocols
performed in BloMEMS for all cell-related studies. However,
this basic step also suffers from certain limitations of these
devices. Majority of the BioMEMS platforms are made of
PDMS through soft lithography fabrication process. PDMS,
however, can absorb molecules and interfere with the assay
[93]. Moreover, current 3D culture devices have a major lim-
itation of implementing barriers between fluids and cells to
eliminate shear stress on the cells due to fluid flow and
long-term culture [94]. Perfusion of more than one growth
medium which is sometimes required when coculturing mul-
tiple cell lines can also pose a great challenge in such devices.

10. Conclusions

BioMEMS enables new possibilities for monitoring, accom-
modating, and modulating cell units in unprecedented ways
alongside with new prospects of development of integrated
devices that can automatize and significantly improve the
current tools for biological studies. In this review article, the
latest developments of BioMEMS platforms for cell-related
studies are covered with specific emphasis on cell sorting, cell
separation, cell isolation or trapping, cell pairing, cell-cell
communication, cell differentiation and identification, and
cell culture. For each cell-related application, we review not
only the advancement of such devices, but also the main
components of the device, the fabrication strategies, and the
mechanism of operation, as well as remarks on each plat-
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form. This review also summarizes some of the general and
specific shortcomings of the BloMEMS platforms in cell-
related studies which can further advance the optimization
process of these tools.
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Supramolecular biopolymers (SBPs) are those polymeric units derived from macromolecules that can assemble with each other by
noncovalent interactions. Macromolecular structures are commonly found in living systems such as proteins, DNA/RNA, and
polysaccharides. Bioorganic chemistry allows the generation of sequence-specific supramolecular units like SBPs that can be
tailored for novel applications in tissue engineering (TE). SBPs hold advantages over other conventional polymers previously
used for TE; these materials can be easily functionalized; they are self-healing, biodegradable, stimuli-responsive, and
nonimmunogenic. These characteristics are vital for the further development of current trends in TE, such as the use of
pluripotent cells for organoid generation, cell-free scaffolds for tissue regeneration, patient-derived organ models, and controlled
delivery systems of small molecules. In this review, we will analyse the 3 subtypes of SBPs: peptide-, nucleic acid-, and
oligosaccharide-derived. Then, we will discuss the role that SBPs will be playing in TE as dynamic scaffolds, therapeutic

scaffolds, and bioinks. Finally, we will describe possible outlooks of SBPs for TE.

1. Introduction

Supramolecular biopolymers (SBPs) are polymeric units
derived from macromolecules that can assemble with each
other by noncovalent interactions. Independent units of an
SBP interact with each other to create vast structural arrays
[1-3]. In fact, it is common to find supramolecular assem-
blies within biological systems because macromolecules
intrinsically interact among each other by noncovalent
bonding. Thanks to the advancement of bioorganic chemis-
try [4-6], researchers have been able to synthesize short
strands of sequence-specific SBPs. By doing so, they can reg-
ulate the governing noncovalent forces by tuning the mono-
mers’ sequence. These changes also affect the topological
features of the SBP. In other words, if the sequence changes,
the weak interactions will change the microstructure and
accordingly the macrostructure [1, 7, 8]. Furthermore, as
sequences change, specific motifs or active sites may become

available for the interaction between the material and its
environment. Hence, SBPs have the potential to embody
tailored materials for different applications, such as scaffolds
for tissue engineering (TE).

TE and regenerative medicine are multidisciplinary fields
that target the development and generation of functional tis-
sues and organs, therapies, and technologies to renew dam-
aged tissues. TE relies on the encapsulation and culture of
cells in a scaffold that can sustain its growth to recreate the
microenvironment commonly found in a tissue of interest.
TE holds a grand promise for research and clinical applica-
tions. It could allow the advancement of patient-specific
personalized therapies, sophisticated tissue generation, mini-
aturization of functional organs, accelerated therapeutic
evaluation, and even reduced animal use [9]. Currently, the
state-of-the-art of TE is switching from simple in vitro rep-
licas of tissue sections to structurally and biologically com-
plex models of whole organs [10-12]. Researchers are also
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developing dynamic and cell-free scaffolds for regeneration
[13-15], patient-derived organ models [16], and more ele-
gant molecular delivery systems [17, 18].

SBPs have a variety of advantages when used in TE. First,
their sequence is tunable when synthesized by solid-phase
synthesis. Several experts have already identified interactive
motifs for assembly [19-22]. Tailoring SBPs is not only lim-
ited to the polymeric unit and the structure per se but also
includes any bioactive motifs that could be incorporated
within the same unit or structure, creating multifunctional
materials [23]. Furthermore, some SBPs are thermodynami-
cally reversible, which allows them to constantly heal and
reshape their structure at the nanoscale [24-26]. Hence, SBPs
also allow the incorporation of controlled chemical and phys-
ical degradation mechanisms within the materials. All these
characteristics allow researchers to tailor SBPs into stimuli-
responsive materials, also known as smart materials [27,
28]. Finally, SBPs can combine all these smart properties into
conventional materials. In summary, SBPs are easily func-
tionalized to induce specific cell responses. Furthermore, as
shown in Figure 1, the specific sequence of each monomer
defines the noncovalent interaction for assembly, as well as
its specific nano- and microstructure. These scaffolds can
be further implemented as bioinks, drug delivery systems,
and dynamic or therapeutic scaffolds.

It is important to note that the use of synthetic polymers
and biopolymers was pivotal to kick-start the development of
TE. Conventional polymers allowed to generate three-
dimensional (3D) models that resembled natural tissue con-
formations, concluding that two-dimensional cell cultures
are unable to recapitulate the characteristics of most tissues
[29-31]. This is because conventional polymeric scaffolds
support cellular seeding, proliferation, migration, and differ-
entiation in a 3D geometry. Also, these materials allow gas
and mass transport, water retention, physical support, and
physical cell aligning [32, 33]. However, conventional poly-
mers present a variety of disadvantages to novel technologies
such as the use of organoids [34, 35], whole-organ engineer-
ing [36, 37], patient-specific tissue regeneration [38], and in
situ therapeutics [39]. Specifically, conventional polymers
are rarely stimuli-responsive, do not self-heal, do not degrade
in a controlled manner, and are expected to trigger unwanted
immune responses, unless thoroughly functionalized. More-
over, conventional polymers due to their lack of resemblance
to biological molecules are not equipped with the benefits
that SBPs have. Conventional polymers commonly rely on
the scaffold enrichment with specific molecules, responsive
moieties, or chemical functionalization by surface chemistry
[40, 41]. With either approach, signals or functional moieties
could have nonspecific and uncontrolled localization and
delivery, requiring extra steps for the functionalization or
enrichment of the polymer [42, 43]. Furthermore, a majority
of the conventional polymers fails to remodel and heal them-
selves continuously in tune with complex cellular structures,
unless coupled with self-healing systems or moieties [44, 45].
This issue becomes important when pluripotent cells are
used in TE for differentiation and self-organization into
multiple cell types in order to resemble the natural tissue.
Different from biopolymers, conventional polymers fail to
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constantly remodel their nanostructure to be adapted to the
growth and self-organizing of these cellular constructs [46,
47]. Similarly, the scaffolds are expected to have a controlled
degradation that slowly allows cells to exchange the matrix
scaffold to their own extracellular scaffold materials [48,
49]. Degradation of conventional polymers has variable
kinetics, proportional to the water diffusion coefficient, rate
of hydrolysis, and the thickness of the construct. All these
parameters are difficult to control in order to match the deg-
radation rate and the ECM reconstruction rate of the cells.

The concept of “supramolecular units” was coined in the
1960s by Nobel Laureate Albert Szent-Gyorgyi [50], 40 years
after Hermann Staudinger’s definition of a polymer [51].
Szent-Gyorgyi described the assembly of protein structures
as the covalently bonded molecular bricks with “submolecu-
lar” characteristics that are interacting with each other to
form supramolecular units. As mentioned previously, the
interactions that define the assembly of supramolecular units
are the “cooperation of hydrogen bonding and hydrophobic
bonding” [52] among proteins and nucleic acids. Interest-
ingly, in 1963, Merrifield developed the method of solid-
phase peptide synthesis (SPPS), which simplified the synthe-
sis of sequence-specific polypeptides [53-56]. Since then,
similar efforts to ease the synthesis of other sequence-
specific biopolymers were consequently proposed [57-59].
All these discoveries and developments allowed the synthesis
of sequence-specific polypeptides, nucleic acid chains, and
polysaccharides at high-purity rates, which eventually
provided the versatility to use these molecules as self-
assembling materials with interesting properties at the nano-
scale. Currently, there is enough evidence that SBPs can be
used, together with other tools, as advanced biomaterials
for TE, as shown in Figure 2.

The forces driving SBPs’ assembly involve several nonco-
valent interactions that act cooperatively. The strength and
participation of each vary depending on the specific sequence
of the SBPs [69, 70]. Nucleic acid-derived materials hold the
simplest assembling mechanics among other SBPs, as the
units interact initially by base pairing held by H-bonds.
Canonical Watson-Crick base pairing and noncanonical base
pairing (Hoogsteen and wobble base pairs, commonly found
in RNA molecules) occur thanks to hydrogen- (H-) bonds
formed among bases. All these interactions are based on the
principle of complementarity [71]. However, it is widely
accepted that nucleic-acid-derived SBPs can be further stabi-
lized by 7-7 stacking through the aromatic structures of the
nucleobases in the same backbone [72, 73]. In fact, it is the
7-7 interactions that stabilize the DNA structures towards
the typical double-helical structure. On the other hand,
RNA molecules will be mainly stabilized by the tertiary struc-
tures facilitated by the H-bonding between the bases [74].

Peptide-derived materials have a higher degree of com-
plexity than nucleic-acid-derived materials due to the charac-
teristics of their amino acids’ side-chain residues [75-78].
One of the important parameters used to design amphiphilic
peptides is the existence of a gradient of polarity [76, 79, 80].
Nonpolar residues aggregate with each other due to hydro-
phobic interactions, while still maintaining solubility due to
the presence of polar residues. As hydrophobic interactions
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spontaneously arise from entropy-driven changes, the use of
charged and polar residues induces additional ionic interac-
tions and H-bonding, whereas amide-7 and CH-r interac-
tions can further contribute to noncovalent interactions
[81]. The velocity in which the one or other system is reached
will define the characteristics of the self-assembling peptide.
Generally speaking, most peptides have a cooperative and
enthalpy-driven H-bonding that induces hydrophobic
aggregation, plus complementary interactions that will aid
on the control of hydrophobicity rates [82]. Interestingly,
the assembly of peptides tends to follow a nucleation pattern.
Once the energy barrier for aggregation is broken, the micro-
structure will assemble around already aggregated dimers.

Oligosaccharide-derived peptides have the most complex
set of noncovalent interactions. Some researchers report on
self-assembly mechanisms similar to those of the polymeric
version of the oligosaccharide, such as ionic bonds in o-
acetylated alginate [83]. However, some other SBPs include
oligosaccharides modified to include an aliphatic section in
the molecule. The resultant amphiphilic molecules assemble
by hydrophobic interactions, like peptide-based SBPs. One
of the most recognized supramolecular oligosaccharide is
the family of cyclodextrins, which interact by the so-called
host-guest interactions. These interactions are based on the
existence of a lipophilic cavity and a hydrophilic exterior that
allows for the capture of hydrophobic molecules in the inside
of a donut-shaped structure [84, 85].

In this review, we want to discuss the three types of SBPs
used for TE: peptide-, nucleic acid-, and oligosaccharide-
derived polymers. We will point to a variety of interesting
approaches that have been generated for the development
of novel materials with potential applications in TE. In addi-
tion, we elaborate on the challenges in TE that could be over-
come with these materials. How are these materials currently
being used as dynamic and therapeutic scaffolds. Finally, we

will talk about the potential of these materials in bioprinting,
and we will give an outlook about the field. It is important to
note that besides supramolecular biopolymers, supramolecu-
lar assemblies can also rely on organic or inorganic moieties.
However, given that this field is very broad, our focus will be
on the specific concepts surrounding supramolecular
biopolymers (SBPs).

2. Applications

2.1. Peptide-Derived Polymers. Noncovalent interactions
such as hydrophobic effects, electrostatic interactions, and
n-7 stacking influence peptide assembly [82]. These weak
bonds affect the interactions among residues, which eventu-
ally define the formation of stable three-dimensional struc-
tures similarly as during the folding of proteins. Specific
peptide compounds with a characteristic and defined
sequence and short enough to make folding difficult or
impossible are able to self-assemble with each other; these
compounds are known as self-assembling peptides (SAP)
and have been thoroughly studied for almost 30 years. Stud-
ies on peptide assembly started in the early 90s, with two pep-
tide sequences that would naturally create simple f3-sheets.
The first pioneering study started with a Z-DNA-binding
protein from Saccharomyces cerevisiae. After exploring its
composition, Zhang et al. found that a repetitive motif,
known as EAK16, was able to self-assemble [86, 87]. Investi-
gations on the second self-assembling peptide ever explored
started in 1993, with the study of amyloid-beta peptides that
promote degeneration in Alzheimer’s disease [88, 89]. Soon
after, peptide aggregates were proposed as a model system
to study self-assembly mechanisms [90], and by 1997, a 24-
residue peptide sequence was proved capable of assembling
in B-sheet plates [91]. These studies started the emergence
of SAPs as potential materials for TE.
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FI1GURE 2: TE is built on the following important pillars comprised of the development of organ and tissue architecture, bioengineering
techniques, and material science. SBPs are involved in all these three pillars of TE with the aim to develop tissue-specific constructs for a
variety of complex human organ systems; nowadays, SBPs have proven resourceful for the proliferation of neurons [60], endothelial cells
[61], kidney cells [62], fibroblasts [63], osteocytes from mesenchymal stem cells [64], and complex skin regeneration [65]. SBPs can be
used cooperatively with other technologies to create versatile and smart scaffolds for TE. For instance, in order to obtain complex
architectures, SBPs can be coupled with additive manufacturing techniques [66]. SBPs can also be coupled with bioengineering tools such
as the use of stem cells [67] to create complex tissue-like cultures or the use of genetic tools to create active therapeutic scaffolds [68].
Finally, these materials can be designed to have triggered assembly mechanisms [26], as well as to control cell mechanics by their

structural composition [23].

Evidence was given that peptides aggregate into a variety
of nanostructures such as bilayers, nanotubes, nanorods,
nanovesicles, nanofibers, nanobelts, and nanodonuts [2].
Hauser’s work is explicitly focused on developing peptide
nanofibers because of their similarity to fibril structures
formed within the native extracellular matrix (ECM). For
instance, the Hauser group previously designed peptide bio-
material that exhibits a fibrous structure in which individual
nanofibers can extend up to one centimeter in length. To this
effect, it is proposed that the use of materials that resemble
the ECM may trigger specific cellular responses such as
microvilli formation in intestinal epithelial cells, which is a
direct response to the interaction between the cell and the
surface topography [92, 93]. Indeed, fiber-forming decellu-
larized matrices and collagen are the typical scaffolds used
for the formation of intestinal villi. However, some SAPs
designed by Loo et al. are among the few materials that also
allow villi formation, presumably due to the nanofiber con-
formation of the structure (Figures 3(a)-3(c)) [66]. In fact,
fiber-forming SAPs recapitulate the cellular microenviron-

ment so that encapsulated stem cells can maintain pluripo-
tency in long-term cultures for over 30 passages without
major chromosomal mutations [67].

Moreover, the versatility of SAPs is not only limited to
their biofunctionality but also to the possibility to tune their
mechanical properties. Chan et al. developed an SAP in
which the C-terminal residue of the hexapeptide Leu-Ile-
Val-Ala-Gly-Xaa (where Xaa could be any amino acid) will
determine the mechanical properties of the material, the clar-
ity of the hydrogel, and the condensation morphology of the
nanofiber without affecting the cytocompatibility of the gel
(Figure 3(d)). The inclusion of an arginine residue at the C-
terminus enhances gelation kinetics due to the presence of
hydrogen bond donors/acceptors. However, a residue that
is a weak donor/acceptor, like lysine, will allow the peptide
to diffuse before condensing, permitting gelation at lower
concentrations [75]. This work proves that peptide-derived
SBPs are not only bioactive but can also be tuned in a
bottom-up fashion by partially modifying an SAP sequence.
This implication may allow the use of bioactive materials
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FIGURE 3: (a) Mechanism of assembly of aliphatic SAPs. Due to the hydrophobicity gradient in the peptide monomer, the monomers will
assemble first in antiparallel pairs. Next, dimers will form intermediate a-helical structures. The nanofiber will be formed when multimers
stack into stable B-fibrils. (b) Field emission scanning microscopy (FESEM) of the interconnected nanofiber structures. (c) Field emission
scanning microscopy (FESEM) of Caco2 intestinal epithelial cells cultured on an SAP hydrogel. Homogeneous microvilli phenotype can
be observed. (d) Topography of trimers and pentamers with different C-terminus residues. The diameter and prevalence of the individual
fibers depend on the properties of the changing residue. These figures have been reproduced with permission from the American

Chemical Society and Springer Nature [66, 75].

among tissues with different physicochemical and mechani-
cal requirements. These novel approaches concerning SAPs
have given advances in the pragmatic use of state-of-the-art
applications for these materials as a scaffold for TE, where a
considerable quantity of biomaterial extracts from animals
is needed. In addition to the characteristics of SAPs men-
tioned above, the study of these molecules helps to design a

possible library of ultrashort peptides for diverse applications
to understand complex actions in medicine, such as amyloid
formation. For instance, the behavioral characterization of
aliphatic peptides, resembling amyloid sequences, aids to
the corroboration of the natural amyloid aggregation behav-
ior corresponding to Alzheimer’s and other degenerative dis-
eases. The Hauser model proposes an aliphatic system to



understand amyloidogenesis. Therefore, with this informa-
tion, novel drugs and therapies could be developed to
mitigate amyloid formation in the human body [76, 94].
The aliphatic ultrashort self-assembling peptides have been
demonstrated to be suitable for a variety of interesting bio-
medical applications, including the use of peptide nanogels
for wound healing applications in a burn wound model as
well as in a full-thickness wound model [95, 96]. Further-
more, a successful injectable therapy was demonstrated when
using anticancer drug-loaded peptide hydrogels for the
in vivo injection in breast tumors. A significant shrinking of
the size of the tumor was observed in a mouse model [97].
Interestingly, amyloid-like peptide aliphatic hydrogels main-
tained the pluripotency state of human embryonic stem cells
and human-induced pluripotent stem cells (iPSCs) during
culturing in the peptide scaffold for over 9 months, so far
the longest reported period of time to culture sensitive
human embryonic stem cells in a synthetic matrix [67].
Microfluidic technologies allow to form peptide nanoparti-
cles for drug delivery and for the use as theranostic agents
[98, 99]. Last, not least, bioimaging applications are feasible
when referring to the interesting optical characteristics of
these ultrashort aliphatic self-assembling peptides, making
use of their nonlinear second harmonic behavior [100, 101].

A different type of SAPs is those developed by Insua and
Montenegro [102]. The group proposes the use of cyclic pep-
tides that assemble into nanotubes. Following, two exposed
leucine and one tryptophan residue of the nanotubes bind
and form nanosheet bilayers under acidic conditions. The
remaining residues of the cyclic peptides are hydrophilic.
This way, the nanosheet bilayer has a hydrophilic surface
and several hydrophobic cores, suggesting potential applica-
tions as a molecular transporter and as stimuli-responsive
membranes. On the other hand, Shi et al. [103] opted for
the use of a phosphorylated 20-residue SAP to induce
nanofiber assembly under the presence of phosphatase. In a
dephosphorylated state, the SAPs fold into S-hairpin struc-
tures and stack into double layers due to the agglomeration
of hydrophobic residues, resulting in a dry interface [104].
The new approach from the authors is aimed at phosphory-
lating the peptide in such a way that it would obstruct the
generation of a hydrophobic pocket unless the residue
becomes enzymatically dephosphorylated. This proves the
versatility regarding nanostructures that can be achieved by
the use of supramolecular peptide scaffolds.

Other approaches on peptide-derived SBPs include
peptide-based assembling biomaterial with thixotropic
behavior or, in other words, time-dependent shear-thinning
hydrogels (Figure 4(a)) [105]. The peptides could potentially
be used for active wound tissue regeneration as it maintains
hydration and reduces bacterial contamination. The hydro-
gel is based on a construct of an Amoc (9-anthracenemethox-
ycarbonyl)-capped  dipeptide; protected peptide-based
hydrogelators show self-assembling behavior due to their
hydrophobicity and aromaticity, which enhance interactions
by m-m stacking. The included phenylalanine side chains are
thought to be useful for imitating the ECM, and they further
aid the malleability of aggregating into different nanostruc-
tures. The hydrogel can be effectively used for wound healing
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applications due to its biocompatible cyclic oligosaccharides
inherent to cyclodextrins, which have both a hydrophobic
interior and a hydrophilic exterior that mimics the ECM.
On the other hand, Zheng et al. designed a silk-based nano-
fiber that allowed scarless skin regeneration in functional tis-
sue. In a microsphere conformation, the nanofiber imbues
and disperses mesenchymal stem cells into an injectable
hydrogel to simulate paracrine signaling and induce scarless
skin regeneration with hair follicles (Figures 4(b) and 4(c))
[65]. The in vivo studies reveal an improvement and out-
standing novelty compared to other traditional biomaterial
systems, presenting a reliable TE method in the applications
of nanofibers for wound healing. Both works prove that
macromolecule-derived supramolecular biopolymers can be
modified with unconventional functional groups or may con-
tain full proteins and even so generate specific conformations
due to the weak governing interactions.

Furthermore, Kong et al. carried out a study on the oral
administration of peptide drugs, hampered by their meta-
bolic instability and limited intestinal uptake. The synthesis
of a peptide with gastrointestinal-protease-resistant behavior
that counteracts the interleukin-23 receptor, which has a
direct effect on ulcerative colitis and Crohn’s disease forma-
tion, would be an interesting development of biomaterials
for oral drug-delivery purposes. Orally administrated drugs
are progressively degraded during intake. For this reason,
low amounts of drugs generally arrive at the desired target.
The authors designed an inhibiting peptide of coagulation
factor Xla that is able to resist protease degradation in the
gastrointestinal tract. In vivo tests showed that using
bacteriophages that encode for the inhibiting double-bridge
peptide, more than thirty percent of the peptide remained
intact with small peptide traces within the blood of the
mice [106].

2.2. Nucleic Acid-Derived Polymers. The interest in DNA-
and RNA-based scaffolds has been growing exponentially in
the last decade. Similar to the origami technology,
nucleotide-derived networks take advantage of the unique
characteristics of nucleic acid polymers, i.e., pairing capabil-
ity among complementary strands, sequence-dependent
secondary structure, specific binding capability, controlled
hybridization, and available DNA/RNA-interacting enzymes.
Ever since the first DNA-containing hydrogels were reported
in 1998 [107], which employed chemically modified salmon
sperm DNA as a crosslinking agent in an acrylamide gel,
nucleic acid-derived polymers have generated considerable
interest as malleable natural biopolymers.

Novel strategies arose since the introduction of the first
DNA crosslinked polyacrylamide (DNA-PA), like the
switchable surface-integrated hydrogel from Kahn et al.
[108]. The crosslinking mechanism is based on a hybridiza-
tion chain reaction (HCR). Acrylamide chains were copoly-
merized with either DNA strand 1 or 3. Strand 1 can
hybridize into a hairpin loop, while strand 3 binds with the
partially complementary DNA strand 2, and together, they
hybridize into a single hairpin unit. Using a fourth DNA
strand (4) that is complementary to the toehold region of
strand 1, the authors were able to develop a material that
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FIGURE 4: (a) Coassembly mechanism of thixotropic hydrogel. Nanofibers are a result of stacking and hydrogen bonding interactions among
the residues of the monomer. The properties of the hydrogel are tuned with the use of 5-cyclodextrin, in order to obstruct the assembly
structure, which allows the hydrogel to be injectable. (b) A silk fibroin hydrogel was loaded with mesenchymal stem cells and growth
factors that would allow cellular differentiation when bent in an in vivo model. (c) The hydrogel was separated with a molecular sieve,
prepared under an electric field. The results show that the material retains a hierarchical, aligned structure. These figures have been
reproduced with permission from the American Chemical Society and John Wiley and Sons [65, 105].

polymerizes into an Au-coated surface and simultaneously
binds the two acrylamide polymers holding strand 1 or 3.
Therefore, strand 4, which covers the surface, is used as an
initiator for polymerization of an acrylamide gel. Addition-
ally, the mechanical properties of the hydrogel can be
enhanced more than 3-fold from 461 to 1770 Pa by adding
potassium ions or 18-crown-6-ether to the system. The
increase of the mechanical strength is caused by the forma-
tion and dissociation of G-quadruplexes of a fifth DNA
strand copolymerized within both acrylamide chains.
Although the research objective was the development of a
hydrogel with on/oft states for biosensing, the authors were
able to design a sample material to be adapted into TE. Sim-
ilar DNA-functionalized surfaces hold potential for skeletal
TE where there is a demand for hard materials able to bond
with soft hydrogels. The use of loop-hybridizing oligonucle-
otide systems for crosslinking initiation has ample applica-
tions for the crosslinking of polymers without the use or

generation of cytotoxic compounds. Finally, this same system
has an integrated “switch” system that signals into reversible
stiffness changes which can be engineered into sensing spe-
cific cellular signals that require the release of either factors
or cells, especially useful for the study of embryonic
development.

DNA-derived polymers do not only serve as crosslinkers
between copolymers, as is the case for DNA-acrylamide
hydrogels, but can also create nanostructures or tridimen-
sional networks among hybridized chains of DNA or RNA.
These networks are not necessarily the main component of
the hydrogel formulation, yet they contribute significantly
to the mechanical or biological characteristics of the hydro-
gel. Um et al. generated branched DNA monomers able to
assemble into variform DNA (namely, X, Y, and T) by ligase
activity [109]. Originally planned for drug and cell release
applications, this study showed the potential of nucleic
acid-based hydrogels for the development of patient-



specific grafts and personalized medicine, as well as genetic
and stem cell therapies in a biomaterial that is by definition
biocompatible and biodegradable.

Conde et al. [68] presented an improvement in DNA-
based hydrogels by developing a self-assembly RNA-based
hydrogel scaffold from microRNA modulation. By the time
this study was published, the use of triple helices had not
been employed for other purposes than protein regulation
by nuclease or repressing activity. The authors could demon-
strate the versatility of the secondary structure of nucleic acid
polymers to form complex functional nanostructures. Two of
the three oligonucleotide sequences were therapeutic and
were able to form Watson-Crick and Hoogsteen hydrogen
bonds among them. A third RNA strand would bind exclu-
sively by Hoogsteen hydrogen bonds and stabilize the com-
plex into a triple helix. The nanoparticles would form by
complexing the triple helix with a poly(amidoamine) dendri-
mer solely by a difference in charges. The authors proved the
cellular uptake of such scaffolds and the therapeutic RNA
strands’ effect as a tumor suppressor miRNA.

In 2008, Wang et al. [110] developed a two monomer
DNA-containing hydrogel, in which one involved a three-
oligomer, Y-shaped structure, and the second one was a lin-
ear dsDNA linker. The crucial characteristic feature is the
sticky ends in both monomers, which allow crosslinking
among the structure and the linker. The matrix proves to per-
mit cellular migration that can be adjusted by the inclusion of
signals within the hydrogel. Also, the crosslinking mecha-
nism of the hydrogel allows adjacent macrostructures to fuse
and heal. This characteristic behavior permitted the authors
to generate DNA bricks to form more complex scarless struc-
tures that adhere effectively. A similar Y-shaped structure
was used by Sato [111]. However, the linker was removed,
so that the structure’s sticky ends would be complementary.
DNA droplets formed by nucleation and grew by collision
and fusion. The droplets formed via liquid-liquid phase sep-
aration, allowing the macrostructures to aggregate selectively
within themselves and to sequence specific Y-shaped struc-
tures depending on the DNA concentration. The authors
developed a variety of specific sequences for the sticky ends
of the structures, which would differ in their thermodynamic
properties. The presence of a cross-bridging motif would
favor the binding among the diverse sticky-end sequences;
in addition to the degradation of the complex structures by
RNases, this allows the creation of complex-shaped droplets.
Although this project’s scope seems to tackle a drug delivery
matter, it could allow the development of regenerative med-
icine approaches, such as bioactive molecule encapsulation
within cell-free tissue-engineered vascular drafts [14, 112].

Two recent publications describe the convergence of
poly(ethylene glycol) diacrylate (PEGDA)/DNA hybrid
hydrogels for a cell-free system, where a physically cross-
linked DNA network-based cell fishing strategy is applied.
As a result, an efficient capture was observed with 3D
enveloping and enzyme-triggered release of bone marrow
mesenchymal stem cells. The DNA network is generated by
self-assembly via a second rolling circle amplification method
and by assembly of two (number of lengths) DNA strands
[113, 114] (Figure 5).
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Qi et al. developed shape-controlled and self-assembled
hydrogels using DNA sequences to control the shape of dif-
ferent hydrogels with self-assembling behaviors. They have
reported about hydrogel cubes with edge lengths from 1 to
30 nm. In a single reaction, 25 dimers were constructed in a
high multiplex with 50 distinct hydrogel cube species. Since
the cuboids display face-specific DNA glues, diverse structures
are achieved in aqueous and interfacial agitation systems.
Within aqueous systems, it was found that extended chains,
network structures, squares, dimers, chains of fixed length,
and T-junctions could be generated in relation to the assembly
systems. Therefore, this approach leads to a higher definition
of hydrogel morphology at the nanoscale [115].

With regard to DNA-crosslinked polymers, Du and Hill
[116] worked on a thorough characterization of DNA-
poly(acrylamide) PA hydrogels and their gelation kinetics.
Using an N,N’-methylene(bis)acrylamide as a chemical
crosslinker, the group was able to identify the mechanistic
role of both fragments and, hence, proposed and analyzed
the longest relaxation times in correlation to the dissocia-
tion rates. Their model allowed the evaluation of interac-
tions of other DNA-derived gel networks, such as the one
presented by Anderson et al. [117]. In this case, “click”
nucleic acids were conjugated to an eight-armed poly(ethyl-
ene glycol) PEG polymer through thiol-ene mechanisms, in
order to overcome the scaling faults of fully formed DNA
polymers. Crosslinking of the gel occurred by Watson-
Crick base pairing and allowed reversibility at high temper-
atures (Figure 6). This work demonstrated the versatility of
DNA-linked synthetic hydrogels, although their suitability
in a biological setting was not evaluated.

In recent years, there has been a growing interest in the
alternative application of the Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR) technology,
including its potential in stimuli-responsive materials.
English et al. [118] used CRISPR-associated (Cas) enzymes
and engineered DNA-based hydrogels to control the
mechanical properties of the materials when specific
sequences were detected by the enzymatic complex. The
already known DNA-PA [108] can be crosslinked using an
AT-rich oligonucleotide strand that binds to two noncom-
plementary strands in the DNA bridges. Using a high-
catalytic-efficiency Casl12 that cleaves AT-rich regions, the
authors were able to induce and control the degree of bulk
gel degradation by the concentration of trigger DNA. One
of the most significant successes of the project is the capabil-
ity of differentiation among oligonucleotide inputs, which
cause individual responses in the hydrogel. Although the
team successfully released both AuNPs and cells enclosed
in the DNA-AP matrix, these experiments were solely a
proof of concept for both TE and drug delivery assays. As
the authors state, “this technology endorses the possibility
of cargo release in tissue culturing after specific cellular
cues.” However, future work could include experiments to
characterize the change of the mechanical properties as the
DNA bridges are cleaved and foster the development of cel-
lular factors detection systems, as well as the inclusion of
several different oligonucleotides for stepped degradation
of the artificial matrix.
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FIGURE 5: (a) It is possible to generate ultralong DNA chains using circular DNA templates. The strategy of elongation employed is a double
rolling circle amplification (double RCA). Using two partially complementary DNA templates, the ultralong chains are able to hybridize with
each other after mixing. (b) The use of stained DNA chains allows the observation of the hybridization process after being mixed. (c) The
template DNA also contained aptamers that bind to a specific surface membrane protein (ALPL) of marrow cells. The authors designed a
mechanism of capture and release of stem cells using the aptamer-containing ultralong DNA hydrogel and DNases for degradation of the
matrix. These figures have been reproduced with permission from the American Chemical Society [114].

As specific DNA and RNA moieties bind to specific
molecules, these materials can be used as low releasing
systems, sensors, or inactivators. For further applications,
Li et al. [119] present a comprehensive review of DNA
hydrogels and microgels for other biological applications
that differ from TE, such as biosensing. On the other hand,
Chen et al. [120] cover a variety of strategies of DNA self-
assembly for both the DNA-as-crosslinkers and DNA-as-
polymer hydrogels.

2.3. Oligosaccharide-Derived Polymers. Native polysaccha-
rides have complex architectures. They can be both homo-
and copolymers, linear or branched. Depending on the
crosslinking mechanisms, polysaccharides can assemble into
oriented fibers or tangled networks. The intricacy behind
these biopolymers is related to their biosynthesis pathways
and to their usually random copolymeric structure. Polysac-
charides such as alginate, cellulose, and chitin have been
repeatedly employed throughout the history of TE. However,
saccharides in the ECM can also be found in the form of
glycosaminoglycans and proteoglycans, enhancing the
complexity behind the research and development of highly
characterized saccharide-derived scaffolds.

The structural complexity of glycomolecules made it dif-
ficult to synthesize natural biopolymers based on saccharides.
However, as proteoglycans and glycosaminoglycans are an
essential part of the ECM to which they provide cellular sig-
nals, efforts to introduce specific oligosaccharides have been
implemented in TE. Although these materials are not used
as the main component for a scaffold, materials biofunctio-
nalized with structurally defined oligosaccharides pose
advantages over their naive equivalent [121]. Moreover,
oligosaccharides allow us to translate the various properties
of polysaccharides into soluble, less viscous, or bioactive
alternatives for their use in TE [122].

Hyaluronic acid, one of the most abundant proteoglycans
in the mammalian ECM, has proven to modulate endotheli-
alization in tissues by activating intracellular signaling cas-
cades when present as low molecular weight oligomers
[123]. This phenomenon is especially crucial for artificial vas-
cularization when blood vessels align and attach to structures
that work as the basement membrane. In a recent study,
Kang et al. [124] reported that HA oligosaccharides (oHA)
prevent coagulation and allow platelet adhesion. The oHA,
ranging from tetra- to decamers, were immobilized in colla-
gen by reductive amination and were used to generate
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FIGURE 6: (a) Schematic of the “click” nucleic acids used for an 8PEG-thymine macromer crosslinking using a 40-mer adenine ssDNA, a 5-
mer ssDNA adenine, and a 40-mer thymine ssDNA. It was observed that the hydrogel would crosslink only in the presence of long thymine-
complementary strands. (b) When subjected to a denaturalizing temperature, the stiffness of the hydrogel decreased considerably. However,
this mechanism appears to be reversible, as the mechanic properties of the material change accordingly to the input temperature. (c) As the
40-mer adenine ssDNA will anneal with the thymine strands, the crosslinker could potentially bind with multiple SPEG-T oligomers. These
figures have been reproduced with permission from the American Chemical Society [117].

electrospun nanofibers crosslinked by glutaraldehyde (GTA)
vapor or 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC). Endothelial cells seem to proliferate
and migrate when embedded in an oHA-enriched collagen
matrix. The same collagen/oHA matrices prepared by reduc-
tive amination have also been used in an independent study
by Li et al. [125]. Due to the scaffold mineralization of
hydroxyapatite, the group theorizes that oHA may enhance
calcium chelation by providing new carboxyl groups
(Figure 7). The presence of oHA improves the adhesion
and proliferation of vascular cells while allowing osteoblast
differentiation and infiltration in the nanofibers. It also
proves the proficiency of collagen/oHA-based nanofibers as
possible scaffolds for bone regeneration in the coming years.
The inclusion of oHA in tissue scaffolds will allow the gener-
ation of bioactive matrices that may accelerate endotheliali-
zation which in turn may promote angiogenesis, a key

component for the further study and development of the next
generation of TE.

Similarly, chitosan oligomers, although naturally present
in shells and outer skeletons of crustaceans, are known to
modify the mammalian metabolic state and influence cell
fate. Although not commonly employed within the principal
composition of a scaffold for TE, its properties and manipu-
lability show potential for both tissue regeneration and
development of tissue grafts. Lv et al. [126] enriched a car-
boxymethyl chitosan/alginate hydrogel with chitosan oligo-
saccharide (COS), which affected the mechanical properties,
gelling kinetics, and biological properties. A two-stage gelling
process is observed under the coalescence of COS, when the
carboxyl groups from carboxymethylcellulose (CMCS) and
COS get protonated in a staggered manner. With respective
pKa values of 6.5 and 5.8, electrostatic attractions are induced
and the alginate matrix gets stabilized before the gelation
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FiGure 7: SEM images of electrospun nanofibers of (a) collagen/HA and (b) collagen/oHA. Inorganic particles mineralize within the
nanofibers, promoted by the presence of oHA. The pattern of mineralization gave rise to a change in pore size which, in turn, enhances
cell migration and proliferation within the voids. These figures have been reproduced with permission from Elsevier [125].

process is finalized. Low concentrations (<0.5%) of COS
showed prolonged viability of human umbilical cord mesen-
chymal stem cells and potential wound healing capabilities
with no inflammation response and maturation of granula-
tion tissue. Wound healing properties of chitosan have been
addressed before by Sandri et al. [127]. A halloysite/COS
nanocomposite was developed and tested as a wound
dressing formulation for enhanced healing. COS-
containing hydrogels seemed to enhance cell proliferation
in vitro, whereas the use of the nanocomposite demon-
strated the lowest lesion area vs. time profile when
compared against the control groups. The histological anal-
ysis showed early reepithelialization and angiogenesis. COS
has previously demonstrated anti-inflammatory activity by
hampering the responses from lipopolysaccharides and
inhibiting mitogen-activated protein kinase-dependent
pathways [128, 129].

Oligosaccharide synthesis has historically been a labor-
intensive, inefficient, and time-consuming synthesis method.
Rather than seen as synthesized products, oligosaccharides
are usually degradation products of their polymeric form.
The methods used for degradation of natural carbohydrates
are hydrolysis, enzymatic or chemical cleavage, and radia-
tion, where each of these procedures has different energetic,
economical, and environmental costs. However, the resultant
product is usually a mixture of oligosaccharides with varying
molecular weights. We rarely obtain a final carbohydrate
product of a structure-specific composition. The importance
behind the automation of well-defined oligosaccharides relies
on the capacity to characterize and study particular carbohy-
drate conformations and structure-property correlations
within biological events [58, 59]. The development of an
automated synthesis supports the opportunity to study and
characterize the effects of biologically relevant complex sac-
charide motifs in the cellular environment and may be used
in the creation of new smart and biofunctional scaffolds to
achieve more complexity with a higher degree of biological
simulation (biomimetics). The earlier mentioned efforts of
Peter Seeberger and coworkers strengthen the goal of
creating well-defined complex carbohydrate structures by
applying automated glycan synthesis [130].

3. SBPs for Tissue Engineering (TE)

As it was stated by Williams [36], “the major problems of TE
were apparent from the early experiences with skin.” Indeed,
researchers worked hard to develop materials that replicate
the nano- and microstructure of tissues, maintain their
properties at physiological conditions, and are stable and
biocompatible. However, TE is now reaching a new level of
complexity: two-dimensional cell monolayers are moving to
three-dimensional constructs (or even to four-dimensional
ones) [131-133]. Cell lines are being replaced by pluripotent
and patient-derived cells [134-136], and tissue grafts are
evolving to organoids and whole organs [10, 16, 47, 136-
141]. As such, the materials employed must improve accord-
ingly. By now, it is evident that SBPs have an opportunity to
be widely used in TE applications; their particularities have
the potential to solve current challenges that TE and regener-
ative medicine have brought upon material design. In
Table 1, we can find a comprehensive overview regarding
published approaches of SBPs for a specific application
within TE.

We have briefly talked about the importance of induction
of cellular responses by the scaffold, where cell fate is con-
trolled by multiple chemical and physical cues from the cellu-
lar microenvironment. Signaling molecules are biochemical
cues that promote adhesion, proliferation, migration, or differ-
entiation. It is of indispensable interest for all TE approaches
to control the presence and concentration of these signaling
molecules in the cellular microenvironment. In a natural
matrix, these factors can constrain the ability of cells to repair,
regenerate, and replace tissue. This is why controlled delivery
has become one of the fundamentals for tissue regeneration
[142], where the induction of response is specifically relevant
for the generation of organ-like structures.

Considering entrapped small signaling molecules, cyclo-
dextrins (CDs) are good examples, because they are known
for their host-guest complexation. CDs are able to entrap
small molecules in the hydrophobic core by hydrophobic
interactions. Current efforts to use CDs as delivery hydrogels
are focusing on the development of derivatives of CDs for
controlled delivery of small molecules [143]. For instance,
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TaBLE 1: Engineered SBPs developed in the last 15 years arranged by applications on TE and regenerative medicine.

Possible main interacting

Application Outcome Biomolecule P
orces
In situ multilayer bioprinting of DNA hydrogel [186] P-N H-bonding
Complex nanostructures (i.e., nanocircles) [187] N H—bonflmg, hYdrOphOblC
interactions
Highly stable DNA fiber resistant to DNases [188] N H-bon.dmg, el'ectrostatlc
interactions
DNA origami scaffold with lipid core [189] N H—bondlng, hy'drophoblc
interactions
Complex macro- and . . Electrostatic and
microstructures Vesicle forming DNA hydrogel [190] hydrophobic interactions
Network scaffold from RNA [191] N H-bonding, -7 stacking
Self-assembly peptides with fiber topology, p H-bonding, electrostatic
fine-tuning capacities [192] interactions
DNA hydrogel bricks [110] N H-bonding, electrostatic
interactions
DNA hydrog.el modt}lated by internal N H-bonding, ionic bridges
stress interactions [193]
Peptide scaffold for gastrointestinal villi p n-1 stacking, hydrophobic
reconstruction [67] interactions
Dentinogenic peptide hydrogel laden with H-bonding, van der Waals
P . .
dental pulp stem cells [194] and electrostatic interactions
Osteogenic scaffold for the recapitulation P m-m stacking, hydrophobic
of nucleus pulposus phenotype [195] interactions
. Osteogenic differentiation of human mesenchymal p Electrostatic interactions
. Tlssue . stem cells in peptide scaffold [64]
microenvironmen
development Injectable alginate-peptide scaffold for S.p n-m stacking, hydrophobic
osteogenic differentiation [196] interactions
Peptide scaffold that promotes epithelial Hydrophobic interactions,
. P .
regeneration [197] H-bonding
Scaffold for mesenchymal stem cell-derived p n-1 stacking, hydrophobic
extracellular vesicles release for tissue repair [62] interactions
Peptide scaffold for oesophageal epithelial p n-1 stacking, hydrophobic
and fibroblast coculturing [63] interactions
Cellular scaffolds Bioactive Peptide scaffold that promotes vascularization p Hydrophobic interactions

and innervation innately [198]

Peptide scaffold for proliferation and migration
of human umbilical endothelial cells by localized and P Electrostatic interactions
controlled release of H,S [60]
H-bonding, hydrophobic

3D peptide scaffold for neuron proliferation [199] P interactions

Peptide-carbon nanotube complex that promotes
natural cell behavior and affects cancer cell P
microenvironment [200]

Hydrophobic, electrostatic,
van der Waals interactions

Injectable peptide for oligodendrocyte Hydrophobic interactions,

encapsulation and proliferation [201] 7-1 stacking
Injectable hydrogel with slow degradation that . .
allows the regeneration of native ECM [184] P-$ Electrostatic interactions
DOX-releasing system that also promotes p H-bonding, electrostatic
dendritic cell maturation [202] interactions
Stem cell culturing Injectable peptide scaffold for embryonic P n-m stacking, hydrophobic

stem cell culture [203] interactions
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Possible main interacting

Application Outcome Biomolecule P
orces
Stimuli responsive pH-responsive DNA hydrogel [204] N Triple H-bonding
pH-responsive cyclic DNA scaffold [205] N H-bonding
pH-responsive alginate hydrogel functionalized i .
with hyaluronan oligosaccharides [206] S H-bonding
Glucose-responsive, insulin release system [207] P H-bqn d hyd'r ophobic
interactions
ATP-responsive DNA hydrogel [208] N H-bonding
Enzyme—resp?nswe, sghczco{;i)e;l} with konjac S H-bonding, 7-7 stacking
Smart scaffolds olgosaccharide
Nanotube-DNA hyc.lrogel optothermally N H-bonding
responsive [210]
MicroRNA responsive, .DNA hydrogel for cancer N H-bonding
screening [211]
Thermoresponsive beta-cyclodextrin-based S H-bonding, hydrophobic
hydrogel [212, 213] interactions
Light-induced release, DNA hydrogel [214] N H-bonding, 7-7 stacking
Shape memo Reversible, CMC-based driven by chemical S Donor-acceptor interactions
P Y and physical stimuli [215] P
Chitosan oligosaccharide drug delivery vehicle .
Drug with enhanced membrane permeability [216] S Not detailed
DNA nanosponges for drug delivery [217] N Electrostatic interactions
DNA-PA hydrogel for controlled release [218] N Hydrophobic interaction,
H-bonding
Cell Injectable peptide scaffold for cell delivery [219] P H—bon.dlng, el.e ctrostatic
Delivery interactions
Enzyme Water-insoluble peptide for enzyme protection [220] P H-bonding, -7 stacking
Genetic material Hydrogel for sustained RNA release [221] N H-bonding
Chitosan-graft-(PEI-f3-cyclodextrin) copolymers S H-bonding, electrostatic
for DNA and siRNA delivery [222] interactions
Cell-penetrating peptide for gene delivery [223] P Electrostatic interactions
DNA hydrogel for nucleic acid delivery [224] N H-bonding, 7-7r stacking
Adhesive DNA hydrogel with antimicrobial .
properties [61, 225] N H-bonding
Wound regeneration Hydrogel for accelerated healing [185] P Hydrophobic interactions
Hydrogel with hyaluronan oligosaccharides .
for accelerated diabetic wound healing [206] S Not detailed
Therapeutic T Microsurgery assistance-hydrogel for the .
Immobilization immobilization of ultrasmall vessels. [226] P et stacking
Cancer therapy Hexapod—hk.e DNA hydrogel for photothermal N Not detailed
immunotherapy [227]
Immunotherapy DNA hydrogel as a vaccine system by N Electrostatic interactions

noncovalent binding [228]

N = nucleic acid-based material; S = oligosaccharide-based material; P = peptide-based material.

Fiorica et al. developed a hyaluronic acid/CD hydrogel for
injectable localized chemotherapy [144]. The authors
reported a remarkable release period of over 1 month, due
to CD complexation. Furthermore, when performing
in vivo tests, they observed a reduction on the solid tumor
volume and no damage to other tissues due to the presence
of the cytotoxic chemotherapy agent. Another creative
approach to the use of CDs was reported in 2019 [145]. Here,
the use of poly-CDs as a crosslinking agent in a solution of a
tetronic-adamantane conjugate generated a shear-thinning,

micelle-based hydrogel by simple mixing. Furthermore, che-
motherapy drugs were loaded and successfully delivered to
cellular environments at a low pH (<7.4 pH). Furthermore,
besides their long-proved capability to deliver chemotherapy
drugs, CD-based hydrogels have proven to be useful gene
delivery agents [146]. If coupled with other small molecules,
CDs may work as delivery vehicles of small signals to induce
specific cell responses.

On another hand, self-assembling peptide hydrogels can
also work as injectable scaffolds for controlled delivery of
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small molecules. Oxaliplatin-derived peptide hydrogels
showed significant growth inhibition of breast tumors in a
mouse breast cancer model. Before injecting the therapeutic
hydrogel for the localized therapy, the peptide hydrogel was
functionalized by ligating the anticancer drug oxaliplatin
via click chemistry [97]. In a very comprehensive review,
Wang et al. recollect a variety of strategies to design and
implement peptides for drug delivery [147]. One of the most
novel efforts on peptides for drug delivery is the D3F3 forky
peptide designed by Tao et al. [148]. The resultant fibers of
the peptide self-assembly are able to bind to doxorubicin
(DOX), a known chemotherapy drug. However, once the
zinc jon concentration overcomes a threshold, the fibers will
form a gel among themselves and release DOX. This mecha-
nism was thought for controlled delivery of DOX into the
prostate, where the concentration of zinc ions is significantly
higher than in the bloodstream.

By definition, origami DNA is an SBP. We can easily fig-
ure out why this complex 3D structure can be used as smart
delivery vehicles. Complex 3D DNA structures are evidently
easier to design and synthesize which make them a versatile
drug delivery tool [149, 150]. A current DNA origami drug
delivery approach consisted in a bundle of nanostructures
that would carry and release DOX after the detection of sig-
nal molecules by the cell and the following endocytosis of
the delivery bundle. This novel approach serves as proof of
concept of a stable and specific ligand-drug conjugate facili-
tated by a DNA origami scaffold [151].

The controlled delivery of small molecules has important
implications for TE. To be more specific, we will briefly talk
about vascularization, which is needed to irrigate thick con-
structs, as diffusion is not optimal for mass transfer over large
distances (>200 um) [152, 153]. Vascularization is a process
mainly dependent on cell-ECM interactions [154-157].
One of the current approaches to solve this issue was the syn-
thesis of a self-assembling glycosylated peptide used to mimic
the highly glycosylated environment of the ECM. Coupled
with a proangiogenic factor, the peptide was able to induce
microvascularization in vivo and in vitro [158]. Another
interesting approach is shown by an injectable gelatin hydro-
gel modified with a cyclodextrin motif that would entrap
antioxidative molecules. The inclusion of such molecules
enabled the enhanced angiogenesis in vivo [159]. For a more
profound description of the state-of-the-art and the role of
materials in angiogenesis, we recommend the review of Lee
et al. [160].

Besides small molecule delivery, complex tissue develop-
ment also encompasses the fabrication of complex micro-
structures that are anatomically relevant. Most complex
organs, such as the lungs, kidneys, and glands, are formed
by several branched, independent, organized cellular aggre-
gates. In order to reproduce organ-specific microstructures,
biomaterials should be versatile enough to allow the growth
and self-organization of several cellular subtypes [46, 161-
163]. This implies the following matrix rearrangement
according to the stochastic cell growth. Self-healing SBPs
form dynamic scaffolds that allow a constant ECM remodel-
ing according to the cellular movement. A recent review on
self-healing hydrogels describes several approaches using
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cyclodextrins and peptides [164]. Peptides have been largely
explored as self-healing scaffolds [165]. A series of injectable
dipeptides have shown instantaneous self-healing proper-
ties, while presenting a wide range of tunable mechanical
properties. In vivo experiments demonstrated that this
material, when used as a filler, exhibits low inflammatory
responses [166].

4. Supramolecular Biopolymers for Bioprinting

Recently, additive manufacturing protocols have been opti-
mized for diverse biofabrication needs, depending on the
material’s requirements and their desired morphology
[167]. The design of a meaningful material is the initial
crucial step for establishing a suitable scaffold in order to
accommodate specific kinds of cells or tissue. Each material
has limitations regarding its use for experimental and trans-
lational applications. In an effort to overcome the inherent
limitations of bioinks, such as weak mechanic properties or
low printing resolution, researchers have developed data
processing strategies to achieve high-resolution structures
[168, 169]. Currently, there is a demand for customized
bioinks, as well as for hardware and software. Various emer-
gent startup companies, such as Allevi, Cellink, and Orga-
novo, besides many others, have developed suitable bioinks
for bioprinting in combination with corresponding printing
equipment. Still, the use of existing bioprinting protocols
remains a constant challenge, due to the unforeseen behavior
and limitations when combining biomaterials, chemical
constituents, growth factors, and cells [170]. The review of
Mir et al. is recommended for deeper understanding of the
overall potential of bioprinting [171].

To overcome these limitations, different techniques like
material extrusion [172, 173], material jetting [174-176],
and vat polymerization [177, 178] (which encompasses
stereolithography and two-photon polymerization) [179]
were introduced. In addition, novel innovative methods have
been developed such as, for instance, computed axial lithog-
raphy, better known as volumetric printing, with the aim to
print photocrosslinkable polymers faster and with better
resolution [180]. Furthermore, recently, the use of state-of-
the-art robotics for bioprinting has started. By having differ-
ent-degree-of-freedom robotic arms, the robots can mimic
fine human movements—in an effort to simulate human
surgeons—while providing the accuracy of machines. The
robots are directly used for the bioprinting of gel material,
where all the detailed programming for incorporation of
cells, extrusion of material, and pressure and/or velocity
settings are included [66].

Additionally, as printing fidelity and reproducibility of
biomaterials is required for superior performances, the use
of rationally designed ad hoc synthetic SBPs has a clear
advantage over other bioinks. This allows achieving higher
accuracy in vitro, ex vivo, and in vivo, which is fundamental
for punctual applications. To give an example, Muller et al.
used biomaterials with solid fractions, such as bioceramics
or nanoparticles for bone or cartilage tissue regeneration.
Because of the presence of two different materials, the parti-
cles and the hydrogel produce inconsistent dispersion of
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particles; thus, the printing or the formation of the desired
morphology is difficult to achieve. The group solved this issue
by the use of gellan gum methacrylate, hyaluronic acid meth-
acrylate with hydroxyapatite crystals or particles that
enhanced the inkK’s printability. Cryomilling of the ink com-
ponents decreased its viscosity 10-fold with a shear rate of
0.1s' without compromising homogeneity and stronger
interlayer adhesion between layers [181]. In another study
from the same group, the designed bioink showed a mechan-
ical improvement after dynamic covalent links between the
amine and 45 nm sized silica nanoparticles that were imbued
in state-of-the-art oxidized alginate. The reversible imine
bonds between amines on the nanoparticles and aldehydes
of oxidized alginate lead to significant enhancement of the
rheological properties and better printability. The yield stress
increased 5.4-fold without compromising the biocompatibil-
ity of the bioink when using 2 wt% nanoparticles [182].
Moreover, as stated before, it is preferable to avoid the use
of cytotoxic crosslinkers or UV light, which can be damaging
to the cells. Indeed, SBPs assembly can be triggered by differ-
ent stimuli, e.g., ions, and this capability is also exploited in
bioprinting. For instance, Kim and coworkers [183] designed
a self-assembling saccharide-based bioink, based on compet-
itive covalent bonding between hyaluronate and a water-
soluble form of chitosan, with self-healing capability. Using
acid dihydrazide, the hyaluronate and glycol chitosan forms
acylhydrozane bonds. Moreover, changing the molecular
weight of the hyaluronate allowed the material to change its
mechanical properties and to be extruded without a postgela-
tion system. However, neither conformational-specific
oligosaccharides nor nucleic acid-derived hydrogels have
been yet explored as bioinks: we expect SBP hydrogels to be
used as smart and bioactive materials for bioprinting soon.

5. Conclusions and Outlook

SBPs are polymeric units that self-assemble to supramolecu-
lar scaffolds by noncovalent interactions. Because of their
unique properties, they appear as promising alternatives that
are able to overcome existing challenges in TE. Currently,
there is a lack of robust materials that can be appropriately
used for the development of organoids, whole-organ
engineering, patient-specific tissue regeneration, or in situ
therapeutics. Using interactive motifs, SBPs can be easily
functionalized into bioactive materials. SBPs are also often
thermodynamically reversible, which supports self-healing
properties. Furthermore, these materials can include
stimuli-responsive motifs.

Peptide- and nucleic acid-derived polymers have
resolved a variety of issues that saccharide-derived supramo-
lecular biopolymers did not yet resolve, such as routine
procedures for characterization and elucidation of binding
and annealing mechanisms. Chemically synthesized macro-
molecular biopolymers have the advantage of not to depend
on batch-to-batch variations which can cause serious trou-
bles when using natural-derived biopolymers. It is recom-
mended to think about the possible implementation of
SBPs in situ and engineer additional traits that may enhance
its properties. For example, it would be suggested to work on
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nature-inspired self-assembly peptides for the generation of
detection probes. A second example would be to step on
the conjugation of optically active molecules to allow the
detection of specific molecular phenomena, such as self-
healing or annealing. Further studies could also focus on
the generation of matrices with gradients of density to allow
specific geographical mechanical stimuli.

Currently, a major challenge is the lack of smart synthesis
methods for complex oligosaccharide structures. There is
obviously a need to develop methods that will allow the
generation of branched oligosaccharides. Methods to be
explored include the use of glycosylases within an automated
chemical polymerization. The development of novel synthe-
sis strategies will support the generation of complex and
well-characterized materials such as glycopeptides or nucleic
acid/saccharide-based hydrogels. This will also give addi-
tional opportunities for the inclusion of specific signaling oli-
gosaccharides within a matrix and will amplify the spectrum
of bulk properties of the novel scaffolds and their overall tun-
ability. Particularly regarding sugars, the development of a
high-yield synthesis will unleash the potential of using sac-
charides with a specific confirmation as part of a scaffold that
would mimic the presence of glycosaminoglycans and even
proteoglycans found in the extracellular matrix. In addition,
given that a high percentage of membrane proteins respond
to glycosylated molecules, it is important to focus on the
effect of sequence-specific oligosaccharides in order to
enhance the cell-ECM interactions in materials.

Moreover, smart novel materials offer a variety of bio-
chemical cues and physicochemical properties useful for the
development of specific materials for TE. Some of these
materials have already been studied under in vivo conditions,
such as the self-healing peptide-based hydrogel from Ton-
dera et al. [184], which did not trigger any inflammatory
response when injected in mice, or a peptide-based wound
dressing developed by our group [185] which not only pre-
sumably suppressed inflammatory reactions but also allowed
accelerated wound healing. This suggests that the develop-
ment of designer supramolecular biopolymers composed of
peptides and nucleic acids may bring us closer to optimized
healthcare technologies. Under these premises, it is impor-
tant to promote the translation of promising SBPs into med-
ical devices for detection of molecules, high-end and cell-free
prosthesis, or topical treatments. This will certainly facilitate
future applications of cell-laden or smart drug delivery TE
devices based on SBPs. Another alternative will be the study
of bioactive SBP scaffolds for cell-free therapies.

SBPs offer a robust and tunable platform for the creation
of personalized materials for TE. However, at this moment,
the design is limited to experts in polymer biochemistry.
Only the design of DNA origami structures has the potential
to allow nonexperts to make use of them. Therefore, future
projects could also focus on the development of information
technology (IT) tools to facilitate the in silico design of SBPs.
The generation of such tools would enhance the accessibility
of such materials.

Supramolecular biopolymers made from biomolecules
hold several advantages over natural biopolymers or
synthetic biopolymers, because they give a multitude of
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structural diversity by applying rational design and combina-
torial approaches. Peptide- and nucleic acid-based materials
are employed for TE applications as they are relatively easy
to tune due to their sequence-dependent characteristics, such
as annealing time, conductivity, hydrophobicity, porosity,
binding capacity, stimuli-responsiveness, and biocompatibil-
ity. Although the more complex oligosaccharide synthesis is
lagging behind peptide and nucleic acid synthesis, current
promising new efforts will allow the design and study of more
complex oligosaccharide-based materials for TE in the same
manner. Currently, designer supramolecular biopolymers
are proving their efficacy as cellular scaffolds and versatile
modulators of the cellular microenvironment. Further efforts
for the inclusion of these materials into advanced TE and
healthcare applications are expected in the years to come.
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In 10% to 40% of the cases of coronary stent implantation, patients face in-stent restenosis due to an inflammatory response, which
induces artery thickening. Everolimus, a drug that inhibits growth factor-stimulated cell proliferation of endothelial cells, represents
a promising alternative to prevent in-stent restenosis. In this study, everolimus was encapsulated by a film hydration technique in
liposomes by using phosphatidylcholine and cholesterol at different ratios. As the ratio of cholesterol increases, it modulates the
rigidity of the structure which can affect the encapsulation efficiency of the drug due to steric hindrance. Moreover, various
lipid : drug ratios were tested, and it was found that as the lipid : drug ratio increases, the encapsulation efficiency also increases.
This behavior is observed because everolimus is a hydrophobic drug; therefore, if the lipidic region increases, more drug can be
entrapped into the liposomes. In addition, stability of the encapsulated drug was tested for 4 weeks at 4°C. Our results
demonstrate that it is possible to prepare liposomal everolimus by film hydration technique followed by extrusion with high
entrapment efficiency as a viable drug delivery system.

1. Introduction disease is the coronary stent (coronary intravascular implant)

that induces artery revascularization. Despite its popularity, up

Cardiovascular disease remains the leading cause of morbid-
ities and mortality worldwide. It encompasses a broad range
of conditions that affect the heart and blood vessels, many of
which are related to a process called atherosclerosis. Athero-
sclerosis is characterized by plaques that appear in the inner
layers of arteries. Despite the advances in prevention, control-
ling risk factors such as smoking, dietary habits, lack of exer-
cise, and high blood pressure, atherosclerosis continues to
take deadly toll globally [1]. One of the widely applied
percutaneous coronary interventions (PCI) in this type of

to 4 out of 10 people with coronary stents present in-stent
restenosis, a decrease in the diameter of the arterial lumen
[2]. This phenomenon is caused by neointimal proliferation,
that is an excessive propagation of the endothelial tissue in
the interior area of the stent or by new atherosclerotic plaques
[3]. One way to prevent this effect is by using coated stents that
allow drug release (such as everolimus, sirolimus, paclitaxel,
and zotarolimus) directly into the artery [4]. There are several
excipients that can be used for drug release, including poly-
meric, nanoparticle, and liposomal coatings.
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FIGURE 1: Drug comparison. Chemical structure of (a) sirolimus and (b) everolimus.

Liposomes are considered as one of the most used
nanometric carriers in controlled release systems due to their
ability to encapsulate both hydrophilic and hydrophobic
drugs [5]. In addition, liposomes are used for drug release
systems due to the variety of sizes, biocompatibility, ability
to be directed to the site of interest, and their ability to max-
imize encapsulation capacity by transforming vesicles from
multilamellar to unilamellar [6, 7]. Liposomes are composed
of either palmitoyl oleyl phosphatidylcholine (POPC) or dio-
leoyl phosphatidylcholine (DOPC), which belong to the
phosphatidylcholine (PC) family, the major component of
animal cell membranes [8]. POPC contains one saturated
and one unsaturated alkyl chain, while DOPC has two unsat-
urated alkyl chain; as a result, both have the same phase
behaviors at 25°C. POPC has a phase transition melting tem-
perature (T',,) of -2°C while the T,, for DOPC is -20°C; thus
they are in the liquid crystalline phase. Liposomes can be
grafted with polymer coating onto metal-based stents to pro-
long the half-life of the drugs, by allowing their gradual
release and restraining the occurrence of restenosis. Antipro-
liferative drugs as in the first-generation stents, such as siro-
limus and paclitaxel, are widely used to prevent excessive
growth of endothelial tissue that could induce in-stent reste-
nosis. However, due to their nature, they delay the process of
healing of the artery, leading to a space where platelets
agglomerate and cause thrombosis [9]. Due to these side
effects, the use of biocompatible polymers in the second-
generation drug eluting stents may present a higher safety
profile, mechanical support, drug-delivery activity, and a
complete bioresorption over several years, compared with
those of the first generation [10]. Everolimus has been pro-
posed to be used in second-generation coronary stents since,
despite its hydrophobic nature, it is more bioavailable than
sirolimus. Therefore, it has a greater capacity to be absorbed
by the body as the variation in the functional group attached
to carbon 40 (circled in Figure 1) increases its polarity [11].

Previously implemented methods for liposome synthesis,
specifically for encapsulation of everolimus, solely concen-
trate on encapsulation by injection [12] and by mixing in
aqueous solution [13]. Moreover, these systems and devel-
oped methods were mainly targeted at cancer treatment.
Unlike previous works, the objective of this study was to

develop everolimus-releasing liposomes through thin-film
hydration method that could potentially be used to cover cor-
onary stents. This method has presented greater control over
size than the reports of the literature mentioned above, which
is useful to regulate liberation kinetics as liposomes with
smaller sizes (50 nm) tend to decompose earlier than larger
vesicles since their high curvature tension leads to lower
stability. Specifically, this work shows the optimization of
the molar ratio between PC and cholesterol (Chol), the extent
of the double bonds presents in PC, and the lipid : drug ratio
for the development of stable unilamellar nanoliposomes
using thin-film hydration and extrusion. This fine tuning
was aimed at obtaining liposomes between 100 and 150 nm,
small enough to avoid an unintended immune response
and large enough to maintain liposome stability for at least
4 weeks.

2. Materials and Methods

2.1. Materials. Lipids used, cholesterol (Chol), palmitoyl-2-
oleoyl-sn-glycero-phosphocholine (POPC), and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) were purchased from
Sigma Aldrich (St. Louis, MO, USA). Everolimus was obtained
from Adooq Bioscience (Irvine, CA, USA) and organic sol-
vents from Merck (Massachusetts, USA). On the other hand,
HEPES  ([4-(2-hydroxyethyl) piperazine-1-ethanesulfonic
acid]) buffer and reactive grade sodium chloride were pur-
chased from CTR Scientific S.A de C.V (Monterrey, Mex).

2.2. Methods

2.2.1. Preparation of Liposomal Everolimus. In the present
work, in order to analyze the effect of drug to lipid ratio, lipo-
somal composition of samples A, B, and C was maintained at
a 9:1 w/w ratio of palmitoyl oleyl PC and Chol, respectively.
To follow an optimization process of one factor at a time
(OFAT), the lipid:drug with higher entrapment efficiency
(%EE) was chosen for the optimization of the lipid composi-
tion. Therefore, the liposome composition was modified
using POPC: Chol with a 7:3 ratio and another formulation
with DOPC: Chol with a 9:1 ratio as Table 1 suggests. This
table indicates the sample name, if the liposome was
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TaBLE 1: Experimental design for the optimization of liposomes’
lipid composition and lipid:drug ratio (concentration of
everolimus was maintained at 0.06 mM).

Sample Lipidic components L};gd éﬁ:)llo EE i:r f::ig
Blank POPC: Chol 9:1 -

A POPC: Chol 9:1 60:1

B POPC: Chol 9:1 45:1

C POPC: Chol 9:1 30:1

D POPC: Chol 7:3 60:1

E DOPC: Chol 9:1 60:1

prepared using POPC or DOPC, the ratio of either POPC or
DOPC to cholesterol, and the molar ratio of everolimus ver-
sus the lipidic components, in respective columns. For repro-
ducibility purposes, each sample was produced in triplicate.

To carry out the preparation of lipid mixtures with the
absence or presence of everolimus, lipids were dissolved in
chloroform: methanol in 3:1 v/v, while everolimus was dis-
solved in methanol. These solutions were mixed at different
molar ratios as shown in Table 1, where the concentration
of the drug was maintained at 0.06 mM (Table 1). We relied
on the reports of the literature in selecting the lipid:drug
ratio for sustained high entrapment efficiency of sirolimus,
the drug from which everolimus is derived [14].

After solution preparation, the organic solvent was
evaporated under nitrogen flow, followed by 2 hours of
maintaining the samples under vacuum with a Vacufuge Plus
equipment (New York, USA) to completely remove all traces
of the solvent. The lipid film was then hydrated in 1 mL of
buffer and 50 mM HEPES containing 30 mM NaCl pH7 at
25°C with stirring at 1400rpm for 2 minutes every 10
minutes during two hours with a Thermomixer Comfort
(Eppendorf). The multivesicular (MLV) suspension was then
extruded 12 times through 100nm pore size nucleopore
polycarbonate membranes (Whatman, UK) to produce
samples with a narrow size distribution. The extrusion was
carried out at 25°C to maintain vesicles above phase transi-
tion temperature using a miniextrusion kit (Avanti Polar
Lipids, Alabaster, AL, USA). The entrapment efficiency of
everolimus was calculated by separating the nonencapsulated
from the encapsulated drugs by gel filtration chromatogra-
phy using a Sephadex G75 column. During the elution, 60
fractions of 2mL each were collected. Under these experi-
mental conditions, the initial lipid sample was diluted 10
times as determined by phosphorous assay [15, 16].

2.2.2. Entrapment Efficiency. The entrapment efliciency
(%EE) analysis was performed by UV-Vis spectroscopy
Genesys 10 Thermo-Scientific (Madison, W1, USA) at 278 nm
(Imax of everolimus) and interpolating the value on a calibra-
tion curve prepared for this purpose (y =61.859x + 0.0074).
The calibration curve was linear in the range of 0-0.006 mM
with a correlation coefficient of R* = 0.99871.

The equation used to calculate the %EE is shown below,
where CS is the sample concentration and 0.006 mM is the
theoretical concentration of everolimus (which was diluted

by a factor of ten due to the purification process). It should
be noted that CS was calculated using the maximum absor-
bance peak from the extraction profiles of each sample.

* 100 (1)

CS
%EE =
0.006

Equation (1) was used to calculate the %EE of each
sample.

2.2.3. Physicochemical Characterization of Liposomes. Size of
empty and loaded liposomes and polydispersity of samples,
as well as zeta potential were determined using dynamic light
scattering (DLS). These parameters were studied during 4
weeks as a stability analysis using the ZetaSizer Nano equip-
ment ZS90 (Malvern Instruments, UK). Liposomes were
stored at 4°C during the course of these 4 weeks.

For infrared spectroscopy analysis, the samples were
completely dried at 30°C, using an aqueous solvent group
configuration with the equipment Ez-2plus (Genevac) which
concentrates samples under vacuum conditions. Once dried,
the samples were analyzed by ATR-FTIR spectroscopy
(infrared spectroscopy by total attenuated reflectance) using
a diamond crystal sample holder in a Perkin Elmer equip-
ment Spectrum 400.

2.2.4. Morphological Characterization of Liposomes. For the
morphological study of liposomes, samples were centrifuged
with 30 K filters at 13,500 rpm for 15 minutes to eliminate the
salts. These filters retain liposomes since they are heavier
than 30 KDaltons allowing the separation of salts. Liposomes
were then placed in a scanning electron microscope (SEM)
sample holder and allowed to dry in a desiccator. Subse-
quently, the samples were coated with a 5 nm gold layer using
a rotary pumped coater Quorum Q150R ES, and the mor-
phology was observed by a Zeiss EVO MA25 SEM.

2.2.5. Statistical Analysis. Statistical analysis was performed
based on an adjustment to an ANOVA of 2 variables through
the GraphPad Prism 8.1.0 software. For all comparative tests,
the Tukey test was used and the differences of p < 0.05 were
considered statistically significant.

3. Results and Discussion

3.1. Characterization of Liposome Size, Polydispersity, and
Stability. Liposomes were developed through thin-film
hydration technique, which is the most common method
for liposome preparation. Since lipidic composition and
concentration could have a significant impact on developing
a therapeutically efficient liposomal carrier system, we exam-
ined different parameters such as lipid-to-drug molar ratio,
the increase in cholesterol, and the presence of more unsa-
turations in phospholipid’s acyl chain. Liposomes’ sizes were
determined through dynamic light scattering (DLS), where it
was observed that sizes were slightly greater than 100 nm,
even though they were extruded by a polycarbonate filter
with 0.1 ym pores, as shown in Figure 2(a). This is due to a
squeezing phenomenon of liposomes through the filter. Since
cholesterol has a rigid ring and an ultra-smooth face in its



200 4 |

|
|
|
|
|
|
150 — I

*
*
*

z I [
— 100 +
IS
S
50
04
1 2 3 4
Storage time (weeks)
mm Blank == C
== A == D
== B = E

(a)

Advances in Polymer Technology

0
—~ -5
S
cl
I
£ 10
g
o
5 [
g
S

15 II [

-20 T T T T

mm Blank == C
mm A == D
==} = E

FIGURE 2: Liposomes’ characterization: (a) size and (b) zeta potential. Lines are shown only when there is a significant difference between two
samples, in which asterisks denote the level of significance. *p < 0.05, **p < .001, and ***p < .0001.

structure, the squeezing process has most likely taken place
by allowing the lipids to turn quickly at the extremities
[17]. This leads to lipids of high lateral mobility, as well as
packed acyl chains [18]. Consequently, this contributes to
the variation of sizes since the packing factor affects the
intensity and duration of van der Waals forces present in
liposomes. In addition, by increasing the percentage of Chol
in the formulation, the coexistence of a binary phase Lo
(ordered liquid) and Ld (disordered liquid) leads to disconti-
nuities in the lipid membrane, which facilitates the structural
interaction between liposomes [19]. This structural interac-
tion propitiates vesicular aggregations which may lead to
slightly bigger liposomes. However, the range of sizes
obtained was close to the ideal sizes (100 nm-150nm) for
the intended application, as liposomes have to be small
enough to “fool” the immune system. However, the lipo-
somes’ size should not be below 50 nm since the stability of
liposomes would be compromised due to curvature tension
in the vesicle. Moreover, in this specific case, samples with
polydispersity index (PDI) less than 0.2 were observed, which
indicates that the samples were homogeneous and stable for
up to 4 weeks.

It is observed that for sample A (Table 1), the sizes
decrease compared to the blank, despite being loaded with
everolimus. Loading the liposomes with everolimus did not
change the size. This is due to the fact that everolimus forms
bonding sites between everolimus and liposomes. Therefore,
interaction forces make the liposomes rather compact. More-
over, neither the drug:lipid ratio variation (samples A, B,
and C) nor the increment of cholesterol in liposomes (sample
D) has shown statistically different size changes (statistical
analysis can be reviewed in Supplementary Information
(available here)); thus, it can be concluded that these factors

do not affect the liposome size. The only sample that showed
a significant difference (p <0.05) with respect to the size of
the blank was sample E, which was prepared with DOPC
instead of POPC. We believe that this is due to the presence
of the extra double bond of DOPC which decreases the pack-
ing factor of acyl chains; thus, the sizes increase.

On the other hand, Figure 2(b) shows that the zeta poten-
tial of all liposomes, primarily composed of PC, was slightly
negative (—11.28 +1.44) even though PC is considered a
zwitterion. This is due to a 5% phosphatidic acid present in
POPC and DOPC composition and the negative charge of
cholesterol at pH 7 [20]. Furthermore, it was determined that
the zeta potential did not show statistically significant
changes from weeks 1 to 4. This indicates that liposomes
are stable for the period of 1 month at 4°C, since a change
in zeta potential would suggest a degradation or change in
composition [21].

3.2. Chemical Analysis of Liposomes. The ATR-FTIR spectra
of the blank (empty liposomes), pure everolimus, and
samples A-D (loaded liposomes) are shown in Figure 3.
The signal at 1741 cm™ is attributed to the ester present in
everolimus and in the polar head of PC [22]. The band at
1658 cm™ present in both empty and loaded liposomes is
attributed to the C=C bond. This last peak has been
observed at a wavelength of 1645cm™ in polymeric stents
coated with everolimus [23]. The peaks at 1658 and
1741 cm’™" are characteristic of the drug. However, the inten-
sity of the previous two signals is lower in loaded liposomes
since everolimus is dispersed within the liposome matrix.
Moreover, the intensity is low due to the attenuation of
ATR spectroscopy signal as a function of the thickness of
the diamond crystal used in these assays. The peak at
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1214 cm’™ in lipid samples represents the C-N bond of PC. It
can be observed that sample A shows greater intensity than
samples B and C as it has the greatest lipid:drug ratio.
Similarly, in sample D, POPC decreased; therefore, the peak
intensity of this particular sample is less than samples A, B,
and C. In addition, it was observed that the modification
from POPC to DOPC present in sample E decreased the
signal intensity even though the lipid: drug rate was main-
tained the same. The results prove that there are no new
chemical bonds between everolimus and lipids even though
they interact with each other at the physical level.

3.3. Entrapment Efficiency. The %EE analysis was determined
with UV-Vis spectroscopy at 278 nm, which corresponds to
the active UV functional groups in everolimus. Figure 4 shows
the results obtained from samples Figures 4(a)-4(e), where
fraction 16 has the maximum absorbance at 278 nm and
400nm, which indicate the absorbance of everolimus and
the lipids, respectively. Subsequently, it can be observed that
approximately 10 fractions are present where the absorbance
at 278 nm rises again, which indicates the presence of free
everolimus. This signal appears in fractions collected later
compared to the peak of liposomes, as the drug has a lower
molecular weight thus taking longer to leave the column
which has high area within the pores of the stationary phase.

The %EE was calculated against the final concentration of
everolimus, which was set to 0.006 mM due to the 10 factor of
dilution that was previously stated for the purification
method. The blank presented an average %EE of 11.5% even
though no drug was loaded. This is due to a small variation of
the dilution factor during purification. Moreover, the %EE of
samples A, B, and C, in which the sole difference was the
lipid : drug ratio (60:1, 45:1, and 30:1, respectively), has a
direct relation with the composition. At a higher amount of
lipid, the encapsulation efficiency increases. The highest
encapsulation percentage was obtained for a lipid:drug

60:1 ratio, since the everolimus is hydrophobic and is
trapped within the bilipid layer of liposomes. However, by
decreasing the amount of lipid, the number of sites where
everolimus can be trapped decreases. This trend is in accor-
dance with a previous study regarding the encapsulation effi-
ciency of another class of hydrophobic drug called docetaxel.
In this study conducted by Pereira et al., formulations with
40:1 and 20:1 lipid ratios had encapsulation efficiency of
nearly 100% without significant differences [12]. In that
study, however, it was necessary to increase the lipid: drug
ratio to 60: 1 to reach the encapsulation efficiencies close to
100% since everolimus is more hydrophobic than docetaxel
hence requiring a greater lipid content. This comparison
has led us to a relevant conclusion for liposomal formulation
since it indicates that the lipid:drug ratio can be tuned
depending on the nature of the encapsulated drug.

Unlike samples A, B, and C, in sample D, the amount of
cholesterol was increased, reaching up to POPC:Chol of 7:3
ratio (Table 1). This was done to stabilize the structure of the
lipid bilayer and increase the stability of the sample in biologi-
cal serum for the intended application [24, 25]. However, it was
found that %EE decreased to an average value of 44.13%. This
is due to the fact that cholesterol is positioned within the lipid
layer and therefore obstructs the drug encapsulation by 50%
since everolimus is also a hydrophobic molecule which is pri-
marily positioned within the lipid bilayer [26] (Table 2).

Formulation E was performed with a lipid:drug 60:1
ratio and a 9:1 DOPC:Chol ratio, which showed lower
encapsulation percentage than sample A which is composed
of the same molar ratios (lipid:drug 60:1 and 9:1 POPC).
However, the difference of sample E was that the type of
PC used was DOPC instead of POPC as in A-D formulations.
This was done to analyze the effect of double bonds (see
Figure 5) in the entrapment efficiency of everolimus, as
previously reported [12]. Therefore, a comparison of %EE
was made between liposomes composed of DOPC (with 2
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F1GURE 4: Entrapment analysis. UV-Vis extraction profile of samples (a), (b), (c), (d), and (e) obtained from the liposomes’ purified fractions.

TABLE 2: Entrapment summary. Average %EE obtained by UV-Vis
at 278 nm of the samples (POPC: Chol: DOPC/lipid : drug).

Entrapment efficiency

Sample Standard deviation

(EE %)
Blank 11.51 6.07
A(9:1:0/60:1) 92.82 2.64
B(9:1:0/45:1) 4527 0.30
C(9:1:0/30:1) 33.68 0.66
D (3:7:0/60:1) 48.69 5.76
E(0:1:9/60:1) 71.89 5.18

double bonds) and POPC (with one double bond). As it can
be observed in Table 2, the %EE of sample E (with DOPC)
was 20% below that in sample A. This observation is relevant
to understand the entrapment of everolimus in liposomes
since it demonstrates that everolimus interaction is not car-
ried out primarily in the double bonds of PC as suggested
by Iwase and Maitani [27]. In that study, the %EE increases
when formulation with DSPC: Chol 55:45 was used versus
another sample composed of soy lecithin: Chol 95:5. This
was attributed to the double bond of linoleic acid present in
soy lecithin [12]. However, the formulation of DSPC: Chol
55:45 is estimated to have had a 14-fold lower %EE since
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the percentage of cholesterol in the sample DSPC:Chol
55:45 used by Iwase et al. was 9 times higher than the sample
composed of lecithin: Chol 95:5 [27].

3.4. Morphological Characterization of Liposomes. The
morphology of liposomes was analyzed through SEM. All
samples presented a spherical shape regardless of the molar
ratios of the lipid and drug or if they were loaded with evero-
limus or the lipidic composition of liposomes. However, the
sizes observed through SEM, shown in Figure 6, were signif-
icantly larger than those observed by DLS. We believe that
this is due to the tendency of liposomes to fuse in the drying
process during sample preparation, as seen in Figure 6. The
observed change in morphology is due to the fact that water
promotes the formation of liposomes, and, when evaporated,
it can deform the original structure due to its high surface
tension [26, 28]. In addition, the increase in size affects the
homogeneity of the sample since there is no control in size
during the fusion process of liposomes. It is important to
point out that the drying process can be affecting the size
and shape of liposomes as well. In order to further under-
stand the morphology and size of the loaded and preloaded
liposomes, in future works, we will direct effort towards
applying other techniques such as cryogenic TEM or
environmental TEM, which could generate more in-depth

information about morphology of liposomes and polydisper-
sity index.

4. Conclusions

In the present work, it was determined how the lipid: drug
and liposome lipid composition affect size, polydispersity
index, stability, and encapsulation efficiency of the drug-
loaded liposomes. Specifically, we found that the formulation
with the highest %EE (95%) was a liposome with a lipid : drug
60:1 ratio and with a lipid composition with POPC Chol
9:1. It was also found that the %EE of everolimus is directly
proportional to the lipid:drug ratio and inversely propor-
tional to the amount of cholesterol and double bonds present
in PC. This finding could be relevant for the encapsulation of
other hydrophobic drugs in liposomes following similar
compositions. The obtained results suggest that the thin layer
hydration and extrusion method represents a simple and
reproducible method. This allowed to study the behavior of
lipid-everolimus, thus permitting the tuning of encapsulation
efficiency by modulating the lipid composition. As future
work, morphological characterization could be done by an
environmental SEM or cryogenic TEM in order to avoid lipo-
somal fusion and to observe single liposomes and to compare
the morphology between samples. The next research efforts



will be focused to perform release kinetics analysis to deter-
mine the drug release profile and functionalize liposomes in
polymers to further coat the metallic stents. The results
reported in this work will be relevant for further applications
of liposomes as drug delivery systems and for their use in
coronary stents to prevent in-stent restenosis.
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The past few decades have shown significant advancement as complex in vitro humanized systems have substituted animal trials
and 2D in vitro studies. 3D humanized platforms mimic the organs of interest with their stimulations (physical, electrical,
chemical, and mechanical). Organ-on-chip devices, including in vitro modelling of 3D organoids, 3D microfabrication, and 3D
bioprinted platforms, play an essential role in drug discovery, testing, and assessment. In this article, a thorough review is
provided of the latest advancements in the area of organ-on-chip devices targeting liver, kidney, lung, gut, heart, skin, and brain
mimicry devices for drug discovery, development, and/or assessment. The current strategies, fabrication methods, and the
specific application of each device, as well as the advantages and disadvantages, are presented for each reported platform. This
comprehensive review also provides some insights on the challenges and future perspectives for the further advancement of each

organ-on-chip device.

1. Introduction

Prior to testing a new drug in a clinical trial, principal phase
analysis on the pharmacodynamics and pharmacokinetics
takes place using animal models and/or two-dimensional
(2D) in vitro models. Such analyses could prevent adverse
drug events and predict organ toxicity and drug mechanisms
prior to testing on human beings [1], while offering economic
benefits and time reduction between drug discovery and clin-
ical trials [2]. Despite the technological advancements in ani-
mal or 2D drug testing, the development and application of
new therapeutic products face multiple barriers prior to clin-
ical trials. While various animal models are genetically

altered to mimic the human body for drug testing and
screening, the inability to replicate key facets of the human
body makes such trials limited with respect to drug efficacy
and safety assessments. In vitro studies, on the other hand,
allow a certain degree of progress, although as yet they can-
not replace clinical trials on humans [3]. In particular, tradi-
tional in vitro analysis is incapable of mimicking the human
body due to the lack of surrounding stimulations each organ
undergoes in a living body or in some cases the studies are
performed in different species [3, 4].

In the past few decades, more complex in vitro human-
ized systems have replaced animal studies and 2D in vitro
analysis as they closely mimic the organ of interest and can
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incorporate the necessary stimulations (physical, electrical,
chemical, and mechanical) that an organ can experience. Since
the advent of cell culture systems and microfabrication tech-
niques, the organ-on-chip technology has gained momentum
as one of the pioneering technologies for drug metabolism
analysis [1]. Organ-on-chip devices fall under the category of
microfluidics or biomicroelectromechanical system (Bio-
MEMS) with main components including cells, media, tissues,
and scaffolds [1, 5]. The principal approaches in in vitro organ-
specific tissue modelling include three-dimensional (3D) orga-
noids or spheroids, 3D microencapsulation within microgels,
bioprinted organ platforms (e.g., cell-seeded scaffolds), and
bioreactor-incorporated devices [6-8].

In vitro modelling including 3D organoids, 3D microfab-
rication, and 3D bioprinted platforms for several organs was
presented. Such platforms fabricate human mimicry systems
including the heart, kidney, lung, intestinal tract, liver, retina,
bone, and brain [9]. Organ-on-chip devices facilitate drug
testing on different cell lines, while multiple-organ-chip plat-
forms study the pathways of different drugs and their efficacy
on one organ in correlation with others [2]. Human-on-chip
devices provide a deeper understanding of drug metabolism,
pharmacokinetics, and toxicity on the human body as a uni-
fied physiological entity. Moreover, the addition of one or
more biosensors for continuous monitoring of biomarkers
has led to further comprehension of the metabolic changes
in situ. The personalized medicine, in turn, could be highly
promoted by organ-on-chip devices as they require a small
tissue sample from the patient to replicate the organ [10].
Nonetheless, organ-on-chip and human-on-chip platforms
also suffer from certain shortcomings, including the com-
plexity of the operation due to the device size and the incon-
sistency of the results from one laboratory to another [11].
Undoubtedly, the microenvironmental control and monitor-
ing to maintain the long-time cell culture without changing
the microorgan’s physiology and morphology are some of
the major challenges yet to overcome. Moreover, the variabil-
ity of the organogenesis throughout tissue development has
to be carefully controlled in order to meet the expected objec-
tives of an organ-on-chip device [12]. This review article con-
centrates on the latest updates of in vitro human mimicry
systems for drug assessment. In that perspective, we narrow
down the focus of this article to the advances of the organ
physiology mimicry in on-chip devices with respect to drug
discovery, development, and assessment for the selected
organs: liver, kidney, lung, gut, heart, skin, and brain. More-
over, the review article provides some insights on human-on-
chip devices and the application of such devices for drug
assessment and screening.

2. Organ-on-Chip Strategies

2.1. Liver-on-Chip. The liver plays a critical role in drug
metabolism, body homeostasis, digestion, and the elimina-
tion of toxic substances. In vitro human liver models are used
to evaluate the metabolism and toxicity of chemical com-
pounds and drugs and for the evaluation candidate drugs in
cancer research and genetic studies [13]. Experiments can
be carried out using primary cells isolated from patients or
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using cells from cell banks, such as the American Type
Culture Collection (ATCC) [14]. Furthermore, cell culture
systems allow researchers to understand drug absorption,
distribution, metabolism, and excretion and to assess
their pharmacokinetic and pharmacodynamic parameters.
Human liver cells lose many functions in normal culture,
including drug-metabolizing and drug transport activities,
which are basic for drug discovery. 2D cultures have other
limitations, including the alteration of cell morphology, the
loss of polarity and phenotype, and the change in gene
expression [15].

Current in vitro systems evaluate the toxicity of new
drugs using different human hepatic cell lines, such as hepa-
tocytes, liver sinusoidal endothelial cells (LSEC), human liver
cells (HepG2), and a hepatic stem cell line (HepaRG). Hepa-
tocytes are the main parenchymal cells that comprise the cell
plates of the lobule, carrying out most of the metabolic func-
tions of the liver [16]. LSEC are thin, elongated cells that are
part of the reticuloendothelial system (RES) and play a role in
maintaining the homeostasis and hepatic immunity [17].
HepG2 and HepaRG cells are immortalized cell lines that
can be used as an alternative to primary cells for drug screen-
ing and toxicological studies. HepG2 are derived from a
hepatocellular carcinoma and are frequently used for the
evaluation of drug toxicity due to the expression of liver-
specific enzymes and nuclear transcription factors, including
p53 and Nrf2, which are essential for drug metabolism [18].
HepaRG are also derived from a hepatocellular carcinoma.
These cells have two different cell morphologies; however,
they can be differentiated on treatment with dimethyl sulfox-
ide (DMSO). Therefore, under appropriate cell culture con-
ditions, HepaRG represents the most suitable cell line for
long-term studies of a slowly metabolized drug and for deter-
mining the mechanisms associated with exposure to xenobi-
otics [19]. Another concept that must be considered in the
evaluation of the metabolism and toxicity of drugs is drug-
induced liver injury (DILI), which is associated with acute
liver failure and is the main reason for the subsequent market
withdrawal of approved drugs [20]. The major advances in
molecular pharmacology and toxicology, hand in hand with
novel strategies for development of 3D liver models, allow
for the improved recreation of cell-cell interactions within
their own microenvironment, as well as endowing a more
permissive, tissue-like, microenvironment for long-term cul-
ture that can improve hepatotoxicity predictions [21]. Some
of the latest examples of liver-on-chip platforms for drug dis-
covery, development, and analysis are thoroughly reviewed
in this article (Table 1).

2.1.1. Analysis of Drugs in Liver-on-Chip Devices. The liver
plays a key role in all metabolic processes in the human body,
such as body homeostasis, drug metabolism, and the detoxi-
fication of blood; therefore, an adequate liver model is a
necessity for drug development [22]. Hepatocytes cultured
within 2D in vitro models lose many functions and activities,
limiting their modelling function. For that reason, 3D liver-
on-a-chip models are an excellent option for in vitro liver
analysis. The engineered hepatic tissues in 3D devices, how-
ever, should closely mimic the natural functions of the organ.



Advances in Polymer Technology

TaBLE 1: Summary of recent advancements hepatotoxicity testing including the type of drug, the application, the applied cell lines, and the

kinetics.
Drug type Application Applied cell lines Kinetics Ref{(s)
. . . . . 7 days of
Acetel'n{lnophen, clgzaplge, olanzapine, Blotransforn}gtlon, Human hepatocytes from donors  culture, 48hr  [32]
fialuridine, entecavir, aminophenol hepatotoxicity stimuli
Hepatotoxicity due to
Amiodarone, acetaminophen mitochondrial respiration HepG2/C3 28 days [39]
analysis
Acetaminophen-omeprazol, acetaminophen- . . HepG2, HUVEC EA.hy926,
rifampicina, acetaminophen-ciprofloxacin Drug-drug interaction stellate, U937 [38]
Acetaminophen Hepatoxicity HepG2/C3 30 days [23]
Acetaminophen, isoniazid, rifampicin Drug-drug 1n_te.r action, Lobule-like HepG2, HAEC 4 days [136]
hepatoxicity
. . . Multicellular platform: Hu8150

Diclofenac Biotransformation and HKS160 7 days [30]
Phenacetin, diclofenac, lidocaine, ibuprofen, Biotransformation Human primary hepatocytes from

. o 7 days [31]
propranolol, prednisolone variability donors
Bupropion/2-phenyl-2-(1-piperidinyl)propane),
tolbutamide/sulphafenazole, omeprazole/ Develop.me.nt. of CYP450 HepaRG 24 hrs [26]

. inhibitors
benzylnirvanol, testosterone/ketoconazole
Warfarina, dasatinib Drug-drug interaction HepaRG 24 hrs [27]
Midazolam, phenacetin, acetaminophen Biotransformation Human primary hepatocytes 13 days [35]
. Hepatic clearance by .
Tolbutamide, testosterone CYP3AI and CYP2C11 Rat hepatocyte primary cell culture 15 days [137]
Adaptaquin (HIF PHD inhibitors) Hepatotoxicity HepaRG 48 hrs [138]
. Biotransformation,
Adaptaquin and analogs hepatotoxicity HepaRG 24 hrs [36]
Rifampin, ketoconazole Hepatotoxicity Hepatic stellate cells isolated ~14 days [42]
from rat
Vitamin D Biotransformation HepG2 cells, RPTEC ~5 days [139]
Biosynthesis of metabolites ~Human-liver-sinusoid, HepaRG
Vitamin E (-tocoferol) to target cells, HUVEC, human monocyte ~5 days [40]
5-lipoxygenase (PBM)

Ethanol Detoxification and HepG2 4 days [24]

hepatotoxicity

CYP450: cytochrome P450; HepG2/C3: human hepatocellular carcinoma/complement factor 3; HUVEC: human umbilical vein cell line; EA.hy926: endothelial
cell; U937: human histiocytic lymphoma; HAEC: human aortic endothelial cell line; Hu8150: primary human hepatocytes; HK8160: human Kupffer cells;
HepaRG: hepatic biprogenitor cell line; CYP3A1: cytochrome P450 3A1; CYP2C11: cytochrome P450 2C11; RPTEC: renal proximal tubule epithelial cells;

PBM: peripheral blood mononuclear cells.

In order to monitor the physiology of the liver cells, some
studies quantified the hepatic biomarker concentration
(e.g., albumin, transferrin, alpha-1 antitrypsin, and cerulo-
plasmin) by the liver spheroids [10]. Also, immunopheno-
typing is frequently used to prove the identity or the
structure of the hepatocyte, such as cytokeratin 18, MRP2
bile canalicular protein, and tight junction protein ZO-1. It
is critical that these molecules maintain their expression over
time [23, 24].

Prior to drug absorption within the body, metabolism of
the xenobiotic agent occurs. This pathway transforms the
drug into a hydrophilic molecule, which, in turn, helps dur-
ing excretion. Depending on the drug, the biotransformation
may occur in different organs, including the liver. There are
two main phases for such biotransformation. Primarily, the
molecule is modified by the addition of functional groups

(hydroxy groups, epoxides, etc.). The enzymes from the
family of the cytochrome 450 (CYP450) conduct these reac-
tion processes. There are several isoforms of these molecules
which may change between species. This change is essential,
while there is no standard model that mimics all the iso-
forms. In humans, CYP3A4 catalyzes over 50% of the drugs
and CYP2D6 over 20%. The second phase in the metabolic
reaction process is to create a hydrophilic metabolite through
the conjugation of charged groups.

The stability in the expression of CYP450 is a significant
event in order to generate an efficient model. Such stability
was studied by Ortega-Prieto et al. in 2018. The authors
created a microbioreactor, with medium recirculation by a
pneumatical micropump. The recirculation speed of the
media allowed the nutrients and oxygen levels to remain
stable. The primary hepatic spheroid attachment in the



microfluidic reactor was generated by a coated collagen poly-
styrene (PS) scaffold. The results show in primary human
hepatocytes with micropump medium recirculation that the
levels of CYP450 remained the same over forty days. This
result represented 3-4-fold improvement compared to 2D
platforms. Furthermore, a long-term hepatitis B model of
infection was created by which the viral concentration over
12 days was monitored. An increase in the cytokines and
immune receptors was observed when they were treated with
interferon-alpha. The study was also able to predict human
host responses against HBV. Moreover, with the addition of
other, nonparenchymal hepatic cells, such as Kupfter cells,
an efficient viral clearance was obtained. As a result, the
device identified essential biomarkers at the early stages of
infection [25].

The liver-on-a-chip devices also facilitate studying meta-
bolic pathways in preclinical phases. Zakharyants et al. in
2016 and 2017 induced organoids using HepaRG cells and
cultured them into a microbioreactor device with recirculat-
ing media in order to test the expression of CYP450. In the
first study, the results showed the genetic expression of
four isoforms of CYP450, including CYP2B6, CYP2C9,
CYP2C19, and the most crucial one, CYP3A4. The authors
tested several inhibitors for each isoform. The conclusion
was that the 3D model recreated the regular expression of
isoforms compared with static cultures. With these results,
a second study was performed in which the authors tested
the drug interaction of warfarin and dasatinib. Warfarin bio-
transformation was associated with CYP2C9 isoform, and
dasatinib with CYP3A4. The study showed that the use of
warfarin with compounds metabolized by the same isoform
(CYP2C9) could lead to drug-drug interactions [26, 27].

Human primary hepatocytes are the cells frequently used
for the analysis of drug toxicity. However, their limited
in vitro proliferation capacity has prompted the search for
alternative cells. Spheroids have been reported as a promising
model to study in vitro hepatotoxicity, demonstrating better
results than conventional 2D cell culture models. Further-
more, 3D spheroid cultures show appropriate sensitivity to
analyze the biomarker’s responses induced by hepatotoxic
drugs. Foster et al. [28] evaluated the hepatotoxicity risk
assessment of acetaminophen and fialuridine by monitoring
the release of the hepatic biomarkers a-GST and miR-122.
Both hepatotoxins produced dose- and time-dependent
increases in miR-122 and a-GST release. These results con-
firm that the liver-on-a-chip model is sensitive for drug
assessment [28].

During the in vitro culture of primary hepatocytes, many
phenotype-specific functions are lost or significantly dimin-
ished. To maintain these functions, a fluidic 3D microreactor
platform was introduced to preserve the metabolic activity of
the human hepatocytes for more than two weeks. Long et al.
[29] and Sarkar et al. [30] performed two different studies
using liver-on-chip devices for preclinical studies. Both
groups obtained the microdevice from CN Bio Innovations
in which a pneumatic pump controlled the fluidic system
and moved the media through the polyurethane membrane
scaffold positioned between cells and pneumatic plates.
Primary human hepatocytes (Hu8150) from healthy donors

Advances in Polymer Technology

and Kupffer cells were cultured in this device. Long et al.
(2016) tested the CYP450 activity under chronic inflamma-
tory conditions and the effect of a biological drug named toci-
lizumab, which is a monoclonal antibody for rheumatoid
arthritis. In this pathology, the inflammatory molecules
decreased the CYP450 activity. The microdevice measured
the drug activity and the CYP450 isoform recovery. Further-
more, the drug-drug interaction was analyzed with simva-
statin [29]. Sarkar et al.’s work, on the other hand, is aimed
at evaluating the biotransformation of diclofenac in the
microdevice and compared the results with known in vivo
metabolic profiles. The results showed similar metabolites
for biotransformation in phases I and II, as reported within
the human body. Moreover, the drug-induced toxicity mea-
sured by the protein markers, including albumin and lactate
dehydrogenase (LDH), was found to be similar. By inducing
inflammation, the authors created an immunocompetent
model for the discovery of early biomarkers, proving the
mimetic potential of 3D microfluidic devices [30].

The same bioreactor (CN Bio Innovations) also facili-
tated drug metabolite measurements for six different drugs.
The objective of this study was to identify the variability of
drug responses using four healthy hepatic cell donors. This
variation refers to an individual average of intrinsic drug
clearance. The device was suitable for analyzing the interdo-
nor variability due to differential drug metabolites, LDH
production for toxicity, hepatic gene expression levels, and
hepatic albumin excretion [31]. Hepatic cells were the only
cell types cultured in this bioreactor. This poses a shortcom-
ing, as CYP450 isoform expression depends on the full cellu-
lar environment of the liver.

The traditional 2D human hepatocyte culture methods
are reported to decrease, and eventually lose, the expression
of the CYP450 isoforms [32]. In particular, the activity anal-
ysis of some isoforms of CYP450 reported in several studies
has demonstrated a downregulation of CYP1A2, 2El, and
3A4 within 14 and 28 days. These results suggest that micro-
fluidic devices are more sensitive than the current 2D plate-
based cultures [33]. A report from Proctor et al. [34] presents
the testing of over 100 different drugs and their cytotoxicity
within both 2D and 3D culture systems. The authors indi-
cated that the 3D culture platforms allowed for easier manip-
ulation and offered higher sensitivity than 2D cultures, while
maintaining the specificity of gold-standard culture assays.

In microfluidic cultures, hepatocytes cultivated for 13
days have shown an increase of CYP2B6, CYP2C19,
CYP2C8, CYP1A2, CYP2D6, and CYP3A4 mRNA and other
molecules, including SULT1A1, UGT1A1, and HNF4a, dur-
ing the kinetic analysis. This is in contrast with their Petri
dish control cultures in which the increase in the number
of molecules occurred only towards the end of the kinetic
analysis [35, 36]. In monitoring these proteins, other studies
have confirmed that a gradual, and significant, increase in
CYPI1A1, CYP1A2, CYP2El, and CYP3A4 occurred using
chip-based devices in comparison to 2D cultures [37].

Due to its well-known, high propensity induction of hep-
atotoxicity, acetaminophen is a drug that has been tested in
several reports. Liver-on-a-chip devices have proven to be
accurate in assessing the cytotoxic analysis and drug-drug
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interaction of acetaminophen. Deng et al. [38] fabricated a
3D liver-sinusoid-on-a-chip (LSOC) by a lithographic tech-
nique using polydimethylsiloxane (PDMS) and polymethyl-
methacrylate (PMMA) with two polycarbonate (PC) porous
membranes to mimic the microenvironment of the liver
sinusoid (Figure 1). In this model, the authors introduced a
multicellular culture using human hepatocellular carcinoma
(HepG2) cells as a source of hepatocytes, human umbilical vein
cells, human stellate cells, and human histiocytic lymphoma
U937 cells to recreate the liver endothelium and stroma [38].
The drugs were perfused in the artificial blood, and cell viability
was determined with methyl-thiazolyl-tetrazolium (MTT). The
results showed that the hepatotoxicity of drug-drug interaction
was 17.15% for acetaminophen-rifampicin, 14.88% for acet-
aminophen-omeprazole, and 19.74% for acetaminophen-
ciprofloxacin. The results confirmed that this microfluidic liver
model can be used to evaluate the hepatotoxicity of drug-drug
interactions [38].

Some drugs may induce cell injury by inhibiting the
mitochondrial enzyme function or even directly interrupting
the respiratory complex. The tracking of oxygen consump-
tion in this process could predict the toxic effect of these
drugs. To analyze this type of metabolism, a microbioreactor
with a removable inner microwell of PDMS bonded to glass
coverslips was developed. The outer part of the device was
fabricated with stainless steel and a top glass window. The
device was equipped with a fusion touch syringe pump to
perfuse the media. Each well was coated with collagen and
cultured with HepG2/C3A and HeLa cells. Using a lumines-
cence quenching assay, the authors quantified real-time oxy-
gen, distribution of amiodarone and acetaminophen, and
toxicity. When acetaminophen and amiodarone were intro-
duced into the system, they showed the progressive inhibi-
tion of complex III of the mitochondrial electron transport
chain and hepatotoxicity independent of CYP450 [39].

Pein et al. [40] fabricated a biochip with two polyethylene
terephthalate (PET) porous membranes separated into upper
and lower chambers and sealed with PS. The first and last
microchannels contained human umbilical vein endothelial
cells (HUVECs) and macrophages, and the central channel
hosted the hepatic compartment with HepaRG hepatocytes
and stellate cells. The device demonstrated vitamin E metab-
olites to act as inflammatory suppressors and elucidated the
metabolic pathway. Moreover, the multicellular chip allowed
for identifying the cellular features, such as chemotaxis,
cytokine production, and cellular regulation, induced by the
vitamin E metabolites [40].

The physiological elements measured in most of the
studies that represent a healthy liver are albumin and urea
production. If the concentration of either of these metabolites
is impaired, it may result in hepatotoxicity. Mi et al. [41]
developed a device consisting of a PDMS/glass chip with
three chambers. The system consisted of an upper layer fab-
ricated by lithography using PDMS and a lower layer of a
glass slide (Figure 2(a)). The upper chamber contained the
medium and the factors, while the middle and lower cham-
bers were used for HepG2-laden collagen and HUVEC-
laden collagen culture, respectively (Figures 2(b)-2(d)). The
amounts of albumin and urea were evaluated over a period

of 7 days after acetaminophen treatment. The results showed
that albumin secretion and the urea concentration decreased
with increasing acetaminophen concentration. The device
achieved biomimetic functions and structure by maintaining
bioactivity for seven days, while it has exhibited great poten-
tial for hepatotoxic drug screening [41].

Bhise et al. (2016) designed a platform that enables the
bioprinting of hepatocyte spheroid-laden hydrogel con-
structs directly in the culture chamber of a bioreactor. The
system consisted of three chambers divided by layers of
PDMS and PMMA covered by a glass slide. Spheroids were
then mixed with gelatin methacryloyl (GelMA) and printed
in the middle chamber (Figures 3 and 4). The bioreactor can
be disassembled to access the cells for biological assessment
during the long-term culture period. The platform maintained
the cultured spheroids viable and active for thirty days and rep-
resents an important step towards the fabrication of automated
systems for high-throughput drug screening [23].

An important characteristic of the liver is its zonation,
meaning that cells from different parts of the lobule are
affected differently by structurally diverse and functionally
different toxins. DILI triggered by various drug types that
are metabolized in different zones of the liver is typically a
cause for acute and chronic liver diseases. Weng et al. [42]
fabricated a liver-on-a-chip consisting of a micropatterned
collagen-coated PDMS membrane with diverter plates of
polycarbonate (PC) to sandwich the membrane and a peri-
staltic pump for medium circulation (Figures 5(a)-5(f)).
Stained primary liver cells (PLCs) were deposited on the
membrane and incubated overnight (Figure 5(g)). Cells
under controlled microenvironmental conditions were able
to differentiate, and hepatic zonation and a dose-dependent
effect of acetaminophen were observed. This device showed
great potential for studying drug-induced liver injury in a
more detailed manner [42].

Significant efforts have been made in developing micro-
fluidic platforms for predicting human pharmacokinetics
and pharmacodynamics using in vitro human models. 3D
liver-on-chip models hold great potential for understanding
the mechanisms of drug hepatotoxicity and for improving
the in vitro ADME methods during drug development. Chal-
lenges such as reproducibility, 3D miniaturization of the
proximal tubule, the use of appropriate materials for the
device fabrication, and the stem cell differentiation are yet
to be addressed for clinical applications. Cell-cell interaction
and a dynamic microfluid flow have permitted mimicking
the physiological environment and the maintenance of liver
function. Therefore, facilitating a longer-term culture of
hepatocytes which allows for the exploration of the modes
of action and the biological responses to drugs and drug
interactions is of great importance.

2.2. Kidney-on-Chip. The kidneys are involved in maintain-
ing homeostasis in the several physiologic operations of the
body, including the filtration and retention of essential com-
pounds, blood pressure, and physiological pH regulation.
The kidneys also mediate the excretion of waste materials,
excess drugs, and their metabolites during drug metabolism.
Due to these last functions, the analysis of the drug toxicity is
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FIGURE 1: (a) Schematic of a liver sinusoid structure and the LSOC microdevice. Left: an illustration of the physiological structure of the liver
sinusoid in the liver. Right: the design of the LSOC microdevice. (b) Schematic diagram of four cell lines seeded in the device. (c) Picture and
size measurement of the chip. Reproduced (or adapted) with permission [38], ©2019, American Institute of Physics.

frequently performed within kidney model platforms [43].
The two factors that influence such excretion of waste com-
pounds are the glomerular filtration rate (GFR) and the renal
blood flow (RBF). While the primary factor delivers the drug
to the kidney, the GFR eliminates the metabolites. The min-
imal functioning unit of a kidney is a nephron, consisting of
the glomerulus, loop of Henle, and the proximal convoluted
tubule. The glomerulus is where the major blood filtration
process occurs. It consists of a network of capillaries through
which circulating blood can be filtered in the urine, making it
the most important part of the renal system. The tiniest con-
struction element of this network is called a podocyte, a
highly differentiated epithelial cell type that constitutes a
major proportion of the kidney filtration barrier and regu-
lates selective filtration. Renal function progressively reduces

in the elderly, which may result in two pathologic entities:
chronic kidney disease (CKD) (including glomerulonephri-
tis, hypertensive nephrosclerosis, and diabetic nephropathy)
and acute kidney disease (AKD) when blood clots or choles-
terol deposits gather around the kidneys. Typically, drug
excretion in these patients is impaired.

In vivo drug administration results in a complex process;
the main focus of kidney-on-a-chip devices is to mimic the
kidney physiology and function in order to determine the
nephrotoxicity caused by the administration of different
drugs [44]. In the design and development of a kidney-on-
a-chip device, therefore, mimicking both factors (GFR and
RBF) is of great importance. The complexity of the kidney
anatomy makes it rather difficult to mimic the full organ on
the chip (Figure 6). For that reason, the majority of the
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FIGURE 2: Formation of the biomimetic liver sinusoid on a chip. (a) Schematic diagram of a liver sinusoid. Hepatic plates and endothelial cell
(EC) monolayers are the main part of this unit. (b) Injection of cell-laden collagen and medium with factors. (c) The 3D schematic diagram of
collagen and medium injection process. (d) After the stimulation of factors for two days, an EC monolayer formed and medium with factors
was changed to medium without factors, forming the liver sinusoid on a chip. Reproduced (or adapted) with permission [41], ©2018, IOP

Science.
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FIGURE 3: Schematic of the hepatic bioreactor culture platform integrated with a bioprinter and biomarker analysis module [23], ©2018,

IOP Science.

studies focus on specific parts of the kidney, including the
tubules or the glomerulus [45-47]. Some devices mimic
solely a glomerulus-on-a-chip to measure nephrotoxicity or
drug interactions, while others may mimic the renal tubular
cells from a different part of the tubules in order to measure
the toxicity damage or to simulate the urine flow rate.

The most common cell type used for the in vitro
evaluation of kidney toxicity includes kidney proximal tubule
epithelial cells (PTECs) [48, 49], immortalized kidney epithe-
lial cells (HK-2) [50], dog kidney cells (MDCK), pig kidney
cells (LLC-PK1) [51], and human proximal tubular epithelial
cells (HPTEC:s) [52]. Traditional 2D culture systems or static
organoid systems do not mimic the structural and functional
characteristics of these cells [47, 49, 53-55]. Other studies are
focused on mimicking nephrons in order to demonstrate a
relationship between fluid flows and primary cell functionality

[56]. With this overview, 3D models of kidney tissue that ana-
lyze human responses are essential for drug screening, disease
modelling, and kidney organ engineering for tissue remodel-
ling [56, 57]. Some of the latest examples of kidney-on-chip
platforms for drug discovery, development, and analysis are
thoroughly reviewed in this article (Table 2).

2.2.1. Analysis of Drugs in Kidney-on-Chip Devices. Tradi-
tional in vitro and in vivo studies using animal models are
limited as there is a difference between the drug pharmacoki-
netics and pharmacodynamics in humans and in animals. An
accurate system that identifies the nephrotoxicity of several
compounds during the preclinical testing, therefore, can
overcome the drawbacks of traditional models. Kidney-on-
chip devices show excellent potentials in mimicking the
structure and physiological environments of the organs while
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F1GURE 5: Design principles of a tissue incubator. Multilayered PLCs were deposited on PDMS membrane through a stencil (a) to create a
biological growing template (b) and a hexagonal contour (c). After overnight culture, the stencil was removed, and a hydrophilic diverter
was assembled with a reservoir to create micro-/macrocirculation (d). The hydrophilic diverter provides PLCs with vertical anchorage. (e)
Photograph of the entire device. (f) Schematic diagram of the radial flow. (g) Liver-on-a-chip (LOC) shows the cell viability (green).
Reproduced (or adapted) with permission [42], ©2017, Wiley Online Library.
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FIGURE 6: Renal excretion in the human body and the microfluidic
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secretion in the kidney. Reproduced (or adapted) with permission
[45], ©2018, J-STAGE.

predicting drug effects, interactions, and toxicity. A micro-
fluidic kidney-on-a chip device mimicked the differentiation
of human-induced pluripotent stem cells (hiPSC) into
mature podocytes that express markers for this phenotype.
The device was fabricated through stereolithography using
SU-8, silicon master mold, and PDMS. Four microchannels
with two layers separated by a porous membrane created an
ECM-cell interface to provide the appropriate culture media
and to apply fluid shear stress (ESS). The array has proven to
closely resemble the physiological behavior of in vivo envi-
ronments. The authors have tested two different dosage
assays under shear stress condition: (i) a daily gentamicin
dose as a classic oral administration and (ii) a continuous
infusion regimen. The cell mortality was 2% higher with the
continuous regimen, which predicated that a normal regimen
of 7-14 days would show a different pharmacokinetic profile.
Also, the cell injury protein levels depended on the drug
administration regimen. The study proved that one drug
can lead to various outcomes and potentially damage kidney
cells, depending on the way it is administered [54].

Primary cell lines cultured in the in vitro systems lack
maintaining their physiological functions over an extended
time. Induced pluripotent stem cells or immortalized cells
have demonstrated to reproduce the proximal tubule charac-
teristics. They are able to differentiate into podocytes and
maintain the primary kidney cell functions for prolonged

periods. A microfluidic device that uses podocytes cocultured
with proximal tubule cells to mimic an accurate renal tubule
has been proposed. Musah et al. 58] fabricated PDMS molds
for developing microvascular channels and a porous mem-
brane using stereolithography. The study differentiated
hiPSC into podocytes for 35 days and improved the classical
seeding. The upregulation of mature podocyte genes and
downregulation of nephron progenitors confirmed a mature
lineage, while the efficiency of differentiation was up to 90%.
The podocytes were cultured on the top of the membrane
and the glomerular endothelial cells on the opposite side of
the membrane, separated by a glomerular basement mem-
brane (GBM) to recapitulate the physiology and mechanical
properties of the glomerular capillary. For five subsequent
days, the cells were exposed to different concentrations of
adriamycin (doxorubicin), a chemotherapeutic drug used to
treat cancer. The results showed a dose-dependent toxicity
through the quantification of albumin and inulin in the
glomerular chip confirming a direct correlation of the
drug-induced, dose-dependent cell damage. Moreover, cell
destruction, higher urinary clearance, and albumin uptake
were demonstrated within this platform [58].

The kidney proximal tubule plays a role in the absorption
of nutrients, such as water and glucose, and secretes xenobi-
otics and protein-bound metabolites. Its cells, HPTECs, are
frequently used to investigate the nephrotoxicity of several
classes of drugs, including antibiotics and antiretrovirals
[59]. Other studies evaluated a 3D tubular ECM scaffold to
accurately reproduce the kidney’s microenvironment and
provide in vivo-like results [49, 60].

A study in 2016 described a 3D microphysiological
system (MPS) consisting of a PDMS base with a collagen
scaffold coated with an extracellular matrix (ECM) that
resembled the human proximal tubule, which was used for
growing PTECs for seven days. The authors analyzed the
aquaporins and the sodium-glucose cotransporter-2 (SGLT2)
inhibitors, a glucose uptake receptor, to prove the cell polariza-
tion in comparison to 2D models. The major contribution of
this study was the assessment of metabolic competency in
the case of ammonia biosynthesis and vitamin D biotransfor-
mation. The transportation of organic anionic solutes was
sensitive to specific transport inhibitors, and the glucose reab-
sorption was 10-fold higher than that of previous reports and
downregulated by the SLGT2 specific inhibition. This suggests
that the device may be considered as a high-fidelity model that
allows fundamental drug metabolism research [49].

In a recent study, the Nortis® device, with a chamber
coated with type IV collagen, and an ECM to grow human
primary PTECs, was explored. The device was applied to
predict polymyxin (PMB) nephrotoxicity using injury
biomarkers such as kidney injury molecule-1 (KIM-1), cal-
bindin, clusterin, osteoactivin, VEGF, and a-GST. PTECs
and immortalized cell lines were cultured and incubated in
the chambers for 12 hours in the presence of the flow. Cell
viability was determined by immunostaining. The authors
concluded that the detection of biomarkers was fourfold
higher than the controls after exposing PTECs to increas-
ing concentrations of PMB and its analogs (NAB739 or
NAB741) for 24 hours. This model has demonstrated a



10

Advances in Polymer Technology

TaBLE 2: Summary of recent advancements of kidney-on-a-chip devices including the type of drug, the application, the applied cell, and

the kinetics.

Drug type Applications Applied cell lines Kinetics Ref{(s)
Gentamicin Nephrotoxicity MDCK 24 hrs [54]
Vitamin D Biotransformation PTECs >28 days [49]
Polymyxin B Nephrotoxicity PTECs 14 days [60]
. Biodistribution MDCK — [64]
Doxorubicin . .
Nephrotoxicity, Nephrogenesis NPC, EPCs 22 days [61]
Cisplatin Nephrotoxicity Renal adenocarcinoma cell culture 24 hrs [65]
Ciclosporin A Nephrotoxicity, bioprinting Convoluted renal proximal tubules 65 days [47]
Adriamicin Nephrotoxicity hiPSC >21 days [58]

MDCK: Madin-Darby canine kidney; PTECS: proximal tubule epithelial cells; NPC: nephron progenitor cells; EPCs: endothelial progenitor cells; hiPSC:

human-induced pluripotent stem cells.

capacity to detect drug toxicity within 24 hours of expo-
sure [60].

Homan et al. (2016), on the other hand, developed a renal
proximal tubule (PT) by combining bioprinting and organ-
on-a-chip principles. The model consisted of a bioprinted
silicon gasket with an open tubule to perfuse the cells
(Figures 7(a)-7(d)). The ECM used in this study was com-
posed of fibrinogen, gelatin, and two enzymes (thrombin
and transglutaminase) that enabled the rapid solidification
of the matrix around the 3D structures. Cell media and
PTECs were perfused through the 3D convoluted tubular
architecture on a chip through an external peristaltic pump
(Figure 7(b), iv). By monitoring the variations of cell
morphology, the nephrotoxicity of cyclosporine A (CysA)
(typically used for transplant patients) was shown to be
dose-dependent on CysA to induced damage. Moreover,
the 3D PT and the perfused cells improved their albumin
uptake and the albumin receptor, megalin. The platform
tested over 65 days has proven to have a more extensive cell
functionality than 2D cultures. The authors concluded that
the model could be used for drug screening and disease
modelling [47].

Homan et al. [61] later fabricated a millifluidic chip using
silicone-based ink and gelatin for evaluating doxorubicin, a
chemotherapeutic drug. H9 human embryonic stem cells
(ESCs) were seeded into this device to develop organoids
under controlled FSS. While the model was not used for
any specific application, it has shown potential for studying
kidney development, diseases, and regeneration [61].

Nephrotoxicity related to drugs has a significant patient
morbidity and mortality rate, particularly on those exposed
to a broad range of prescribed drugs, such as antibiotics,
analgesics, and chemotherapeutic agents. The development
of new approaches for the safety screening of drugs and other
toxic compounds is therefore vital. Rayner et al. created a
tunable human renal vascular-tubular platform (hRVTU)
by a photolithography technique using PMMA layers
separated by a collagen membrane. The authors developed
a vascularized renal tubule using cells isolated from a single
donor: HUVEC:s seeded into the top channel, human kidney
epithelial cells (HKMECsS) into the bottom channel, and fetal
human kidney pericytes, into the collagen matrix [44, 45, 47,
49]. The platform has not been used for testing any drug;

however, the model could hold great promise for studying
kidney diseases and for drug development [62].

Kidney cells contain ion channels which control the ion
concentration by absorption or secretion into the urine. To
assess the functionality of ion channels in kidney-on-a-chip
devices, Aschenbrenner et al. developed a low-cost device
manufactured by 3D printing using acrylonitrile butadiene
styrene (ABS) to measure the Ca™" flux. The device is com-
posed of an inlet, a chamber, and an outlet, with a zigzag-
shaped microfluidic channel. Transfected human embryonal
kidney-derived (HEK293) cells with the capsaicin (a pungent
alkaloid from chili peppers) receptor TRPV1 were seeded in
the chamber and incubated overnight under standard condi-
tions. Using cell morphology imaging during chemical stim-
ulation with capsaicin, the fluorescence intensity showed a
consistent increase with an increase in the intracellular cal-
cium concentration. The authors concluded that the model
was reliable for ion analysis [63].

It is, indeed, challenging to effectively reproduce the kid-
ney’s sophisticated microvessels and their physiology. A
reported kidney-on-chip has modelled the microvessels for
the evaluation of anticancer drugs. Bogorad et al. [64]
employed a platform to study the pharmacokinetics and
transport of doxorubicin in MDCK cells. The model con-
tained perfusable microvessels to obtain fluorescence images
to quantify drug transport at different time points. The devel-
oped microdevice recreated the structure and physiology of
kidney cells. The results could be compared with previous
reports describing renal cell receptor polarization explored
through real-time imaging and quantitative analysis of doxo-
rubicin permeability [64].

Other studies integrated sensors within the organ-on-a-
chip devices for monitoring the drug-induced nephrotoxicity
in situ. Additionally, the detection instruments such as
smartphone-based fluorescence readers offer beneficial features
in the monitoring of drugs. Cho et al. [65] incorporated a fluo-
rescence nanoparticle immunocapture/immuneagglutination
assay into a kidney-on-a-chip coupled to a smartphone-based
microscope to evaluate the cytotoxicity of cisplatin on renal
adenocarcinoma cells. The device consisted of three layers of
PDMS with an inlet and outlet holes. The three layers were pat-
terned onto glass, and the bottom substrate was etched in order
to measure the analytes of interest. When the proximal tubular
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FIGURE 7: 3D convoluted renal proximal tubule on a chip. (a) Schematic of a nephron highlighting the convoluted proximal tubule; (b, c)
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cells in the kidney are exposed to toxins, their brush border
membrane released y-glutamyl transpeptidase (GGT) into the
lumen which was recognized by a sensor. The results estab-
lished that with increasing cisplatin concentrations, the fluores-
cence intensity also increased. Furthermore, with the increase
of cisplatin, y-glutamyl transpeptidase antigens were released
into the media; hence, cell viability decreases [65].

One of the major limitations for the development of
kidney-on-chip devices is the lack of human podocytes,
which are the main component of the glomerulus. With
recent advances in the differentiation of podocytes from
human pluripotent stem cells, and their coculture with renal
parenchyma, this challenge is expected to be overcome. How-
ever, further research in this area is required. Moreover,
development of more realistic 3D models that could integrate
the glomerulus, the proximal tubular-like cells, and nephron-
like cells is still on the horizon of research accomplishment.
Such platforms would ideally mimic the human kidney and
reproduce the biological processes of the kidney for the pre-
clinical assessment of candidate drugs.

2.3. Lung-on-Chip. In mammals, the lungs are part of the
lower respiratory system. Their composition includes air-
ways, multiple branched blood vessels, and two main zones:
the conducting zone, where the air enters, and the respiratory
zone, where the exchange of oxygen and carbon dioxide
occurs. The main parts are the bronchus, bronchiole, and
alveoli, and each compartment has epithelial cells and a base-
ment membrane. Within the alveoli, alveolar type I and type
IT cells exist. The alveolus is the smallest functional unit of the
lung and provides a large surface area for gas exchange [66].
The biomimetics (and bioenergetics) of the lungs represent a
unique challenge, as it includes several types of cells and
mechanical forces since a periodic mechanical axis force is
exerted with each respiratory cycle, and this dynamic
mechanical force is difficult to recreate in vitro [67]. How-
ever, development of accurate lung tissue is critical to under-
standing the effects of drugs, toxins, and pathogens in such
airways, as well as the understanding of infectious diseases
which impact respiratory function.

Some models have used suspended gels to create the basal
lung membrane. Humayun et al. [68] developed a microflui-
dic device using PMMA micromilling consisting of three
chambers: (i) an upper microchamber for achieving an air-
liquid interface and seeded with EC, (ii) a middle matrigel-
collagen layer, and (iii) a lower chamber cultured with
smooth muscle cells (SMC) (Figure 8). These chambers kept
the cells functional and alive for 31 days, as measured by
morphological markers, including ZO-1 tight junctions and
F-actin [68]. Such cell stability allows further analysis of
the lungs and impacts the measurement of a drug on
lung functions.

Another device created by Stucki et al. [69] integrated
respiration movements. The design has a bioartificial alveolar
barrier, with a thin, porous, and flexible PDMS membrane.
On this membrane, epithelial cells were cultured on the
apical side and endothelial cells on the basal side. To generate
a microdiaphragm, the membrane was stretched downwards
into the pneumatic part and connected to pneumatic
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microchannels (Figure 9). The microdiaphragm applied a
reproducible 3D cyclic strain to the cells to mimic the move-
ments of the diaphragm (Figure 9). The study demonstrated
that mechanical stress affected the permeability of the epithe-
lial barrier [69]. Some of the latest examples of lung-on-chip
platforms for drug discovery, development, and analysis are
thoroughly reviewed in this article (Table 3).

2.3.1. Analysis of Drugs in Lung-on-Chip Devices. Air-borne
toxins may affect the integrity of the epithelial barrier. Dur-
ing a study conducted by Liu et al. [70], they exposed lung
cells to different levels of polluted air or cigarette smoke.
Their device was fabricated by soft lithography with a middle
PMMA layer having through-hole arrays. Each hole was
pipetted agarose-gelatin and epithelial cells. In the upper
chamber, these cells were always in contact with air or differ-
ent air contaminants. Such accurate microdevices aided in
the analysis of different lung injuries. In this study, the
authors obtained a mimetic lung injury that induced an
inflammatory response in the lung cells [70]. This device
has the specific capabilities of the human lung to evaluate
and predict drug toxicity in vitro.

A potential limitation of this device was that the applied
cells used originated from adenocarcinoma human alveolar
basal epithelial cells. Addressing the potential limitations of
the model would require using primary human alveolar epi-
thelial cells from a long-term culture.

Huh [71] created a microfluidic device that replicated the
microarchitecture and dynamic microenvironment of the
alveolar-capillary unit of the living human lung. The study
introduced inflammatory insults, including proinflammatory
cytokines and E. coli bacteria, into the upper alveolar com-
partment, to recapitulate the cellular immune response to
microbial infection in human lung alveoli. This activated
the endothelial cells on the opposite side of the membrane
and resulted in the increased expression of adhesion mole-
cules. This was followed by adhesion of human neutrophils
circulating in the lower vascular channel to the endothelium
and the subsequent transmigration across the tissue layers
into the airspace [71]. This human breathing lung-on-a-chip,
microengineered model has the potential to evaluate envi-
ronmental toxins, such as silica nanoparticles.

The creation of devices that involve airways permits the
analysis of lung inflammation and the testing of drugs. In
the work of Benam et al. (2016), the microdevice consisted
of two parallel PDMS channels divided by a porous PS mem-
brane coated on both sides with type I collagen, on which
epithelial (top air channel) or endothelial (bottom blood
channel) cells were cultured to create a tissue-tissue interface.
The study analyzed the structural features of the cell barriers
with high mimetic results for 4-6 weeks. With this model, the
authors induced an asthmatic phenotype and chronic
obstructive pulmonary disease (COPD) and treated the cells
with IL-13. Major molecular characteristics of asthma,
including IL-8, RANTES, cellular damage, and goblet cells,
were measured. The study reported a subsequent treatment
of rheumatoid arthritis with tofacitinib to inhibit the signal-
ing pathway of IL-13 or dexamethasone. The results were
consistent with clinical findings, which indicated that the
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FIGURE 8: Lung airway-on-a-chip device design and fabrication. (a) Schematic of airway lumen tissue structure. (b) Photograph of an
assembled lung airway microdevice (scalebar =10 mm). (c) Lung airway microdevice schematic design. (d) Exploded view of the three
PMMA layers. (e) The suspended hydrogel is introduced into the middle layer. Magnified image of the device cross-section
(scale bar = 500 ym). Reproduced (or adapted) with permission [68], ©2018, Royal Society of Chemistry.

specific inhibitor, tofacitinib, restored normal cilia and
reduced the cytokine production in comparison to cortico-
steroid administration, which was ineffective [67].
Pulmonary thrombosis affects 650,000-700,000 persons
annually in the United States of America (USA), of which
approximately 10% is due to an inopportune diagnosis.
There is an absence of effective in vitro or animal models

for studying this disease that could lead to the development
of new treatments. A device composed of two PDMS micro-
channels, separated with a porous, thin, and flexible PDMS
membrane, was fabricated. The membrane was coated with
an ECM, which emulated the interaction between endothelial
cells and the alveolus in the human lung (Figure 10). This
model used whole human blood instead of a cell culture
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F1GURE 9: Design of the lung-on-a-chip. (a) In vivo, inspiration is controlled by the diaphragm. (b) In vitro, the 3D cyclic mechanical strain of
the bioartificial alveolar membrane (A) induced by a microdiaphragm; (B) the bioartificial alveolar membrane is shown in the upper
microscope picture. (c) The fluidic part consists of (i) alveolar cell culture wells, (ii) membranes, (iii) basolateral chambers, (iv)
microdiaphragms, and (v) pneumatic microchannels. (d) Photograph of the lung-on-a-chip (scale bar, 10 mm). Reproduced (or adapted)

with permission [69], ©2015, Royal Society of Chemistry.

TaBLE 3: Summary of recent advancements in lung-on-a-chip systems including the type of drug, the application, the applied cell lines, and

kinetics.

Drug type Application Applied cell lines Kinetics Ref(s)
Gefitinib Antitumoral drug A549, HFL1, and HUVEC 5 days [73]
Parmodulin-2 Antithrombotic drug hAEC and HUVEC 12 days [72]
Tofacitinib Anti-inflammatory drug hAEC 5 weeks [67]
ZnO and TiO, nanoparticles Nanotoxicity hAEC and HUVEC 3 days [76]

A549 is an adenocarcinomic human alveolal basal epithelial cell. HFL1: human fetal lung fibroblasts; HUVECs: human umbilical cord cells; hAEC: primary

human alveolar cells; ZnO: zinc oxide; TiO,: titanium dioxide.

medium, leading to a device that could evaluate antithrombotic
drugs in vitro [72]. In this work, the authors induced platelet
activation and clot formation in the presence of fluid shear con-
ditions by collagen exposure. As it occurs within in vivo sys-
tems, when the endothelium was stimulated by inflammatory
cytokines, it promoted platelet recruitment and thrombus for-
mation. A drug candidate, parmodulin-2 (PM2), was tested for
the treatment of this injury. The drug possessed antithrombotic
and anti-inflammatory properties as a result of the inactivation
of protease-activated receptor-1, a peptide that mediates tissue
inflammation and coagulation abnormalities. In this model, the

drug indicated a potent protective and antithrombotic effect on
human lung cells [72].

Gefitinib is an anticancer drug that inhibits the epidermal
growth factor receptor tyrosine kinase (EGFR-TKIs) and
which benefits non-small-cell lung cancer (NSCLC) patients.
The drug is a tyrosine kinase inhibitor of the EGFR that reg-
ulates basic cellular functions, such as proliferation, migra-
tion, and differentiation, which play a role in the etiology of
solid tumors. However, the initial drug resistance has become
challenging. A research group introduced a lung tumor
model with the cultured A549 lung cancer cell line and
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Ficure 10: Microengineered model of human pulmonary
thrombosis-on-chip. (a) A conceptual schematic of the human lung
showing that the alveoli interact with the neighboring blood vessels
during hemostasis or pulmonary dysfunction. (b) Engineering
drawing of the microdevice. (c) Graphic illustration showing how
the top compartment (1 mm wide and 1 mm tall) is cultured with
human primary alveolar epithelial cells and the entire bottom
chamber (1mm wide and 250mm tall) lined with human
endothelial cells forming a lumen. Reproduced (or adapted) with
permission [72], ©2017, American Society for Clinical Pharmacology
and Therapeutics.

human fetal lung fibroblasts. In this study, the authors
created a microfluidic device with a nanofiber membrane
made from polylactic-co-glycolic acid (PLGA) and PDMS
(Figures 11(a) and 11(b)). The electrospun PLGA membrane
was designed to be biocompatible, porous, and permeable.
The toxicity of gefitinib, an anticancer drug, was evaluated
by testing the cell viability of the cocultured human non-
small-cell lung cancer cells (A549), human fetal lung fibro-
blasts (HFL1), and HUVECs (Figures 11(c)-11(e)). A459
cells are typically sensitive to gefitinib; however, when cocul-
tured with HFL1, it was found that these cells helped in the
survival of the cancerous cells, despite the presence of the
drug. When A549, HFL1, and HUVEC cells were cocultured,
A549 stimulated the invasion of tumoral cells causing the
death of HUVECs. This lung-on-a-chip device successfully
simulated the tumor microenvironment and alveolar bio-
chemical factors to evaluate the toxicity of a drug for person-
alized medicine [73].

Nanotechnology has been emerging as an important tool
for many novel applications in the biomedical field. However,
exposure to nanoparticles (NPs) has generated pulmonary dis-
eases, such as asthma, pulmonary edema, emphysema, and
lung cancer [74]. Titanium oxide (TiO,) is considered safe;
however, zinc oxide (ZnO) NPs induce toxicity to human lung
cells by causing damage to the alveolar epithelial cells and
human alveolar adenocarcinoma [75]. A recent study evalu-
ated the toxicity of ZnO and TiO, in a lung-on-a-chip device,
measuring reactive oxygen stress and apoptosis of the epithe-
lial and endothelial cells. The device consisted of two parallel
channels lined with human pulmonary alveolar cells and a
lower chamber with human umbilical endothelial cells. In
the middle channel, matrigel coverture mimicked a basal
membrane. The NPs were delivered to the epithelial cells
mimicking acute pulmonary nanoparticle exposure. Both
nanoparticles showed dose-dependent toxicity on the two cell
lines causing apoptosis. The ZnO particles showed higher
membrane permeability due to cell destruction by oxygen
species [75].
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In line with these findings, another study introduced a
mathematical model and practical device experiments pre-
dicting the nano- and microparticle delivery to the cell within
microfluidic devices by closely mimicking the airways of the
lungs [76]. ZnO and TiO, particles with diameters of d < 700
nm were spread in the air flow using different flow rates. The
results confirmed that ZnO NPs were more toxic than TiO,,
showing higher reactive oxygen species and permeability.
The system has accurately mimicked acute pulmonary nano-
particle exposure.

Despite numerous advancements in the development of
lung-on-chip devices, there are still many challenges
associated with the development of 3D in vitro lung models.
Various designs and fabricated devices will further an under-
standing of organ physiology, drug toxicity, and drug interac-
tions. Nevertheless, the lung-on-a-chip models need to use
pluripotent stem cells, provide an appropriate biological
environment to maintain the cell functions over extended
periods of time, and incorporate ventilation mechanics into
the miniaturized lung-on-chip platforms. These platforms
could lead to the development of integrated systems to study
the clinical course of lung diseases and to evaluate novel ther-
apeutic strategies.

2.4. Gut-on-Chip. The first stage in the pharmacokinetics of a
drug is the absorption of that drug. In that perspective, the
route of administration of the drug is of great importance.
Oral medications arrive at the gut that is covered by a mem-
brane. The close interaction of the gut with ingested food,
xenobiotics, and drugs induces the rupture and absorption
of the consumed materials. The intestine contains villi and
microvilli on the epithelial cells, which promote secretion,
cellular adhesion, and absorption by increasing the surface
area, among other factors [77]. The many functions of
the gut, including peristaltic movements and intestinal
microbiota which pertain, pose a great level of complexity,
hence challenging their replication on static models.
Single-dose and repeat-dose testing in toxicological studies
is typically developed during the preclinical phases of drug
development for identifying the effects of a drug on func-
tions in the gut, including intestinal motility, nausea and
emetic reflex, and absorption. In vitro cell culture tech-
niques use a monolayer of human colon adenocarcinoma
cells (Caco-2) and the human colorectal adenocarcinoma
cell line (HT-29) to predict the rapid assessment of orally
administered drugs. However, current in vitro models lack
the careful mimicking of the tissue structure, the absence
of microbiota [78], and the complexity of the gut func-
tions, such as peristaltic movements and flow [79]. A con-
siderable number of research studies have focused on the
development of gut-on-a-chip devices and have attempted
to closely model the characteristics of the intestine, includ-
ing the microbiome [80]. Microfluidic organ-on-a-chip
models of the human intestine are one of the most studied
3D models, as those platforms are very advanced in the inte-
gration of several cell lines, including Caco-2, HUVEC, myofi-
broblasts, primary intestinal epithelial cells, or immune cells.
Such synergy allows researchers to evaluate drugs, diseases,
microbiome interactions, colon cancer metastasis, and
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FIGURE 11: (a) Schematic diagram of the alveolar structure. (b) Schematic diagram of microfluidic chip with PLGA nanofiber membrane as
substrate prepared by electrospinning. (c) Schematic diagram of culture of A549 cells on the chip. (d) Schematic diagram of the coculture of
A549 cells and HFLL1 cells. (e) Schematic diagram of the coculture of A549 cells, HFL1 cells, and HUVECs. Reproduced (or adapted) with
permission [73], ©2018, Royal Society of Chemistry.

radiation effects in a single system. Some of the latest examples ~ 2.4.1. Analysis of Drugs in Gut-on-Chip Devices. Different
of gut-on-chip platforms for drug discovery, development,  devices with sophisticated microchannels and perfused
and analysis are thoroughly reviewed in this article (Table 4). ~ chambers have been engineered where immune cells, gut
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TaBLE 4: Summary of recent advancements in gut-on-chip platforms including the type of drug, the applications, the applied cell lines, and

the kinetics.

Drug type Applications Applied cell lines Kinetics Ref{(s)
Drug interaction Caco-2
DMOG Radiation-g HUVEC > days (84]
Isofosfamid, verapamil Pharmacokinetics Caco-2 11 days [93]
Midazolam, indomethacin Pharr;ljiioclfé;l etics PiEC, human myofibroblast, Caco-2 21 days [94]
Paracetamol Toxicity Caco-2, HepG2 14 days [140]
Mariskat Efficacy Caco-2, hIEC 24 days [141]
Rifampicin, ketoconazole Pharmacokinetics HiPCs 34 days [142]

DMOG: dimethyloxaloyl; Caco-2: colon adenocarcinoma cells; HUVECs: human umbilical vein endothelial cells; PiEC: primary intestinal epithelial cells;
HepG2: human hepatocellular carcinoma cells; hIEC: human intestinal epithelial cells; HiPCs: hormone independent prostate cells.

microbiome, and pathogens were cocultured, while fluids that
deliver nutrients, drugs, and other compounds were flowing
under controlled peristaltic-like motion. These devices mimic
the human intestinal microenvironment and emulate many
physiological and pathophysiological functions of the gut.
They are used to study gastrointestinal infections, immune-
microbiome inflammatory diseases (inflammatory bowel dis-
ease), ileus disease, celiac disease, colorectal cancer, etc., and
to understand disease mechanisms. Some human enzymes,
including CYP450, CYP2C9, CYP2D6, and CYP3A4, are the
most important isoforms of P450 enzymes in phase 1 drug
metabolism in humans [81]. The activity of such enzymes
can be carefully studied within gut-on-chip devices. Further-
more, understanding the interactions between the gut cells,
microbiota, and pathogens with drugs is crucial. Application
of 3D microfluidic devices has opened windows of opportu-
nity to predict the efficacy and safety of new and existing
drugs. This technology has been used to develop human gut-
on-a-chip models that emulate the human intestinal structure
to culture human Caco-2 cells, commensal and pathogenic
microorganisms, and immune cells inside its cyclic mechani-
cal forces thereby emulating an in vivo intestine [82].

A microfluidic gut-on-a-chip model was developed to
analyze and provide new insights on the pathophysiology of
inflammatory gut diseases, including bowel disease and ileus,
and to determine the bacterial overgrowth. The authors fab-
ricated the device from flexible PDMS with three microchan-
nels, where the central channel has an ECM-coated porous
membrane that was seeded with the cells. Caco-2 cells were
cultured under peristaltic movements and were exposed to
the flow of the culture medium through the upper and lower
microchannels to promote the formation of villi structures.
The platform was intended for the growth of the gut micro-
biome and for drug assessment. Moreover, the platform
was used to evaluate the effects of probiotics and antibiotics,
confirming that peristaltic forces play an important role in
the gut biome preventing overpopulation [79, 83]. In the
gene analysis, it was observed that cells cultured with the
microfluidic devices change the expression of 22,097 genes
compared to static cultures. Moreover, the addition of probi-
otic bacteria for 72 h in the gut-on-chip exhibited a different
profile compared to chips without bacteria. When the enter-
oinvasive E. coli bacteria were introduced to the system, the

microbiota also protected the height of the villi and decreased
the lesion area [83].

To address the mimetic capacity of microfluidic devices
in gut cells, most of the available studies have demonstrated
the natural structure of the intestine layers (Figure 12(a)).
One such study is that of Jalili-Firoozinezhad et al. [84] in
which the villus intestinal epithelium polarization with ZO-
1 tight junctions and an apical brush border were created
within a gut-on-chip device. The authors also mimicked the
production of mucus and alkaline phosphatase or sucrase-
isomaltase within the platform. The effect of y-radiation on
villus morphology, cytotoxicity, apoptosis, and ROS was
studied in this platform. The study confirmed that cells
exposed to y-irradiation induce changes in intracellular
ROS and cause disruption of epithelial and endothelial integ-
rity. Moreover, dimethyloxalylglycine (DMOG) used as pre-
treatment shielded the gut cells and diminished the harmful
effects of radiation (Figures 12(b) and 12(c)) [84].

Shim et al. (2017) fabricated a generic gut-on-chip device
consisting of three layers of PDMS with a membrane incor-
porating a collagen scaffold to mimic the intestinal villi, pro-
viding a reservoir for cell culture and fluid shear to improve
cell differentiation and the physiological functions of the
gut. The first layer was equipped with reservoirs for storing
media, the second layer with fluidic channels made from a
wafer mold to replicate the villi, and the third layer with a
hole at the center. The microfluidic chip resembled the
human intestine, with villi-shape structures. Caco-2 cells
were seeded, stained with phalloidin and DAPI, and cultured
under gravity flow for 14 days. Cells from this line were used
due to the physical and physiological resemblance they share
with gut cells [77]. Cell morphology examination showed
that the cells were able to reproduce the villi structure and
the fluidic shear in the 3D chip. The authors concluded that
the villi had an important reduction in height, maybe due to
contraction of the Caco-2 cells, degradation by protease pro-
teins, and also due to the fluidic shear. However, exposing cells
to the perfusion culture improved their metabolic activity,
confirming that the gut-on-a-chip device could work as a plat-
form for assessment of drug absorption and metabolism [77].

A more sophisticated model that mimicked the human
intestine was developed by Villenave et al. [85]. The multi-
layer platform was composed of two microchannels



18 Advances in Polymer Technology
R B 2
Epithelium §9 89 88
= = =
lh‘s 'a»g Q 5 2K

- e e e -
Endothelium (

- =

Epithelium

Endothelium

=
<

FIGURE 12: (a) Schematic showing the human intestinal epithelium and endothelium when initially plated on opposite sides of the matrix-coated
porous membrane within the two-channel microfluidic device. (b) Microscopic views showing the villus morphology of the human intestinal
epithelium and the immunofluorescence staining of the junction protein. (c) Microscopic views showing the planar morphology of the
human endothelium and views of the immunofluorescence staining of the associated proteins. Reproduced (or adapted) with permission

[84], ©2018, Nature.

separated by a porous membrane and was fabricated through
lithography using a previously reported method [79, 82].
Outside the channels were two vacuum chambers that were
used to simulate intestinal forces and movements within
the device (Figures 13(a) and 13(b)). The membrane was cul-
tured/coated with human Caco-2 intestinal epithelial cells for
six days (Figure 13(c)). In this study, coxsackievirus Bl
(CVBL1) was used to infect the gut cells and subsequently to
evaluate the reaction. Once the intestine cells had grown on
the porous membrane, the virus was activated, and the
response of the infection was measured through luminescence
assays and real-time polymerase chain reaction (RT-qPCR).
Results from the luminescent assay and the morphological
analysis indicated that the device could be used successfully
to monitor the behavior of the infection. It was also concluded
that peristalsis facilitates infection downstream due to the flow
and that the response varies in time according to the route of
the infection and depending on the flow direction [85].

A substantial number of studies report that Caco-2 and
HT-29 cell lines isolated from tumor sites can anchor several
gene mutations with each passage, which might not accu-
rately represent the human intestine. Therefore, other cell
types could be cultured within gut-on-chip devices, including
organoids. In particular, human intestinal organoids (HIOs)
derived from either human biopsy or iPSC were repeatedly

reported in the literature [86]. Kasendra et al. [87] developed
a human small intestine-on-chip containing primary intesti-
nal epithelium cells isolated from biopsy-derived human
organoids, which resembled the intestinal epithelium and
showed efficient monolayer formation when gut microvascular
endothelial cells were seeded within the lower chamber. The
device was fabricated from PDMS with a porous ECM-coated
PDMS membrane, as described previously (Figure 14(a)) [79,
82, 83]. The formation of villi-like structures could be
improved by using chemical gradients of growth factors,
such as Wnt-3A, responding, and noggin, though the exact
mechanism of the formation of villi-like structures remains
unclear [87].

Using flow cytometry, Workman et al. [88] have shown
that HIOs obtained from iPS cocultured with mesenchymal
cells can be incorporated into a gut-on-chip platform. The
device was fabricated using PDMS with a microchannel archi-
tecture, and the membrane was produced on a silicon mold.
The organoids were stained and seeded under flow conditions
for ten days, and the cells were polarized and used to assess the
effect of interferon- (IFN-) y. The chips were analyzed micro-
scopically, and villi-like projections were observed, demon-
strating that they belong to the gut lineage cells [88].

Recent studies describe how drug metabolism could also
occur in the intestine during absorption induced by the gut
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FIGURE 13: Gut-on-a-chip microfluidic device. (a) Photograph and (b) schematic of the device. (¢) Micrograph of human Caco-2 intestinal
epithelial cells cultured in the device. (d) Apparent permeability (Papp) of the epithelium assessed by adding fluorescent inulin-FITC. (e)
Confocal immunofluorescence micrograph of human villus intestinal epithelium formed inside the gut-on-a-chip and stained for villin

(yellow). (f) SEM micrographs of the apical surface of the villus epithelium. Reproduced (or adapted) with permission [85], ©2017, Public
Library of Science.
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microbiome [89-92]. Guo et al. reported a device that con-
sisted of three layers: a channel layer, a central porous layer
of collagen I and nitrocellulose (NC), and a support layer
derived from PDMS (Figure 15). Using Caco-2 cells in the
microfluidic model, the authors analyzed the CYP3A4 and
CYP2C9 enzymes and their expression levels. Both proteins
showed an increase in the expression level within the 3D
in vitro system after five days in comparison to the static
cultures. SEM images confirmed that the membrane offered
functionality for cell growth, and a high protein-binding
capability, which improved cell adhesion. Also, the study con-
firmed that the model promotes the expression of the CYP3A4
and CYP2C9 in Caco-2 cells influenced by the porous NC
membrane [93]. To verify their functionality, they evaluated
the metabolism of verapamil and ifosfamide. The principal
metabolite of verapamil produced by CYP3A4/CYP3AS5 is
N-norverapamil, and the CYP3A4/CYP2B6 metabolite
derived from ifosfamide is 2-DCE-IFM. Within the device,
the detection of both metabolites occurred on day 5, showing
a higher cell efficiency compared with the monolayer culture.

Another study used the same cytochromes as Guo and
coworkers to verify the expression and functionality of the
CYP45 isoforms on the transformation of midazolam, rifam-
picin, ketoconazole, and indomethacin within a 3D in vitro
platform. The multicellular 3D primary human intestinal
tissue model consisted of a layer of cultured cells, such as
human primary cells, polarized gut epithelium, and adult
human intestinal myofibroblasts. The study confirmed the
toxicity and inflammation responses of the epithelial cells
due to the presence of indomethacin. Furthermore, an upreg-
ulation of inflammatory genes and epithelial cell death, as a
result of the toxic effect of the tumor necrosis factor alpha
(TNF-«) and LDH, was recorded within this 3D platform [94].

Some other promising models measure the efficiency of
the gut barrier to perform drug transport studies and other
xenobiotic agents in real time using Caco-2 cells and elec-
trodes for transepithelial electrical resistance [95]. In one of
these studies, a device consisting of eight microchambers
was designed with a commercial Teflon membrane coated
with thiolene to ensure effective bonding between the chip
layers. Caco-2 cells were seeded under medium flow for 9-
10 days. A cell viability test was performed after staining
the cells for one day. The results confirmed that the device
could be used as a functional drug transport model [95]. This
miniaturized intestine-on-chip was found to be a promising

platform for the detection of duodenum cell injuries and
infections, among others.

The close mimicking of the gut’s microenvironment is
crucial for studying the metabolism of drugs. The addition
of microbiota to the devices provides new perspectives and
physiological models for a wide range of diseases. An abun-
dance of Firmicutes and Bacteroidetes phyla are responsible
for several gut functions, including absorption, metabolism,
and excretion. Classical models including explants or trans-
wells are not suitable for drug development due to their
limited culture lifespan. Higher accuracy in the recreation
of the microenvironment of the gut within the device may
be critical to the discovery and metabolic assessment of drugs
or nutraceuticals.

2.5. Heart-on-Chip. The cardiovascular system is a complex
model of muscle tissue, blood vessels, and blood constituents.
Cardiac muscle tissue is composed of organized cardiomyo-
cytes (CMs) that contain a single nucleus in the center of
the cell and connected to one another by intercalated discs
that contain the gap junctions and the desmosomes that are
important for cardiac muscle contraction. Cardiovascular
diseases (CVDs) are among the most significant leading
cause of premature death in developed countries. Several
drugs cause cardiac toxicity, which manifests as proarrthy-
mia in patients with or without clinical symptoms and lead-
ing to hemodynamic deterioration, syncope, or death [96].
Because of drug-related cardiac complications, the assess-
ment of cardiovascular safety during drug development is
of paramount importance. Therefore, there is a high demand
for new drugs to prevent or treat CVDs. Nevertheless, the
drug development for CVDs is hindered by the lack of
adequate models to correctly mimic the cardiac muscle.
Additionally, many drugs for the treatment of other organs
or diseases have side effects or adverse reactions on cardiac
tissue, which is a primary risk to consider during diverse drug
development. For example, fenfluramine, developed to treat
obesity, seldane for treating allergies, and rofecoxib, to be
used as analgesic, have adverse effects on the cardiovascular
system [97].

Recent advances in microfluidics and stem cell research
provide an opportunity to recreate the cellular microenviron-
ment to allow stem cell differentiation and an evaluation of
their behavior. One of the most significant challenges in this
area of research is to have a scaffold with a particular
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TaBLE 5: Summary of recent advancements in cardiotoxicity modelling and testing including the type of drug, the application, the applied cell

lines, and the kinetics.

Drug type Application Applied cell lines Kinetics Ref{(s)
DXR Toxicity HUVECs and hiPSC-CMs 33 days [56]
Pharmacokinetics and toxicity hCMs and HepG2 24 hours [100]
Isoprenaline Toxicity CMs and hiPSC-derived CMs 6 days [101]
TiO, and Ag nanoparticles Cardiotoxicity CMs and NRVMs 35hrs [103]

DXR: doxorubicin; HUVECs: human umbilical vein endothelial cells; hiPSC: human-induced pluripotent stem cells; CMs: cardiomyocytes; hCMs: human
primary cardiomyocytes; HepG2: human hepatocellular carcinoma; NRVMs: neonatal rat ventricular myocytes; TiO,: titanium dioxide; Ag: silver.

architecture that mimics the cardiac tissue reproducing the
hierarchical structure of the native myocardium with all its
functions, including mechanical contractions, molecular
transport, electrical activity, and specific responses to drug
stimulation [98]. Heart-on-chip devices should reproduce
the cellular organization level in a living heart through a very
well-assembled and aligned tissue structure [99]. Addition-
ally, there is a need for the integration of blood vessels to pro-
duce cardiovascular organoids [56]. Heart-on-chips based on
the use of cardiac organoids can mimic the heart’s main func-
tions, including the synchronous contraction, the transport
of nutrients and oxygen, and the removal of waste products,
making them useful devices for testing potential therapeutic
agents [56]. Some of the latest examples of heart-on-chip
platforms for drug discovery, development, and analysis are
thoroughly reviewed in this article (Table 5).

2.5.1. Analysis of Drugs in Heart-on-Chip Devices. Cardiac
toxicity is responsible for nearly half of new drug recalls.
The recent development of heart-on-chip platforms to
evaluate drug toxicity has provided the potential to replicate
a human-like response to compounds known to affect the
heart’s physiology. Zhang et al. fabricated a 3D endothelialized
microfibrous scaffold using a bioprinter, a bioink, and cells
(Figure 16). GelMA, a mixture of alginate, gelatin, and a
photoinitiator, was used as bioink. HUVECs were resus-
pended in the ink, bioprinted through continuous deposition,
and cultured for 15 days, resembling a blood vessel. After 33
days, cardiomyocytes and hiPSC-cardiomyocytes, with their
respective medium, were seeded and incubated over each scaf-
fold and exposed to doxorubicin, an anticancer drug. With a
microfluidic perfusion bioreactor, the endothelialized-myo-
cardium-on-chip model was used as a platform for cardiovas-
cular drug screening. The toxic effects of doxorubicin on
cardiomyocytes and endothelial cells were associated with
the drug dose. It was concluded that the combination of bio-
printing, microfluidics, and stem cells in this platform was
useful for developing next-generation human organ models
for personalized drug screening to mitigate drug-induced car-
diovascular toxicity [56]. The development of these bioprinted
3D scaffolds, where cell lineages can interact together to reca-
pitulate the organ physiology, could subsequently be used for
in vitro drug testing and for mechanistic biological studies.
An integrated heart/cancer-on-chip (i(HCC) to reproduce
the side effects of anticancer drugs was created using a few
main components: a PDMS perfusion layer and a control
layer and a peristaltic pump. These components of the plat-

form were fundamental, as the flow was created in the
closed-circuit loop providing circulation within the culture
chambers (Figure 17). The chip was developed using soft
lithography and was used for the culture of human primary
cardiomyocytes (hCMs) and HepG2 and for their subsequent
treatment with doxorubicin for 24 hours. Based on the
findings of this study, the platform offered the possibility
of culturing different cells and recapitulated physiological
and pathological conditions for the evaluation of drug
toxicity [100].

In another study, Marsano et al. developed a beating
heart-on-chip that can generate functional 3D microcardiac
tissues. The device was equipped with two compartmental-
ized PDMS microchambers separated by a PDMS mem-
brane. The top compartment was subdivided into a central
channel and two side channels. Cardiomyocytes and human
iPSC-derived cardiomyocytes were suspended into a matrix
of fibrin gel in the central channel, while the culture medium
was replenished through the side channels and generated a
3D cell construct. By pressurizing the bottom compartment,
the PDMS membrane deformed, thereby compressing the 3D
cell construct (Figure 18). A cyclic pressure signal mimicked
systolic and diastolic phases. This study demonstrated a
method to generate mature and functional 3D cardiac micro-
constructs. Cyclic mechanical stimulation was found to
improve the maturation of the microengineered cardiac tis-
sues (WECTs) [101]. This microfluidic platform could be used
to evaluate the cardiac microphysiological system by asses-
sing the effects of drugs on cardiac cells.

Nowadays, the use of engineered nanomaterials (ENM) is
in constant rise, potentially posing unknown health responses
when inhaled. Therefore, developing prevention strategies and
treatments against these nanoscaled materials is an important
research area in the event that they are harmful to the human
body. TiO, NPs are widely used in sunscreens, cosmetics,
paints, tiles, etc. TiO, NPs may result in ROS production,
causing oxidative stress, inflammation, and the risk of cancer
[102]. The study of the biosafety of nanoparticles and the toxic
effects of TiO, requires a device that can provide an
environment and conditions which mimic that of real tissues.
In the case of the heart, it requires an ECM, along with
a movement-contraction mechanism. A muscle-inspired
aligned nanofiber was produced by electrospinning using a
mixture of polycaprolactone (PCL) and polydopamine
(PDA) [103]. The device consisted of four layers: (i) a gelatin
layer over a PDMS base which was used as support for the
scaffold and the cardiomyocytes, (ii) a PDMS layer, (iii) a thin
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permission [56], ©2016, Elsevier.
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F1GURE 17: Integrated heart/cancer on a chip, (a, b) Communication between liver cancer cells and healthy heart cells through exchange of
metabolites and the side effects of an anticancer drug. (c) Photograph of an actual iHCC fabricated on a glass slide. Reproduced (or

adapted) with permission [100], ©2017, Royal Society of Chemistry.

sensor film (responsible for the contractions), and (iv) a lower
PDMS layer. Neonatal rat ventricular myocytes (NRVMs),
grown on the scaffold, were developed into a mature and func-
tional tissue. TiO, NPs and silver (Ag) were added directly to
the scaffold. The collected data established that high doses of
TiO, NPs (100 ug/mL) affected the contractile function and
damaged the tissue structure after 48 hours of exposure [103].

The structural colors of living flora and fauna have
inspired researchers to develop hydrogels, nanoshells, fila-
ments, and several bioinspired materials [104-107]. To
mimic the color shift mechanism of chameleons, Fu et al.
(2018) created a heart-on-chip system using such bioinspired
materials. The hydrogel scaffolds were fabricated using col-
loidal crystal templates prepared with silicon dioxide (SiO,)
nanoparticles assembled on glass slides. GelMA was subse-
quently infiltrated into the templates, polymerized with UV
light, and etched with hydrofluoric acid. Silicon patterned
wafers were used to obtain colored hydrogels that were
disinfected with UV light before seeding with cardiomyocytes
isolated from rat pups. The biohybrid colored hydrogel con-
tained perfused microfluidic chambers to provide the medium
and the drug solution to the living cells (Figure 19). The
platform was used to evaluate isoproterenol, a drug used for
mild or transient episodes of bradycardia and heart block.
The authors featured this system in a study of the microphy-

siological monitoring of biological systems and for drug
screening [99].

The complexity of the anatomical and physiological
structure of the heart muscle has been a major driving
parameter for the fabrication of new devices that track car-
diac impulses, analyze mechanical properties, and mimic
some of the main atrophic characteristics. Development of
a system that optimizes 3D cell seeding, while maintaining
the electrophysiologic characteristics and mimicking the
blood flux, represents an excellent opportunity to understand
the pathogenesis of certain chemotherapeutic treatments.
The adverse effects of chemotherapeutic drugs are not well-
studied due to the time-lapse of in vitro assays and insuffi-
cient knowledge regarding the continuous monitoring of
such drugs.

2.6. Skin-on-Chip. Skin is the largest organ of the body and is
comprised of epidermis, dermis, and hypodermis layers,
which are mainly comprised of keratinocytes, fibroblasts,
and adipocytes, respectively. The epidermis is in charge of
preventing the entry of exogenous materials and pathogens,
while the dermis protects internal organs and regulates water
evaporation. The human skin serves as a physiological barrier
to safeguard the internal organs. Since the skin is an outer bar-
rier, it is constantly exposed to many chemical substances and
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F1GURE 19: The applications of the biohybrid structural color hydrogels in a heart-on-a-chip system. (a) Schematic of the construction of the
heart-on-a-chip by integrating the biohybrid structural color hydrogel into a bifurcated microfluidic system. (b) Image of the biohybrid
structural color hydrogel integrated heart-on-a-chip. Reproduced (or adapted) with permission [99], ©2018, American Association for the
Advancement of Science.

biological agents, including cosmetics, skin detergents, UV~ considerations, high costs, time-consuming processes, the lim-
light, pathogenic microorganisms, and environmental pollut- ited ability to represent the real human physiology and metab-
ants [108]. Animal models have been extensively used to  olism, and the impossibility of performing quantitative studies
evaluate cosmetics and diverse drugs. Nevertheless, the ethical ~ remain as main drawbacks for drug testing and disease
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modelling. To overcome these limitations, the development of
3D microfluidic platforms, where cells are cultured in an ECM
as better simulators of skin functions, is gaining attention [109].

During drug testing in this organ, the complexity of the
diffusion at the several layers of skin represents a significant
disadvantage in animal or 2D models. Percutaneous-dermal
absorption requires three steps: penetration of the compound
to a skin layer, permeation through the layers, and resorption
into blood circulation. The chemical interaction with the
hydrophilic nature of the skin must be tested in an accurate
3D model that leads to the analysis of drug interactions.
One of the standard tests for skin permeation of drugs or
transdermal delivery systems is the diffusion cell apparatus,
also known as the Franz diffusion cell [110, 111]. In this over-
view, the latest skin-on-chip technologies are summarized,
including those that improved on the Franz diffusion cell
analysis. Some of the latest examples of skin-on-chip plat-
forms for drug discovery, development, and analysis are
thoroughly reviewed in this article (Table 6).

2.6.1. Analysis of Drugs in Skin-on-Chip Devices. Recent
advances in microfluidic cell culture systems enable the
construction of in vitro human skin models that can be used
to evaluate the toxicity of drugs and other compounds [112].
Current skin models have been developed to evaluate the effi-
cacy of drugs and the effect of UV radiation and of aging by
using keratinocytes, fibroblasts, melanocytes, and stem cells to
better reproduce the physiology of the skin. Wufuer et al.
(2016) developed a skin-on-chip device to mimic the structures
and functional responses of human skin [108]. The model
comprised of three PDMS and two porous membrane layers
to coculture human epidermal keratinocytes (HaCaT), human
skin fibroblasts (HS27), and HUVECs mimicking the epider-
mis, dermis, and the endothelium layers. Skin inflammation
and edema were induced by perfusing TNF-« through the der-
mal layer (Figure 20). The model analyzed the expression levels
of proinflammatory cytokines and the efficacy of dexametha-
sone, a drug used for treating inflammation and edema, in
order to demonstrate the functionality of the system. The
results showed that IL-183, IL-6, and IL-8 levels increased with
25ng/mL and 50 ng/mL of dexamethasone but decreased with
100 ng/mL of dexamethasone, confirming the dose-dependent
effectiveness of the anti-inflammatory drug.

Mori et al. [113] fabricated a 3D skin-on-a-chip microde-
vice with perfusable vascular channels coated with endothe-
lial cells that comprised a skin equivalent fixed to a culture
device connected to an external pump and tubes. The skin
equivalent contained normal human dermal fibroblasts
(NHDFs), normal human epidermal keratinocytes (NHEKS),
and HUVECs. The authors evaluated the percutaneous
absorption of the model drugs, caffeine and isosorbide dini-
trate (ISDN), through the skin equivalent layer during the
perfusion of Dulbecco’s modified Eagle’s medium (DMEM)
in the vascular channels. Its feasibility was demonstrated by
measuring the permeation of the applied drugs through the
vascular channels. Both drugs reached the vascular channels
after ~5min of drug application and took ~30 min to reach the
skin equivalent. These results confirmed that the model can be
used for the development of skin treatments and cosmetics.
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Lee et al. (2017) described the construction of a 3D multi-
cellular microfluidic chip for an in vitro skin model. The
device consisted of two layers of PDMS. The bottom layer con-
sists of microfluidic channels for vascular cells, and the top
layer contained a skin cell culture chamber. The chip, con-
trolled by gravitational effects, was placed on a platform tilted
at a certain angle to induce a specific flow. The results sug-
gested that the presence of flow plays a crucial role in main-
taining the viability of cells. The 3D skin chip with vascular
structures can be a valuable in vitro model for reproducing
the interactions between the different components of the skin
tissue. It operates in a more physiologically realistic manner in
demonstrating the consumption of oxygen and homogenous
diffusion of glucose, which enables the system for assessing
the reaction of the skin to cosmetic products and drugs [109].

A recent innovative study tested the efficacy of penicillin
and neutrophil migration in human tissue infected with
Staphylococcus aureus. This device has three compartments:
a column, a blood channel, and a migration zone. The fabri-
cation was done by soft photolithography on PDMS cured
overnight and bonded to the glass-bottomed well plates.
The skin tissue was taken from a human skin microbiopsy
and autologous blood (Figures 21(a) and 21(b)). The infec-
tion model involved a pretreatment of the biopsy with the
bacteria which was subsequently injected into the device.
The authors initially measured neutrophil migration on the
middle section of the chip, interpreted as activation of the
cells in the presence of the pathogen. The very interesting
result revealed that the time of migration correlates with a
pattern of infection. Additionally, the study provided the effi-
cacy test of the penicillin, showing bacterial clearance and
indirect attenuation of neutrophil migration over time [114].

The Franz diffusion cell approach is the most common
methodology to evaluate drug permeation in vitro; however,
the test suffers from poor reproducibility [115]. To overcome
that limitation, Lukdcs et al. [116] designed and fabricated a
skin-on-chip device by using PMMA and polylactic acid
(PLA) through 3D printing to evaluate caffeine penetration.
The microfluidic diffusion chamber contained two skin
holders with layers for a skin sample or membrane
(Figures 22(a) and 22(b)). The authors simultaneously ran
the in vivo experiments using the Franz diffusion system, in
order to compare the results of caffeine absorption. The data
showed that both tests provided similar C,,, values, while
more advanced systems are needed to assess and evaluate
drug formulations [116].

In a similar study, Alberti et al. [117] tested the diffusion of
caffeine, salicylic acid, and testosterone on human primary
fibroblasts and keratinocytes in a microfluidic skin permeation
platform validated by the Franz diffusion cell. The system was
composed of a multichambered microfluidic chip fabricated
by the thermal bonding of three thermoplastic layers and six
polytetrafluoroethylene (PTFE) membrane disks or human
skin punches and twelve silicone membrane connectors. This
innovative design permitted the accumulation of perfused
media in a 96-well plate. The permeability coeflicient (Kp) of
caffeine was 0.83°cmh ™" and 0.94°cm h™" for the skin platform
and Franz cells, respectively. The Kp value for salicylic acid
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TaBLE 6: Summary of recent advancements in skin-on-chip and drug testing including the type of drug, the application, the applied cell lines,

and the kinetics.

Drug type Application Applied cell lines Kinetics Ref{(s)
Efficacy HaCaT, HUVEC, HS27 3 days [108]
Dexamenthasone .
Efficacy GM-3348, HUVEC, human macrophages (primary cell culture) Over 48 hrs [123]
Icsfgne Absorption HUVEC, NHDFs, NHEKSs 10 days (113]
Penicillin Efficacy Human skin biopsy, peripheral human blood >24 hrs [114]
Caffeine Diffusion Rat skin cells — [116]
Caffeine
Salicylic acid Diffusion N/TERT-1, human primary fibroblast — [117]
Testosterone
TNPs Toxicity HaCaT 48-72hrs [121]

HaCaT: human epidermal keratinocytes; HUVECs: human umbilical vein endothelial cells; HS27 and GM-3348: human fibroblast; ISDN: isosorbide dinitrate;
NHDFs: normal human dermal fibroblasts; NHEKs: normal human epidermal keratinocytes; N/TERT-1: keratinocytes; TNPs: titanium dioxide nanoparticles.
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F1GURE 20: Description of the microfluidic device. (a) Image of a skin-on-a-chip device filled with fluid in three different colors. (b) 3D scheme
of the skin-on-a-chip system comprising three PDMS layers and two PET porous membranes (footprint: 48 mm x 26 mm; height: 7 mm). (c)
SEM image of PET porous membranes (pore size: 0.4 ym) obtained from Transwell. (d) Cross-sectional image of A-A'. (e) Schematic of the
skin-on-a-chip system, including three separate channels with four vertically stacked cell layers. (f) Representative histological skin section
stained with hematoxylin and eosin to indicate the cellular organization of skin. Reproduced (or adapted) with permission [108],

©2016, Nature.

was 11°cmh™" and 10°cmh™" and for testosterone 8.2°cmh™"
and 9.2°cmh™, confirming that the permeation test of the
microfluidic system was highly accurate and similar to the
Franz model [117].

Ramadan et al. [118] further corroborated these findings
using an air-liquid interface and transepithelial electrical
resistance (TEER) probes to evaluate the effects of lipopoly-
saccharides and UV irradiation on the cell growth and tight

junction formation allowing a more realistic in vivo culture
environment. The findings of this study indicated that
dynamic perfusion allowed for an increase of cell viability
for up to 17 days [118].

More recently, Alexander et al. [119] fabricated a skin-
on-chip integrated with a sensor to evaluate the TEER and
the extracellular acidification rate (EAR) integrating an auto-
mated air-liquid interface. The biochip device was comprised
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FIGURE 21: Ex vivo skin-on-a-chip assay for the diagnosis of skin and soft tissue infections. (a) Schematics of the human skin and blood
sample loading. (b) Microfluidic design of ex vivo skin-on-a-chip. Left shows the bright field image of ex vivo skin-on-a-chip. Top-right
represents the design of the migration channel (MC). Bottom-right shows the dimension of ex vivo skin-on-a-chip components: whole
blood loading channel (BLC), red blood cell (RBC) filter, MC, and skin column loading channel (CLC). Reproduced (or adapted) with

permission [114], ©2018, Royal Society of Chemistry.

of membranes that were inserted into the culture chamber
where murine fibroblast cells and medium were perfused
through an inlet opening into the chamber formed below
the membrane. Pores at the bottom of the membrane allowed
for the passive diffusion of fresh nutrients to the basal layer of
cells and of the waste products from the cells. Nutrient-
depleted medium was then pumped out of the chamber
through an outlet (Figures 23(a) and 23(b)). The device used
TEER sensors to continuously monitor the cells noninva-
sively. This study was a proof-of-concept that demonstrated
the capability of the custom-made device to maintain stable
culture conditions to be used as a screening platform for

the evaluation of drug candidates and to understand their
mode of action [119].

The skin experiences constant physical stimuli including
stretching. Exposure to excessive physical stimuli stresses the
skin and can accelerate aging. In the study of Lim et al., the
effect of physical stress was studied to generate knowledge
on skin aging using a skin equivalent model of aged wrinkled
skin-on-a-chip (WSOC). To create this platform, two PDMS
layers were constructed through soft lithography. The first
structure contained chambers and a magnet placed on an
aluminum mold with a hole for the magnet placement. The
second mold was responsible for communicating channels
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between chambers. The device provided a platform to study
the effects of antiwrinkle drugs used in cosmetic applications.
The model allowed human fibroblasts and keratinocytes to
be perfused with other elements to form 3D skin equivalents
that were then stretched for 12h per day at either 0.01 or
0.05 Hz for up to seven days to form WSOC. After seven days
of constant stress, the results demonstrated an increase in

collagen and fibronectin within the ECM expressed by fibro-
blasts. Fibroblasts are known to be responsible for the forma-
tion of resilient and elastic skin. Keratinocytes, which are
responsible for the production of keratin, were notably
decreased when compared with the control, unstretched skin
tissue. The experiment showed positive results for the repli-
cation of an in vitro skin aging model. Moreover, the
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platform could be applied for antiwrinkle cosmetics and
medicines [112].

Many commercial sunblock products use organic or
inorganic UV filters to block harmful UV rays. TiO, and
ZnO are commonly used as UV blockers in sunscreens, but
despite the protection they provide against cutaneous photo-
toxicity, these chemicals can cause oxidative stress-mediated
toxicity in cells by absorbing UV radiation after direct expo-
sure to UV sunblockers [120]. McCormick et al. [121] devel-
oped a skin model to evaluate the toxicity of titanium dioxide
nanoparticles (TNPs) and the effect of UV irradiation. The
chip was made from PDMS, while quartz plates and 96-well
plates were used to expose the HaCaT to UV and TNPs as
shown in Figures 24(a)-24(d). The study demonstrated that
TNPs absorbed a wide range of UV-A and UV-B wave-
lengths protecting the cells when exposed to UV irradiation.
The live/dead staining cell test showed an IC;, (50% viability)
value of 35.6 mJ/cm” when they were exposed to UV without
TNPs [121]. Overall, these results provide valuable informa-
tion for the study of nanoparticle toxicity and drug testing.

The versatility of the microfluidic systems gives flexibility
to the function of such devices. In that perspective, Hakimi
et al. [122] fabricated a handheld skin printer with several
microfluidic compartments and a cartridge that contains
bioinks and a cross-linker for wound healing application
(Figures 25(a)-25(c)). The cartridge was 3D printed using
a resin, integrated Luer lock connectors, and wells
(Figure 25). The bioinks were prepared with different formu-
lations based on fibrinogen, hyaluronic acid, alginate, colla-
gen type I, and keratinocytes allowing the deposition of
sheets that were cross-linked at the site of deposition. The
position of the cartridge allowed the coordination of the flow
rates when it was delivered to the skin. In vivo assays, per-
formed in animal models, demonstrated that cells added to
the bioink and in situ delivered enhanced granulation tissue
formation and increased wound healing. This portable device
can also be used to deliver compounds and/or drugs for in
situ wound healing [122].

Similarly, in a recent study, Biglari et al. [123] developed
a skin wound-on-chip model to assess the anti-inflammatory
effect of macrophages and dexamethasone on wound healing
during inflammation induced with TNF-a. The device, fabri-
cated with PDMS, consisted of three channels: two lateral
channels for human dermal fibroblast (GM-3348) and
human macrophages from primary cell culture and an inner
channel for endothelial cells (HUVEC). Macrophages were
also cocultured with HUVECs and fibroblasts to simulate
an inflammatory condition. In addition, dexamethasone
was used to test the efficacy on reducing the TNF-a-induced
inflammation on damaged fibroblasts. The authors found
that the macrophages produced cytokines that induced
fibroblast differentiation to myofibroblasts during the
wound healing process, while dexamethasone increased vas-
cularization. The wound-on-chip model may help to gain
insight into the mode of action of a drug in wound healing
and the potential for a preclinical test for new drugs and cos-
metics [123].

Skin-on-a-chip devices are perhaps the most advanced
systems in the category of organ-on-chip. They represent
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successful platforms for wound regeneration, drug testing,
and toxic agent testing, including UV light, allergens, and
cosmetics. Skin-on-a-chip platforms can replicate injuries
or induced-disease environments through the incorporation
of several cell lines. The addition of biosensors can measure
compounds in real-time during examinations of drug pene-
tration or drug toxicity. Despite tremendous efforts, certain
challenges with respect to the cell microenvironment and full
cellular compatibility assays are yet to be addressed. The
majority of studies use primary cell cultures, cell lines
(human and animal-derived), differentiated induced pluripo-
tent stem cells (iPSCs), or a combination of them, within the
same device. Mimicking the real microenvironment is neces-
sary to control these variables and their compatibility with a
validation system. Another challenge is the long-lasting cul-
tures that may require cell heterogenicity and delivery of
nutrients. Most devices could maintain a viable skin system
over 30 days. However, for studying extended treatment effi-
cacy, drug permeability, and toxicity over time, a longer cul-
ture period is needed. Another limitation of the current 3D
in vitro skin models is that they do not recapture the human
skin architecture and physiology. In particular, an ideal
model must be comprised of epidermis and dermis layers
and the presence of vascular structures for the diffusion of
nutrients and signaling molecules. Furthermore, the present
devices lack the long-term survival of competent full-
thickness skin. We believe that a 3D skin chip with vascular
structures can be a valuable in vitro model for reproducing
the interactions between different components of the skin
tissue and thus function as a more physiologically realistic
platform for testing skin reactions to cosmetic products
and drugs.

2.7. Brain-on-Chip. The brain is the most sophisticated com-
ponent of the central nervous system (CNS). It is comprised
of about 86 billion neurons, the electrically excitable cells that
receive signals from the body’s sensory organs and then out-
put information to the organs, communicating in trillions of
synaptic connections. Apart from the neurons, the CNS is
comprised of numerous other cells, including astrocytes, oli-
godendrocytes, and microglia that fulfil a crucial role for
many functions of the body. Unlike other cells, neurons do
not divide, and neither do they die off to be replaced by
new ones. Research regarding brain development is still lim-
ited, as the main models that have been used are animal
models. Such models have limitations, including high cost,
time-consuming and labor-intensive procedures, and experi-
mental variations [124]. To overcome those limitations, sys-
tems capable of imitating the in vivo neuronal plasticity must
be developed [125]. As an alternative, biomedical research
has attempted to mimic this complex human organ using tra-
ditional 2D cultures. Expectedly, such platforms are far from
realistically representing the physiology of the brain, espe-
cially the neuronal plasticity, and the effective blood-brain
barrier (BBB), a selective diffusion barrier that protects the
brain from the effects of numerous drugs [126]. This barrier
involves a vascular endothelial layer that interacts with astro-
cytes and neurons and plays a vital role in evaluating drug
delivery and drug toxicity. Thus, this barrier has been used
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TaBLE 7: Summary of recent advancements in in vitro models in brain toxicity testing including the type of drug, the application, the applied

cell lines, and the kinetics.

Drug type Application Applied cell lines Kinetics Ref{(s)
Amyloid-f Toxicity (disease mimic)  Neural progenitor suspension (cortical rat cells) ~ Over 10 days  [125]
CXCL12, SLIT2-N Chemotactic effect Progenitor hNT2, primary hNPC, hBMECs 8 weeks [143]
Antihuman transferrin receptor .

(MEM-189), MoAb Transcytosis TY10, hBPCT, hAst [131]

Astrocytes (pup), primary cortical cells
Over 7 d 130

Dextran Permeability (rat), HUVEC ver 7days - [130]

hCMEC/D3 Over 4 days [144]

CXCL12, SLIT2-N: chemokines; hNT2: human teratocarcinoma cells; ANPC: human fetal neural progenitor cells; hBMECs, TY10: human brain microvascular
endothelial cells; MoAb: monoclonal antibody; hBPCT: human brain pericyte; hAst: human astrocytes; HUVECs: human umbilical vein endothelial cells;
hCMEC/D3: human cerebral microvascular endothelial cell line; TEER: transendothelial electrical resistance.

to study the mechanisms of degenerative diseases, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic sclerosis (AS). Recently, 3D models based on
microfluidics have become widely applied to study brain
functions and neurotoxicity for the purpose of drug discov-
ery. Such devices facilitate cell-cell interactions by resembling
fundamental dynamic conditions of the native brain environ-
ment. Some of the latest examples of brain-on-chip platforms
for drug discovery, development, and analysis are thoroughly
reviewed in this article (Table 7).

2.7.1. Analysis of Drugs in Brain-on-Chip Devices. Brain-on-
chip technology is aimed at modelling brain tissue in order
to test and predict the effects of certain drugs, to establish
new treatments to reverse or prevent neurodegenerative dis-
eases (such as AD and PD), and to screen candidate thera-
peutic drugs for toxicity. AD is the most common type of
dementia and affects tens of millions of people worldwide
[127]. The monomeric amyloid- 8 is a peptide associated with
a variety of biological brain functions; however, its soluble
oligomers accumulate and form senile plaques that are impli-
cated in the pathogenesis of AD. Research has featured the
effects of amyloid-f peptides on the neuronal body of the
brain. Park et al. (2015) developed a microfluidic chip that
was based on 3D neurospheroids that could closely mimic
the in vivo brain microenvironment by providing a constant
flow of fluid. The PDMS chip contained a concave microwell
array for the formation of homogeneous neurospheroids
having a uniform size with 3D cytoarchitecture. The osmotic
micropump system was connected to an outlet to provide a
continuous flow of medium at the interstitial flow level
[125]. When the flow on the spheroids was reduced, the size
differentiation was inversely accelerated. Traditional mature
molecules like beta-III tubulin showed an increase when the
active interstitial flow was induced. By providing a 3D
cytoarchitecture and interstitial flow, the chip mimicked the
microenvironment of a normal brain and those of AD
patients, facilitating the investigation of amyloid-f effects
on 3D neural tissue. Furthermore, modelling the blood-
brain barrier was necessary, as it is a critical structure
between the central nervous system and the rest of the body.
The authors tested the toxicity of amyloid- 3 protein on neu-
rospheroids under dynamic or static conditions for 7 days. By
using this platform, it was confirmed that neurospheroids

cultured under dynamic conditions showed a larger size than
those cultured under static conditions, while the amyloid-f
reduced cell viability under static conditions. Moreover, the
fluidic model also demonstrated that the treatment with
amyloid- decreased the synapsing levels, and it permeated
deeper than static assays, which enhanced the biomimetic
disease modelling [125].

As was mentioned, the BBB is a selective diffusion barrier
within the brain. It is comprised of several cell types that
together with tight junctions can protect the brain from the
passage of drugs or other compounds directly into the brain
[128]. Advances in microfluidic and nanofabrication have
contributed to the development of in vitro BBB-on-chip plat-
forms that are unique tools for studying the physiology of the
brain, neurodegenerative diseases, neurotoxic compounds,
and drug discovery. Brown et al. [129] designed a microflui-
dic device introduced as a neurovascular unit (NVU) com-
prised of both a vascular chamber and a brain chamber
separated by a porous PDMS membrane, allowing cell-to-
cell communication between endothelial cells, astrocytes,
and pericytes. The NVU had four crucial design features that
helped mimic the BBB: (i) adjustable flow on both sides of the
barrier, (ii) low media-to-cell volume, (iii) scaffolding to ori-
ent and support multiple cell types, and (iv) easy adjustment
of the device orientation. The upper layer was used for perfu-
sion, loading, and sampling for the brain compartment with
pericytes, neurons, astrocytes, and ED ECM (collagen 1)
[129]. The shear stress increased the expression of tight junc-
tion molecules and successful dextran permeability through
the mimetic BBB. A limitation of this model was the use of
PDMS that impedes cell adhesion due to its hydrophobicity.
While the device was not used to test any drug, it was demon-
strated to have potential to be used for drug discovery due to
its close resemblance to the structure of the BBB.

In a 3D neurovascular device, Adriani et al. [130]
explored further the mimicking of the BBB. The barrier was
made from PDMS by soft lithography and bonded to glass
coverslips. The device was composed of four channels con-
nected to cell culture media and a hydrogel scaffold arranged
with nine trapezoidal structures. Three different cell types
were seeded within the device, namely, astrocytes, primary
cortical cells, and HUVEC cells. This simultaneous cell cul-
ture allowed a permeability assessment of the in vitro BBB.
Dextran label particles were introduced to the system to
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F1GURE 26: OrganoPlate device platform. (a) Schematic of the two-lane OrganoPlate. (b) Zoom-in of the bottom of the two-lane OrganoPlate.
(c) 3D schematic of the chip. Reproduced (or adapted) with permission [131], ©2018, Springer.

assess the permeability of the endothelial barrier. The struc-
ture, natural function, and maturation of each cell type were
measured with specific cell markers. The permeability of dex-
tran in cocultures was higher than the respective monolayers.
Nevertheless, the device suffered from certain limitations due
to the HUVEC differential species of the cells forming leakier
barriers that do not mimic the BBB [130].

Another in vitro BBB model was developed in a high-
throughput membrane-free microfluidic platform. Due to
the intrinsic hydrophobicity of PDMS that impedes cell
adhesion and can cause nonspecific absorption of proteins
and hydrophobic analytes, Wevers et al. [131] chose a com-
mercial microfluidic platform (Figure 26(a)) that employs
optical quality glass and polymers that are biocompatible
and low compound-absorbing. In this platform, a two-
channel OrganoPlate was used for seeding human brain
pericytes (hBPCT), human brain microvascular endothelial
cells (TY10), and human astrocyte (hAst) cell lines for the
evaluation of antibody BBB-shuttle models. In this assay,
the transcytosis across the BBB was assessed by the introduc-
tion of an antihuman transferrin receptor (MEM-189
mlIgGl). The platform allowed for the patterning of ECM
gel (Figure 26(c)) through surface tension. A blood vessel
was grown adjacent to that gel, and a channel was used to
insert the astrocytes and pericytes (Figure 26(b)). The system
was free of artificial membranes and accommodated fluid
flow through the blood vessels, while allowing fluid phase
sampling of molecules that penetrated the endothelial and
matrix layers. The tests were performed through the antibody
transcytosis assay and Meso scale discovery (MSD). The
results showed that the passaging of antibody MEM-189
through the BBB model was approximately twofold higher
than the control antibody, indicating that the model can
serve as a strong method to study the passage of large
molecules and the antibody penetration of brain endothelial
cells [131].

Organophosphates (OPs) are one of the principal constit-
uents of insecticides, pesticides, and biological weapons
(nerve agents). OP-based compound exposure may occur
through direct contact, inhalation, or ingestion. OPs can
cause varying levels of toxicity, whose symptoms include
diarrhea, nausea, vomiting, sweating, muscle tremors, confu-
sion, drowsiness, seizures, and brain damage [132]. The BBB
restricts delivery and permeability of many pharmaceuticals
and blood-borne compounds to the central nervous system.
However, some OPs can penetrate through the BBB, inhibit-
ing acetylcholinesterase activity, and therefore causing neuro-

toxicity. Emerging BBB-on-chip models represent a promising
alternative to evaluate neurotoxic compounds. Recently, Koo
et al. [133] reported a bioprinted 3D platform to study the
toxicity of OPs. A microfluidic chip (OrganoPlate) was used
to coculture immortalized murine brain endothelial cells,
immortalized murine brain neuroblastoma, murine astrocytes,
and murine microglia cells (Figures 27(a)-27(c)) to evaluate
the in vitro neurotoxicity of four OPs: dimethyl methyl-
phosphonate (DMMP), diethyl methylphosphate (DEMP),
diethyl cyanophosphonate (DECP), and diethyl chloropho-
sphate (DCP). The acetylcholinesterase assay showed that
DMMP and DEMP can penetrate through the BBB and inhibit
acetylcholinesterase activity only at higher concentrations,
while DECP and DCP showed strong toxicity even at lower
concentrations, inhibiting both acetylcholinesterase and cell
viability. These results are similar to the results from in vivo
counterpart assays [133].

In another report, Shah et al. used a 3D brain-on-a-chip
system to evaluate the effect of nitrophenyl isopropyl methyl-
phosphonate (NIMP), commonly called Sarin gas. A com-
mercial MEA device (a tool used for neuronal network
studies) with integrated microscopes was used to evaluate
the protective effect of pyridostigmine bromide (PB). PB is
a drug capable of restoring the enzymatic activity of acetyl-
cholinesterase, when the neurons are exposed to OPs. It
was used during the Gulf War as a pretreatment from the
harmful effects of nerve agents. Human iPSC-derived neu-
rons and astrocytes pretreated with PB were cultured on
the chip and monitored for 35 days. The results showed a
higher toxic effect on the cells exposed to NIMP and the cells
pretreated with PB, than those cells exposed only to DMSO.
Therefore, it is likely that PB does not have the ability pene-
trate the BBB [134].

In brain cancer, the cells grow to form a mass of tissue
that interferes with brain functions. One of the most com-
mon types of brain cancer is a glioblastoma. The in vitro
cancer-on-chip models have been used to study the biological
processes of the disease and to evaluate the efficacy of drug
therapies. Fan et al. [135] developed a device to study a very
aggressive cancer type known as glioblastoma multiform
(GIBM). The chip was made of 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA) and poly(ethylene glycol)diacry-
late (PEGDA) hydrogels fabricated by soft lithography. The
GIBM cells (U87) were cultured in the PEGDA hydrogel
which formed 3D spheroids within seven days. The effective-
ness of two anticancer drugs, pitavastatin and irinotecan, was
studied, together with the drug response over the surface of
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FIGURE 27: 3D brain construction for high content OP toxicity screening; (a) structure and format application of in vitro culture ware, (b)
experimental procedure for constructing 3D neurovascular/brain compartment, and (c) scheme of 3D tetraculture for brain on chip.

Reproduced (or adapted) with permission [133], ©2018, Nature.

the spheroids. The results showed that the drugs were dif-
fused through the porous hydrogel matrix into the micro-
wells. Also, it was confirmed that the combination of the
two drugs was more effective in reducing the size of the
GIBM spheroids, compared with either drug in isolation
[135]. All these features provide a key ability to studying drug
delivery, as well as determining the pharmacokinetics and
pharmacodynamics of new drugs and therapies in the brain.

The high interaction of the cells in the brain requires a
considerable research effort to recreate the heterogenicity of
cellular communications in microfluidic devices. However,
the advances are significant to study the brain barrier drug
permeability in situ and provide real-time measurement of
compounds through the addition of biosensors. This achieve-
ment was representative of the enormous need for an accurate
brain-on-chip system. Fabrication methods in the future must
improve the ability to integrate a better microenvironment for
the scaffold-neuronal cells in this complex organ. Further-
more, brain functions are strongly related to, and coordinated
by, the entire body; hence, a realistic brain physiology could

only be studied in the context of other organs, including the
endocrine and circulatory systems.

3. Conclusions and Perspectives

This comprehensive review provides a thorough analysis of
the latest advancements in the area of organ-on-chip devices
aimed at drug discovery, development, and/or assessment.
The latest strategies and achievements reported in the litera-
ture highlighting key-playing organs including the liver,
kidney, lung, gut, heart, skin, and brain were examined. In
addition, the fabrication strategies and the specific applica-
tion of each device, as well as advantages and disadvantages
of each system, were reviewed. Despite the immense
advances in the area, there remain a number of significant
challenges yet to be addressed with respect to the organ-on-
chip devices. Standardization and optimization of the
manufacturing methods rely highly on the characteristics of
the respective organ, including the anatomical structure, cell
interaction, morphology, and basal molecular expression, as
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well as the design of the devices, mathematical fluidic model-
ling, and biocompatibility of the materials used in fabrica-
tion, among others.

Another challenge is to facilitate cell heterogenicity. Most
studies use immortalized cell lines, primary cell culture, and
cell explants, as well as animal or human cells. This may lead
to noncomparable results with questionable reproducibility
and accuracy that might, in turn, be incompatible with the
actual organ. The selection of cells is crucial and should be
decided depending on the aim of each developed model.
Moreover, high cell viability and long-lasting cell cultures
are vital to further explore the potential of these devices.
While the majority of the studies have not achieved culture
periods longer than 30 days, it is evident that microfluidic
systems with continuous flux and automatized circulation
could significantly enhance the periodicity of cell viability
and culture. Furthermore, frequent supplementation of each
specific cell media and mimicked physiological fluid or blood
substitute could play a major role in the metabolic functions
of the organs. Another important aspect in the fabrication
and function of organ-on-chip devices is the validation pro-
cess. Most studies to date lack the validation step and a close
or contemporaneous comparison with the actual organ. A
multidisciplinary research approach could dramatically
impact all of the involved elements in such devices and would
present a major step forward in carefully mimicking human
organs. The success of organ-on-chip devices in drug devel-
opment, drug metabolism, toxicity, safety, and efficacy assays
in preclinical trials depends on overcoming each of the men-
tioned experimental challenges.
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Keratinocytes

Kidney injury molecule-1

Lactate dehydrogenase

Liver sinusoidal endothelial cell
Liver-on-a-chip
Liver-sinusoid-on-a-chip
Madin-Darby canine kidney

Meso scale discovery

Messenger ribonucleic acid
Micro-RNA-122

Microengineered cardiac tissues
Microelectrode array
Microphysiological system

Migration channel

Monoclonal antibody

Multidrug resistance protein 2
Nanoparticles

Neonatal rat ventricular myocytes
Nephron progenitor cells
Neurovascular unit

NEF-E2-related transcription factor
Nitrocellulose

Nitrophenyl isopropyl
methylphosphonate

Nonalcoholic fatty liver disease
Nonparenchymal cells

Non-small-cell lung cancer

Normal epidermal keratinocytes
Normal human dermal fibroblasts
Organophosphates

PD:
PM2:
PBM:
LLC-PKI1:
PEGDA:
PLGA:
PMMA:
PCL:

PC:
PDA:
PDMS:
PET:
PLA:
PMB:
PS:
PTFE:
hAEC:
Hu8150:
PiEC:
PLCs:
Wnt-3A:
p53:
UGT1A1:
PT:
PTECs:
PB:

ROS:

RT-qPCR:

RBC:
RANTES:

RBEF:
RPTEC:
RES:
SEM:
SiO2:
Ag:
SMC:
SGLT?2:

SULT1ATL:

3D:
TiO2:
TNPs:
TEER:
TRPV1:
TEM:
TNF-a:
2D:
UV:
VEGEF:
WSOC:
7Zn0O:
Z0-1:
GGT:
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Parkinson’s disease

Parmodulin-2

Peripheral blood mononuclear cells
Pig kidney cells

Poly(ethylene glycol) diacrylate
Poly(lactide-co-glycolide)
Poly(methylmethacrylate)
Polycaprolactone

Polycarbonate

Polydiacetylene
Polydimethylsiloxane
Polyethylene terephthalate
Polylactic acid

Polymyxin B

Polystyrene
Polytetrafluoroethylene

Primary human alveolar cells
Primary human hepatocytes
Primary intestinal epithelial cells
Primary liver cells

Protein

Protein 53

Protein coding gene

Proximal tubule

Proximal tubule epithelial cells
Pyridostigmine bromide

Reactive oxygen species

Real-time polymerase chain reaction
Red blood cells

Regulated on activation, normal T cell
expressed and secreted

Renal blood flow

Renal proximal tubule epithelial cells
Reticuloendothelial system
Scanning electron microscopy
Silicon dioxide

Silver

Smooth muscle cells
Sodium-glucose cotransporter-2
Sulfotransferase 1A1
Three-dimensional

Titanium dioxide

Titanium dioxide nanoparticles
Transepithelial electrical resistance
Transient receptor potential V1
Transmission electron microscopy
Tumor necrosis factor alpha
Two-dimensional

Ultraviolet

Vascular endothelial growth factor
Wrinkled skin-on-a-chip

Zinc oxide

Zonula occludens-1

y-Glutamyl transpeptidase.
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A stable oil-in-water (O/W) magnetic emulsion was prepared by the emulsification of organic ferrofluid in an aqueous media, and
its theranostic applications were investigated. The synthesis and characterization of the organic ferrofluid were carried out
comprising of superparamagnetic maghemite nanoparticles with oleic acid coating stabilized in octane. Both exhibit spherical
morphology with a mean size of 6 nm and 200 nm, respectively, as determined by TEM. Thermogravimetric analysis was carried
out to determine the chemical composition of the emulsion. The research work described here is novel and elaborates the
fabrication of thin-film gradients with 5, 10, 15, and 20 bilayers by layer-by-layer technique using polydimethyl diallyl
ammonium chloride (PDAC) and prepared magnetic colloidal particles. The thin-film gradients were characterized for their
roughness, morphology, and wettability. The developed gradient films and colloids were explored in magnetic resonance
imaging (MRI) and hyperthermia. T1- and T2-weighted images and their corresponding signal intensities were obtained at
1.5T. A decreasing trend in signal intensities with an increase in nanoparticle concentration in colloids and along the gradient
was observed in T2-weighted images. The hyperthermia capability was also evaluated by measuring temperature rise and
calculating specific absorption rates (SAR). The SAR of the colloids at 259 kHz, 327kHz, and 518 kHz were found to be
156 W/g, 255 W/g, and 336 W/g, respectively. The developed magnetic combinatorial thin-film gradients present a significant
potential for the future efficient simultaneous diagnostic and therapeutic bioapplications.

1. Introduction

The significant advancement in nanotechnology made pos-
sible the production and designing of multifunctional
hybrid biomaterials that are highly appropriate for bio-
medical applications [1]. The development of magnetically
engineered colloids is of great interest because of their unique
properties and has emerged as promising functional tools for
bioapplications for simultaneous diagnostic and therapeutic
(theranostic) purposes. Their capability of being manipulated
under an external magnetic field provides controllable means
of magnetically tagging biomolecules, effective bioseparation,
and biosensing, magnetic resonance imaging (MRI) contrast

enhancement, and targeted drug delivery [2, 3]. In addition,
response to an alternating magnetic field allows the transfer
of magnetic energy to the particles in the form of heat, open-
ing the opportunity of being used as an important approach
to successful cancer therapy [4].

Among various magnetic nanoparticles, superparamag-
netic nanoparticles of single domains of about 5-20 nm as
mean diameter particularly magnetite (Fe;O,) and maghe-
mite (y-Fe,O;) are promising candidates for biomedical
applications due to their biocompatibility [5]. These are
widely explored in cancer theranostic bioapplications
because of their high magnetic moment, low toxicity, biolog-
ically tolerated in a broad range of concentrations, and
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synthesis through simplest, economical, and convenient
methods using ferric and ferrous salts such as nitrates,
chlorides, sulphates, perchlorates, etc. [6]. Recently, mag-
netic nanoparticles (MNP) coated with biopolymers have
gained much attention due to biocompatible, biodegradable,
and nontoxic properties of polymers. The organic/inorganic
surface coating around iron oxide nanoparticles is essential
for biomedical applications. It brings stoichiometric modifi-
cations on the surface of nanoparticles, good colloidal stabil-
ity, and low toxicity in the biological environment and
biocompatibility of oxide nanoparticles [7]. Hence, suitable
chemical design of magnetic polymer colloids is extremely
important in order to make them appealing for magnetic
resonance imaging for diagnosis, therapeutic actions of drug
delivery, and hyperthermia for combined imaging-guided
therapeutics [8].

Depending upon the application, there are several
methods to prepare polymeric magnetic nanoparticles among
which emulsion technique is the most common and oldest
technique [9]. This approach is based on the encapsulation
of iron oxide nanoparticles into a biodegradable polymer
matrix for improving particle stability and functionalization.
In this direction, polyesters such as poly(lactic-co-glycolic
acid) (PLGA), polycaprolactone (PCL), polylactic acid
(PLA), and polyethylene glycol (PEG) have been reported
due to their exceptional characteristics such as biodegradabil-
ity and biocompatibility [7]. The surface functionalization of
the nanoparticles affects the solubility and biodistribution of
the colloids inside the body and has a direct influence on
imaging capabilities and magnetic behavior of the nanoparti-
cles [10]. Regarding cancer diseases, these colloids are also
used as an effective tool for therapy, such as drug delivery
and hyperthermia. Furthermore, the employment of magnetic
polymer colloids to design multifunctional biothin films by
incorporating various materials to obtain molecular-level con-
trol presents numerous biomedical applications. The layer-by-
layer (LBL) self-assembled multilayer (SAMu) biothin films
are not only useful for diagnostics but are also helpful in
directing therapeutic agents by focusing on an external mag-
netic field to the target zone [11]. A broad range of stimuli-
responsive thin films have been fabricated and are used as a
point-of-care diagnostic devices that can be routinely applied
in everyday clinical practice. Thin films of nickel ferrites and
chitosan were fabricated by the LBL technique and investi-
gated for their ability to generate an intensity difference using
blood as a test liquid; however, T1 and T2 images were not
explored in detail [12]. Using the same manual fabrication
protocol, thin films were designed, fabricated, and character-
ized but the magnetic behavior of the films was not tested [13].

In some nanosystems, a combinatorial investigation is
best performed in which gradients were incorporated into
the thin films for fabricating lab-on-a-chip type films. The
development of such combinatorial and high-throughput
strategy can eliminate sample preparation steps and permit
the development of a disposable chip for a dipstick-like
approach toward molecular diagnostics. The combinatorial
technique is used not only for identifying new compositions
but also for the rapid optimization of the characteristics of
the material. The combinatorial approach shows a variation
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in composition, thickness, and functionality in a single
library and allows simultaneous synthesis and screening of
large arrays of different materials [14].

Efficient research methods and strategies have been
developed for combinatorial fabrication of thin films and
their high-throughput characterization. Most frequently,
physical and chemical vapor deposition techniques have
been applied for the rapid combination of libraries where
wide-ranging compositional variation is generated [15].

The current study aims at preparing oil-in-water (O/W)
magnetic emulsion by emulsification of organic ferrofluid
in an aqueous media. The organic ferrofluid prepared by
the coprecipitation method was stabilized in octane. This
magnetic fluid was then emulsified in an aqueous solution
containing a surfactant to obtain a stable emulsion of mag-
netic colloidal particles. Multiple techniques were used to
characterize the magnetic nanoparticles and the magnetic
polymer colloids. In addition, biothin-film gradients were
designed and fabricated using magnetic colloidal particles
and PDAC solution through the layer-by-layer technique
and were characterized to study their morphology/texture
and growth. T1- and T2-weighted images of a colloidal sus-
pension of nanoparticles with different iron concentrations
were obtained. To the best of our knowledge, combinatorial
thin-film gradients were never explored for an in vitro MRI
study. Heating response of the prepared magnetic emulsion
was also observed for hyperthermia treatment. This research
work is the first detailed work dedicated to the fabrication of
combinatorial thin-film gradients using the layer-by-layer
technique which can be a promising technique in the future
for disposable lab-on-chip as a dipstick approach for ultrasen-
sitive molecular imaging of bioanalytes. The technique used
for the fabrication of combinatorial thin-film gradients is sim-
ple, economical, environmentally friendly, and not time
consuming. The developed combinatorial thin-film gradients
can further be analyzed as a reservoir for therapeutic drug
for in vitro drug release and as a biomimetic multifunctional
assembly to develop a point-of-care on chip technology.

2. Materials and Methods

2.1. Materials. FeCl,-4H,0, FeCl,-6H,0, HCl (35%), NH,
(20%), oleic acid, octane, and polydimethyl diallyl ammonium
chloride PDAC (20 wt.% solution) of analytical grade were
purchased from Sigma-Aldrich (Germany). Sodium dodecyl
sulphate (SDS) used as an anionic surfactant was purchased
from Sigma-Aldrich (Germany). Concentrated sulphuric acid
(H,SO,) (Sigma-Aldrich, 95-98% purity) and potassium
dichromate (Scharlau, reagent grade) were used for cleaning
the glass substrate. Glass microslides as a substrate for the fab-
rication of films are from Thermo Fisher Scientific. Ultrapure
water was used for the preparation of all solutions. All chemi-
cals/materials were of analytical grades and used as received.

2.2. Synthesis of Magnetic Emulsion

2.2.1. Preparation of Aqueous Ferrofluid. Coprecipitation is a
simple and convenient technique to prepare magnetic nano-
particles based on the reduction of metallic elements under
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different salt conditions [6]. The ferrofluid synthesis was
carried out at 20°C in a thermostatically controlled
500 mL reactor equipped with a mechanical stirring system
consisting of a three-branched Teflon anchor. Ferrous and
Ferric chlorides were first dissolved in hydrochloric acid
(I1M). When the dissolution of the iron salts was completed
with the formation of an orange homogeneous solution, the
concentrated ammonia solution (20%) was quickly added
to the reactor with vigorous stirring at 1000 rpm. The imme-
diate appearance of a black precipitate corresponds to the
formation of iron oxide. The coprecipitation reaction is
continued in an ammoniac medium for one hour. The pH
of the reaction medium was then close to 9.

2.2.2. Preparation of Organic Ferrofluid. The above prepared
aqueous ferrofluid was kept under slow stirring in the prepa-
ration reactor. The oleic acid was then added directly to the
reactor. One hour later, the entire reaction medium was
recovered in a beaker. Octane was gradually incorporated
into the beaker using a pipette. The mixture was then placed
on a magnetic stirring plate for two hours. The iron oxide
nanoparticles coated with oleic acid spontaneously pass from
the ammoniac phase to the organic phase, which results in
very clear phase separation between a clear lower phase
(aqueous phase) and an upper phase constituted by the
organic ferrofluid.

2.2.3. Preparation of (O/ W) Magnetic Emulsion. The first step
was to prepare a starting polydisperse emulsion of ferrofluid
referred to as “preemulsion.” This preemulsion was obtained
by gradually incorporating the organic ferrofluid in an
aqueous solution containing a surfactant (SDS) with mod-
erate stirring. The prepared magnetic emulsion was highly
sheared before performing a magnetic sorting process to
obtain narrow size distribution. Octane was removed via
evaporation process using rotary evaporation. The final
magnetic emulsion was then dispersed in the SDS solution
for further characterization and usage.

2.3. Designing Strategy for Fabrication of Combinatorial
Thin-Film Gradients. The basic principle of the layer-by-
layer technique is the deposition of a substrate such as
glass slides in polyelectrolyte and charged colloids solution
having opposite charges as presented in Figure 1. Glass
slides were first cleaned by overnight dipping in chromic
solution (10wt.% aqueous potassium dichromate: conc.
H,S0,50 : 50 v/v) by which they got negative charges on
their surface. In this technique, glass slides were first
dipped in positive polyelectrolyte solution for 10 minutes
followed by rinsing in ultrapure water twice for five
minutes. This results in the first positive layer with the
removal of unbound molecules on the glass slide. Then, the
glass slides were exposed to the negatively charged solution
(solution of prepared magnetic emulsion) again for ten
minutes followed by rinsing in ultrapure water twice for five
minutes. This results in a single bilayer formation on the
substrate that includes one bilayer of polyelectrolyte and
magnetic colloids. The number of bilayers deposited is deter-
mined by the number of cycles that the substrate undertakes.

Following this scheme, combinatorial thin-film gradients were
fabricated by varying the exposed surface of the substrate to
the solution of polyelectrolyte and magnetic colloids by chang-
ing the solution level. Combinatorial thin-film gradients were
fabricated having four distinct regions with 5, 10, 15, and 20
bilayers on a glass substrate. The dipping level of the solution
is changed after the completion of every 5 bilayers to make
gradients in the films.

2.4. Characterization Techniques. The average hydrodynamic
diameter (Dy), particle size distribution, and surface charge
of the magnetic nanoparticles were determined by Malvern
Zetasizer (Nano ZS, Malvern Instruments Limited, U.K).
The measurements were carried out in a 1 mM NaCl solution
at 25°C. The physical size of the prepared nanoparticles was
examined using Transmission Electron Microscopy (TEM,
Netherland) with a Philips CM120 microscope at the “Centre
Technologique des Microstructures” (CT) at the University
of Lyon (Villeurbanne, France). Thermogravimetric analysis
of organic ferrofluid and colloids was achieved by the ther-
mogravimetric analyzer (NETZSCH-TG209F1 Iris® ASC,
Germany) in the inert atmosphere from room to 600°C
temperature at the heating rate of 10°C/min. The magnetic
properties of dried magnetic colloids were studied at room
temperature by using a vibrating sample magnetometer
(Automatic Bench of Magnetic Measurements-ABMM
(UK) at the University of Lyon, Villeurbanne, France).

Detailed analysis to determine surface properties of the
thin films including film morphology, distribution of col-
loids, and covered area was observed using low-vacuum
analytical scanning electron microscopy (SEM, JEOL JSM
6490LA, Japan) at an accelerating voltage of 20kV at various
magnifications. Morphology and nanostructures of the
prepared films were obtained by an atomic force microscope
(AFM, Jeol JSPM-5200, Germany) operating in AC or
tapping mode, using a commercially available silicon probe.
All samples were also imaged using AFM in tapping mode
with magnetic force microscopy (MFM) in hover mode
under ambient conditions to observe the deposition of bilay-
ers in each section. The contact angle of different sections of
the gradient was measured by using drop shape analyzer
DSA 25 (KRUSS Advanced 1.8.0.4, Germany) based on the
sessile drop technique. To measure the contact angle, a 10-
15uL drop of ultrapure water was placed on the surface
of a glass slide using a needle. The angle between the
liquid/vapor interface and the solid/liquid interface (i.e.,
contact angle) was measured by using the ADVANCE
software installed in the drop shape analyzer. Film thick-
ness was measured by optical profilometer (NANOVEA
PS-50, USA) by moving the probe along the substrate
(glass slide) having self-assembly of thin films to acquire
the surface height.

2.5. Magnetic Resonance Imaging (MRI) of Magnetic Colloids
and Thin-Film Gradients. To study the diagnostic capability
of magnetic colloids and their films, MRI was carried
out by using a clinical MRI machine (GE SIGNA
EXPLORER, USA) of 1.5 Tesla having a FOV of 22cm
and an aperture of 60cm. Samples were prepared with
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FIGURE 1: Fabrication of combinatorial thin-film gradients using the layer-by-layer technique.

different concentrations in water in glass vials designated as
A0, Al, A2, A3, A4, and A5. T1- and T2-weighted images
were obtained with different values of MRI field echo (FE)
sequences (TR and TE) to study signal intensity. All samples
were placed in the MRI machine on the top of the multichan-
nel body coil. Contrast images were analyzed using host soft-
ware SV 25 available in MRI machine, and region of interest
(ROI) was calculated with the statistical tool K-PACS Work-
station (Version 1.5). Water was used as a control to compare
the contrast of colloids.

MRI of thin films was also performed using T1 and T2
sequences with different values of MRI field echo (FE)
sequences (TR and TE). Glass microslide was immersed in
ultrapure water in a custom made polyacrylic cell. Then,
the cell is placed inside a magnetic coil to obtain MRI images.
The same region of interest was taken in every section of the
films having 5, 10, 15, and 20 bilayers, and uncoated region
was taken as a reference. The intensity data was measured
in Hounsfield units based on the number of pixels contained
within the ROI. The relative intensity of each section was
measured by taking the mean values of the intensity. All the
images were taken in axial mode (along the z-axis) with a
slice thickness of 4 mm and a spacing of 1 mm.

2.6. Hyperthermia Study. To study the heating effect of the
prepared magnetic colloids, hyperthermia measurement of
the prepared magnetic emulsion was done by Nanotheric
Magnetherm 1.5 induction unit, operating at different fre-
quencies. The temperature of the field coils was maintained
by circulating water at 12°C. A small quantity (1 mL) of the
magnetic emulsion was taken in an Eppendorf tube and placed
in an insulating cylindrical container under an alternating
magnetic field. Temperature rise was noted for a specific time
with the “Neoptix optical fiber” temperature sensor. SAR
values were calculated by using Equation (1) [16].

cM dT
AR= — . —, 1
S m dt (1)

where c is the specific heat of the sample, M is the total mass
of the sample (in grams), and m is the mass of magnetic
nanoparticles (in grams). dT/dt is the initial linear slope of
the sample temperature profile obtained by a linear fitting
of the experimental data over the short time interval.

3. Results and Discussion

The salient overview of the experimental work is presented in
Figure 2 to highlight magnetic colloidal particles and the
potential bioapplications of combinatorial thin-film gradi-
ents fabricated by using the layer-by-layer technique for
MRI analysis and magnetic hyperthermia. MRI analysis
showed that the developed film gradients enable us to per-
form imaging experiments in a single step for disposable
lab-on-chip as a dipstick approach for diagnostic applica-
tions, and magnetic colloids deposited in film gradients are
considered as T2 contrast agents. Hyperthermia measure-
ments of magnetic colloidal particles showed a significant
heating effect in an alternating magnetic field to exhibit their
suitability for therapeutic applications. The present research
has significant potential for advances in polymer technology
to design and develop magnetic colloidal particles and their
combinatorial thin films for future efficient simultaneous
diagnostic and therapeutic bioapplications.

3.1. TEM and Dynamic Light Scattering (DLS) Analysis of
Aqueous Ferrofluid and Magnetic Emulsion. The aqueous
ferrofluid synthesized by coprecipitation was analyzed by
TEM. It was observed that particles were well dispersed
with minor aggregation due to the absence of any stabi-
lizer that weakens the magnetic interactions between the
particles [17]. No stabilizing agent was used during the
synthesis to get superparamagnetic nanoparticles. Agglomer-
ation of particles was due to the attractive forces between the
magnetic nanoparticles [18]. Some partial aggregation is
probably caused by the preparation of the samples for TEM
measurement. The observed clusters may also be attributed
to the capillary forces during the drying process of the drop-
let deposited on the grid before TEM analysis. Results of the
TEM analysis in Figure 3(a) showed that the magnetic nano-
particles were spherically shaped and uniformly distributed
in size with a mean diameter in number (D,) of around
6.6nm and 8nm as a mean diameter in weight (D,,). The
polydispersity index (PDI) was calculated by the analysis of
the TEM plate and it was found to be 1.2 (PDI=D,/D,).
The small size of the particles indicates that the nanoparticles
were in the superparamagnetic regime [19]. Figure 3(b)
shows the size distribution of aqueous ferrofluid nanoparti-
cles which was carried out using dynamic light scattering
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F1GURE 3: (a) TEM analysis of the prepared aqueous iron oxide nanoparticles. (b) Dynamic light scattering (DLS) analysis of highly diluted

aqueous ferrofluid.

analysis (DLS). The mean hydrodynamic size of the magnetic
nanoparticles was found to be around 5nm which was in
agreement with TEM analysis. The narrow size distribution
was due to the spherical morphology and negligible magnetic
agglomeration [17].

The prepared colloidal particles were also determined by
TEM to observe their morphology, structure, and size. TEM
images proved the colloidal stability of the particles without

aggregation [17]. Figure 4(a) shows the spherical shape of
the particles having a smooth surface texture and of nano-
metric size around 200 nm. The average hydrodynamic par-
ticle size was found to be 200nm with a polydispersity
index of 0.023 (Figure 4(b)). The lower value of PDI indicates
the monodispersity of the system with an excellent colloidal
stability [20]. The zeta potential is the measure of repulsive
forces between particles, and its value indicates the colloidal
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FIGURE 4: (a) TEM image of the magnetic emulsion. (b) Particle size distribution of the prepared magnetic emulsion via dynamic light
scattering technique. (c) Evolution of the zeta potential of the magnetic emulsion as a function of pH.

dispersion stability [21]. Zeta potential of the prepared emul-
sion as a function of pH was found to be between -20 and
-36mV as shown in Figure 4(c). The observed negative zeta
potential was attributed to SDS sulphate groups present on
the surface of the magnetic nanoparticles.

3.2. TGA of Organic Ferrofluid and Magnetic Emulsion. For
the present study, the objective of thermogravimetric analysis
(TGA) was to determine the chemical composition and
thermal behavior of the organic ferrofluid and magnetic
emulsion based on thermal decomposition. The TGA was
used for quantitative analysis to determine both organic
and inorganic phases. The TGA profile of pure oleic acid
typically exhibited single-step thermal degradation with
the maximum rate at around 280°C as several studies
reported in the literature [22-24]. In the present work,
the TGA was carried out in the range of room temperature
to 600°C in an inert atmosphere with a heating rate of
10°C/min. Figure 5 shows the thermal behavior of the organic
ferrofluid, illustrating the variations of the residual masses of

the samples with the increasing temperature. About 20%
of weight loss between 25°C and 550°C is attributed to
the degradation of oleic acid in organic ferrofluid [25]. It
was also observed that the weight loss is composed of
two steps, and this is in good agreement with the reported
literature [24]. The first weight loss of about 3% between
25°C and 250°C was due to the loss of oleic acid that acts
as an outer layer. The second weight loss of about 17%
was attributed to the loss of the oleic acid layer (inner
layer) strongly bound to the magnetic nanoparticles
because of the covalent bond formation that is related to
the affinity between the carboxylic group of oleic acid
and ferric and ferrous ions on iron oxide nanoparticles
[26, 27]. The amount of maghemite in ferrofluid can be
estimated from the residual mass percentages. TGA curve
shows that the oleic acid would completely decompose when
the temperature reached 550°C. According to mass loss data
from the TGA for organic ferrofluid, the maghemite content
in the ferrofluid was found to be 80%, showing that the for-
mulation containing 20 wt.% oleic acid with respect to total
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F1GURE 5: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of dried organic ferrofluid.

formulation weight [24, 28, 29]. There were two endotherm
peaks observed in DTA (differential thermal analysis) cor-
responding to the weight loss in two steps in the range of
200°C to 500°C that confirmed the formation of a bilayer
of oleic acid on the maghemite surface. The outer layer
which was physically adsorbed on the inner layer gets
decomposed at a lower temperature while the inner layer
that was strongly bonded to the particle surface undergoes
decomposition at higher temperature [30]. The second
endotherm was observed at around 350°C revealing the
complete decomposition of oleic acid.

The iron content in the prepared magnetic emulsion
was also determined by thermogravimetric analysis
(TGA). This technique consists of measuring the loss of
mass of the analyzed sample (in powder form) by thermal
degradation of ferrofluid [31]. The crude magnetic emul-
sion was washed extensively before TGA; this removed
all the impurities including the physically adsorbed outer
layer of oleic acid. Since oleic acid was used in high excess,
therefore, free molecules of oleic acid that formed the
outer layer were mainly oriented to the water interface.
It resulted in single-step degradation unlike the two-step
degradation observed in the case of organic ferrofluid. There
was no significantly different thermal change observed as
noted in these studies. It is expected that similar trends of
thermal degradation of oleic acid took place in the prepared
magnetic emulsion. Figure 6 shows that about 25% of the
weight loss was due to the degradation of oleic acid in ferro-
fluid droplets found in the magnetic emulsion [30]. The
thermograms for magnetic emulsion show that the loss of
mass was gradual. A broad endotherm peak was observed
around 350°C that corresponds to the complete degradation
of surfactants. Thus, a mass loss using TGA demonstrated
that magnetic emulsion was found to be composed of 75%
of iron oxides and 25wt.% oleic acid that remained bound
to nanoparticles and could not be washed oft [32].

3.3. Magnetization Measurement of Organic Ferrofluid and
Emulsion. The saturation magnetization of the ferrofluid

is shown in Figure 7. It was determined by extrapolation
(magnetic field-H — o0) of the line obtained by plotting
magnetization - M = f (1/H) and was close to 55emu/g.
This value was close to the theoretically saturated magne-
tization of maghemite (M, =76emu/g) and reflects the
excellent magnetic properties of iron oxide nanoparticles
[33]. Differences between experimental and theoretical
values were frequently reported in the literature and justified
by the existence of defects in the crystal structure or the
presence of nonmagnetic compounds incorporated during
emulsion formulation [34]. In our case, this difference was
mainly attributed to magnetically inactive oleic acid used to
prepare organic ferrofluid, which accounts for almost 20%
of the total mass of the organic ferrofluid [35]. Considering
the composition of the magnetic emulsion, the saturation
magnetization reached 40 emu/g, revealing that the super-
paramagnetic behavior of the magnetic particles was retained
after emulsification[33].

3.4. Combinatorial Thin-Film Thickness. The thickness of
self-assembled combinatorial thin film gradients depends
on the number of bilayers of adsorbed polyelectrolyte and
magnetic colloidal particles [36]. Film thickness was mea-
sured by optical profilometer, and it was clearly shown in
Figure 8 that the thickness varies with the number of bilayers.
The thickness increases almost linearly after the deposition of
every five bilayers. Less increase in the thickness after the
deposition of five bilayers could be due to the substrate effect
[37]. The total thickness of films having 5, 10, 15, and 20
bilayers was 50 ym, 82 ym, 142 ym, and 232 pum, respectively.
The film thickness increasing with bilayers shows uniform
growth of PDAC/magnetic colloids thin films with a distinct
interface between coated and uncoated surfaces.

3.5. Scanning Electron Microscopy (SEM) of Combinatorial
Thin-Film Gradients. Film morphology, distribution of col-
loidal particles, and area coverage were determined by SEM
at various magnifications. The oppositely charged particles
adsorbed onto the substrates have increased with the increase
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in the number of bilayers. SEM images also revealed agglom-
eration of particles due to electrostatic attraction between
oppositely charged polyelectrolytes showed in Figure 9. The
gradient films of PDAC and negatively charged colloids in
different bilayer sections undergo charge overcompensation
phenomenon that was directly related to layer-by-layer
adsorption of particles in successive steps [38]. Increasing
the number of washing steps or varying the substrate can lead
to a uniform distribution of opposite charges and ensure
uniformity in film deposition [39].

Oppositely charged colloids deposited in the first layer
served as sites for the second layer. The surface adsorption

and agglomeration of magnetic colloidal particles progres-
sively increased with the number of bilayer colloids [40]. In
5 bilayers, much less fractions of glass slide surface area
were covered as compared to 10, 15, and 20 bilayers due
to substrate effect [37].

Electrostatic interactions between negatively charged
magnetic colloidal particles and positively charged PDAC
played an important role in the growth of thin films. Thus,
one may easily tune the characteristics of the thin films by
controlling the colloids concentration on the surface. The
magnetic colloidal particles were directly adsorbed on the
glass slide without any change in their properties, such as size
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and shape; these are very important for in vitro applications
of the films [13].

3.6. Contact Angle of Combinatorial Thin-Film Gradients.
Figure 10 shows a decrease in contact angle values with an
increase in the number of bilayers that was necessary for
T2-weighted MRI contrast agents. The decrease in contact
angle with bilayers confirms the phenomenon of charge
overcompensation in growing thin films [41] and an
increase in hydrophilicity of films that results in greater
interaction of water molecules with the fabricated films.
There was a regular decrease in contact angle with an
increasing number of bilayers. The decreasing trend of con-
tact angle in fabricated gradient films can be attributed to a
higher colloidal particles deposition [40]; this is highly
important for MRI [13].

3.7. Quantitative Analysis of Topography of Combinatorial
Thin-Film Gradients by Atomic Force Microscopy (AFM)
and Magnetic Force Microscopy (MFM). AFM and MFM
imaging were achieved for each section of the combinatorial
thin-film gradient deposited on a glass slide. Figures 11 and
12 shows the AFM and MFM images of thin-film gradients
of magnetic colloidal particles. AFM images show the
increasing coverage and agglomeration in 3D images as the
number of bilayers increases [40]. The gradient trend can
be seen from the AFM results in Figure 11 showing that, as
the number of bilayers increases, the number of particles
deposited also increases along the substrate. It was also
observed that the deposition of particles in each section of
bilayers (5, 10, 15, and 20) was nonlinear. This type of non-
linear deposition has been observed in the case of the LBL
technique [42]. In addition, the distribution of particles on
substrates became more uniform with the increase in the
number of film bilayers. It is clearly evident that with the
increase in the number of bilayers, there is a significant
increase in the deposition of magnetic colloidal particles on
the surface of the prepared films via a self-assembly process.
The number of adsorption sites increased with the number of

bilayers indicated the increase in thickness and roughness
of the surface [13, 43]. As a consequence, an increase in
the number of deposited colloidal particles with the
increase in the number of bilayers leads to the increase in
surface roughness along the substrate for 5, 10, and 15
bilayers; this is in agreement with the reported literature
[12, 13]. But we observed a slightly different behavior of
gradient films with 20 bilayers. The surface with 20 bilayers
observed to be relatively smoother as compared to surfaces
with 5, 10, and 15 bilayers. The root-mean-square values
(Rq) of surface roughness were 19.1 nm, 41.2nm, 47.5 nm,
and 34nm for 5, 10, 15, and 20 bilayers, respectively,
whereas average roughness (R,) values were 12.2nm,
29.8nm, 39.2nm, and 27.3 nm for 5, 10, 15, and 20 bilayers,
respectively. The surface roughness of films with 20 bilayers
is lower as compared to 5, 10, and 15 bilayers, and that
anomaly may be attributed to various factors that affect
the resolution of the surface roughness measurement. The
AFM system noise effects limit the vertical resolution, and
the tip radius effect limits the spatial resolution [44]. Due
to these effects, film gradients with 20 bilayers showed a
decrease in R, and R, values. Tip geometry directly correlates

to the roughness value [45]. When the tip is sharp, it obtains
an accurate feature of the surface. But as the tip becomes
blunt, it cannot approach the bottom of the sample, so it
obtains a skewed feature of the surface. In short, as the tip
radius increases, the roughness value decreases. In the
tapping mode, AFM tip sharpness degraded more than
80%, and its diameter changed significantly as its tip end
got damaged progressively during the scans which affect the
roughness measurements. The system noise is equally impor-
tant since when the noise gets mixed into the AFM results;
the AFM cannot accurately measure the accurate roughness
[46]. The charge on the polyelectrolyte, substrate-PDAC
interactions, and substrate dipping time in polyelectrolytes
also affected the adsorption behavior in LBL thin films [47].
Agglomeration of colloidal particles was due to the electro-
static interactions between oppositely charged polyelectro-
lytes on the surface.

MEFM images of different sections of bilayers were also car-
ried out to characterize and localize magnetic nanoparticles at
the nanoscale as shown in Figure 12. It was clearly evidenced
from the MFM images that individual magnetic nanoparticles
cannot be detected by MFM because the magnetic field is
directly proportional to the diameter of the particles and thus
very small. MFM contrast was generated by the interaction
between the MFM probe and the magnetic field close to the
sample surface. These local nanoscale magnetic interactions
cause deflection of the probe which produces a measurable
signal monitored for the magnetic imaging of the sample
[48]. The phase image contrast represents magnetic force gra-
dient mapping. MFM images of combinatorial gradient films
showed that, as the number of bilayers increases, brighter fea-
tures were higher. An increase in density can be seen through
the contrast caused by the magnetic properties of the surface
being characterized. Thus, the MFM images showed the mag-
netic field distribution of a sample on the nanoscale, and no
extensive sample preparation is needed. In each section of
bilayers, agglomeration of particles in the form of clusters
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FiGgure 10: Contact angle measurements of combinatorial thin-film gradients.

was successfully imaged. From the MFM images, one can see
the phase shift in terms of degrees resulting from the tip and
sample interactions [49]. As the number of adsorbed colloids
increases with the number of bilayers, there can be an increase
in the interaction between the tip and the substrate that causes
the shift in the oscillation of the cantilever. The difference in
phase angle between free and interacting cantilever oscillation
causes a phase shift that increases with increasing bilayers. The
larger the phase shift, the better the magnetic properties of the
samples [50]. A negative phase shift over small magnetic
domains was observed in MFM images. This was due to
attractive interactions between the probe and the magnetic

domain. In addition, the magnetically induced phase shift
can have both positive and negative regions over a single mag-
netic domain when the probe-magnetic domain distance is
small, rather than being a unidirectional effect [48].

3.8. MRI Analysis of Magnetic Colloids and Combinatorial
Thin-Film Gradients. MRI is a very time consuming and
expensive diagnostic investigation as compared to other
methods such as X-ray and computed tomography (CT).
There are no known side effects of MRI scans because it does
not involve any kinds of radiations, but it uses magnetism
that can distort images of the patients having heart
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FiGure 11: AFM images of combinatorial thin-film gradients of PDAC and prepared magnetic colloidal particles.

pacemakers, metal implants, metal chips, or clips that can  cal clips, or any other foreign metallic material inside the
interact with the magnet. MRI contrast agents can cause an  body. Out of all these side effects, claustrophobia is one of
allergic reaction, flushing sensations, coldness, headache, = the dominant sensations during MRI scanning in which the
itching, nausea in patients, and distortion of images obtained =~ patient feels uncomfortable due to the fear of being enclosed
by MRI scanners due to the presence of metallic chips, surgi-  or trapped. MRI is also not suitable for patients having
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asthma, anemia hypotension, and sickle cell disease. Differ-
ent other methods are used for imaging like X-ray, CT, and
positron emission tomography (PET), but MRI is the safest
procedure to produce images of the body structures. The
main advantage of the present work is the in vitro noninva-
siveness diagnosis of biological fluids using combinatorial
thin-film gradients. The developed technique lessens the time
and expense of the MRI procedure and reduces animal exper-
imentation. The development of such films permits the
advancement of the easiest sample application, economic,
reproducible, and a disposable chip for dipstick-like
approach towards molecular diagnostics.

3.8.1. Effect of Iron Concentration of Colloids on Imaging.
Magnetic nanoparticles are considered as T2 contrast agents
because they reduced the spin-spin relaxation time [51]. For
this purpose, the experimental work carried out to determine
the extent to which these particles would enhance the con-
trast of an MRI image through T1 and T2 sequences. T2
was characterized by spin-spin relaxation time in which the
transverse component of the magnetization vector exponen-
tially decayed towards its equilibrium value of zero in MRI.
On the other hand, T1 was the spin-lattice relaxation in
which longitudinal components of the magnetization vector
exponentially recovered to its initial value. Both T1 and T2
are different for different tissues.

MRI characteristics of the prepared O/W emulsion were
investigated at various concentrations of iron in the water.
Glass vial containing only water was used as a control to
compare the contrast capability of the emulsion. These sam-

ples were exposed to a magnetic field, a radiofrequency pulse
that causes atoms spin and relax after the pulse stops. This
relaxation time was detected by the scanners and mathemat-
ically converted into an image. The MRI contrast capability
of all the samples having different concentrations was ana-
lyzed and compared to water. MRI images represent the
placement of samples inside the MRI machine. The MRI
images were recorded, and equal region of interest (ROI)
was drawn manually to obtain average intensity data based
on the number of pixels within ROL Graphs were made using
concentrations of iron and acquired ROI intensity. T1-
weighted images were obtained by varying TR values (420,
520, 620, 720, and 820 ms) keeping TE fixed at 20 ms, and
T2-weighted images were obtained at different TE values
(45, 75, 105, 135, and 165 ms) at constant TR 5000 ms.

Figure 13 characterizes the comparison of the average
intensity of various samples in the case of T1- and T2-
weighted images at TE 75 ms and TR 520 ms. It was observed
that all the samples were better T2 contrast agents, as there
was no significant effect of concentration on T1 intensity.
Also, the T2 negative contrast capability increases with an
increase in the concentration of iron in samples that is in
good agreement with the reported literature [52, 53]. Com-
pared to water which appeared brighter, T2-weighted images
of magnetic colloids appeared to be darker. T2 intensity
values of samples indicated their sensitivity as MRI contrast
agents.

The T1- and T2-weighted images were obtained through
T1 and T2 sequences. As the iron concentration increases in
water, signal intensity decreases significantly from higher to
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lower values; this is in agreement with the reported values
[54-56]. It showed the potential of the prepared emulsion
as negative contrast agents. MRI signal intensity varies with
TE values. The energy exchanged between protons in water
increased with the concentration that resulted in the
enhancement of the T2 relaxation rate. An increase in iron
concentration creates inhomogeneity in an externally applied
field that leads to the dephasing of the magnetic moments
and eventually T2 shortening [57]. The lower intensity values
compared to water indicated a negative contrast property of
these formulations in the case of T2 sequences. The nature
of surface coating or functionality on the magnetic nanopar-
ticles also affected the relaxivity of magnetic colloids. It can
also be concluded that the emulsification of magnetic nano-
particles in an aqueous phase in this formulation increased
the hydrophilicity of particles that allowed greater proximity
of water molecules to the nanoparticles, leading to a shorten-
ing of T2 relaxation. Hydrophilic and hydrophobic nature of
coating affects the degree of hydration and thus their ability
to generate contrast in MRI imaging [58]. The surface coat-
ing of magnetic particles also prevents the aggregation of
particles and thus reduces the interparticle distance that leads
to a shortening of the T2 relaxation rate. Relaxivities were
strongly affected by particle aggregation [59].

From the results of the signal intensity of T1-weighted
images, it was revealed that the concentration of iron did
not significantly affect the degree of contrast in TI-
weighted images. Thus, the prepared magnetic colloidal
particles were considered as T2 contrast agents rather than
T1. Surface modification of magnetic nanoparticles influ-
enced the imaging capabilities, hence also affected the T1
relaxivity [58]. It was observed that a sufficient amount
of iron is required to generate contrast in MRI and to
improve the visibility of internal body structures in MRI
[60]. Magnetic resonance imaging contrast agents also
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induce noticeable relaxation time change in the atoms of
body tissues after oral or intravenous administration. The
intensity data obtained from MRI images suggest that these
formulations could be helpful to develop more effective
contrast agents for diagnosis and can be explored for various
biomedical applications. Thus, the T2 has strong relaxivity
that resulted in a strong variation in T2 signal intensity in
the prepared colloids. The mean signal intensity data for all
the samples were calculated, and the bar graphs of the mean
signal intensity values along with standard deviation values
were plotted for each TE sequence (45, 75, 105, 135, and
165 ms) at TR 5000 ms. Signal intensity showed a constant
decreasing trend for all the samples at all TE values, which
was observed from Figure 14.

3.8.2. MRI Analysis of Combinatorial Thin-Film Gradients.
The objective of the present work was also to investigate
combinatorial thin-film gradients for their efficacy as con-
trast imaging agents via MRI to evaluate whether these films
were able to generate any contrast. MRI was carried out using
a clinical 1.5T MRI machine. Glass slides having gradients
were immersed in a test liquid (ultrapure water) and
examined at room temperature. An uncoated region was
taken as a reference to compare the difference between
the contrasts generated by the gradients. The axial MRI
images of thin films were obtained which showed five differ-
ent regions in combinatorial thin-film gradients (uncoated, 5,
10, 15, and 20 bilayers). The results indicated that magnetic
colloids in combinatorial thin films can generate contrast.
Signal intensity decreased with the increase in the number
of bilayers from 5 to 20. The decrease in signal intensity along
the gradient was due to an increase in the number of particles
deposited on the slide and a decrease in contact angle that
enhances the interaction of water molecules and colloids
[13]. An increase in the number of particles adsorbed in thin
films along the gradient from 5 to 20 bilayers was evident
from SEM results, due to which there is a decrease in MRI
intensity count. Due to the hydrophilic nature of the films,
it is considered highly eflicient to generate contrast in the
images formed in MRI scans. Furthermore, functionalization
of the surface of magnetic nanoparticles enables their use as
multifunctional particles in cancer treatment and multimod-
ality imaging.

Agglomeration of magnetic colloids upon interaction
with bioanalytes results in an increase or decrease of MRI
intensity, thus showing their potential capability as a contrast
agent and forms the base of detection [57]. In the case of
combinatorial thin-film gradients, agglomeration was due
to the self-assembly of particles rather than interaction with
analytes. This study revealed that the combinatorial thin-
film gradients of adsorbed magnetic colloids on glass micro-
slides have assisted in decreasing the contrast of the image
formed by MRI [52, 53]. This work has significant prospects
to enhance and improve the future point-of-care lab-on-chip
to develop highly efficient imaging via surface-based MRI of
a wide variety of molecules and cells present in the sample of
the blood pool such as white blood cells, red blood cells, and
platelets. The development of combinatorial gradient thin
films eradicated the necessity of injecting magnetic colloids
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into a living body as contrast agents and prevents the associ-
ation of living organisms in experimentations. Thin films can
be fabricated with specific receptors that respond to certain
cells which further improve cellular visualization. Difference
in contrast in combinatorial thin-film gradients significantly
enhances the sensitivity of the films and allows their usage in

microfluidic lab-on-chip MRI systems. The mean signal
intensity values of uncoated, 5, 10, 15, and 20 bilayer sections
in combinatorial gradient thin films were calculated, and the
graphs of the mean signal intensity values with standard
deviations were constructed against T2 sequence (TE 45,
75, 105, 135, and 165 ms). A persistent decreasing trend in
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FIGURE 16: Heating curves of magnetic emulsion taken at different values of AC magnetic field parameters. (a) Hyperthermia measurements
of 1 mL of sample. (b) Change in temperature per mL of magnetic emulsion.

intensity was observed at all TE sequences as shown in
Figure 15.

3.9. Hyperthermia Measurement of Magnetic Colloidal
Particles. This part of the study aimed at evaluating the heat-
ing capability of colloidal particles (magnetic emulsion) as
hyperthermia mediators. The heating profiles of the sample
were estimated and plotted as a function of time, shown in
Figures 16(a) and 16(b). The sample was placed in a small
vial, inserted in an insulated container to confirm adiabatic
condition. Measurements were made at different frequencies
(259 kHz, 22 mT; 327 kHz, 17 mT; and 518 kHz, 23 mT) for a
specific time (400 sec). The temperature rises with increasing
frequency up to a certain limit and then becomes constant
[61]. In the present work, maghemite nanoparticles of
6.6nm as mean size were emulsified in aqueous solution.
This mean particle size was less than the critical mean size
required for maximum hyperthermia effect (15-18 nm)
[62]. The emulsification of organic ferrofluid hinders the
heating effect and thus provides better control over the ther-
apeutics. The high heat capacity of the surfactant ensures that
the temperature rise was reasonable to avoid overheating,
and surface functionalization of nanoparticles regulates the
heating performance in hyperthermia. Low content of surfac-
tant over the magnetic nanoparticles had better heating effi-
cacy. There was a maximum temperature rise of 17°C at
518kHz. As the frequency decreases, there was a different
degree of heating observed. Starting from the normal body
temperature (37°C), there was a temperature rise of 7°C at
259kHz, which was suitable for hyperthermia. These results
were in concordance with the previously reported values
[63]. SAR values at 259kHz, 327kHz, and 518kHz were
found to be 156 W/g, 255W/g, and 336 W/g, respectively.
The magnetic emulsion had low SAR values due to the non-
magnetic part in the prepared emulsion and large hydrody-
namic size [16].

4. Conclusions

Aqueous and organic ferrofluids consisting of maghemite
nanoparticles were prepared by using the coprecipitation
method. Single emulsion technique was devised to emulsify
these nanoparticles in an aqueous medium. The particle size
of nanoparticles and their colloidal particles were determined
by TEM and found to be 6 nm and 200 nm, respectively. The
iron oxide contents were measured by TGA and found to be
75% in the magnetic emulsion. The saturation magnetization
of maghemite nanoparticles was 55 emu/g, which was higher
than its colloidal solution due to surface modification. Com-
binatorial thin-film gradients were also fabricated using a
layer-by-layer self-assembly method using PDAC and the
prepared magnetic emulsion. The thin films were analyzed
by scanning electron microscopy, atomic, and magnetic force
microscopy that showed overall an increase in surface cover-
age with an increase in a number of bilayers. Film thickness
was also measured and showed linear deposition of colloidal
particles along the substrate. The diagnostic capability of
these films and colloids were evaluated by obtaining T1-
and T2-weighted images using water as the test liquid. A neg-
ative contrast was enhanced as the concentration of iron
increases in the samples. Film gradients showed a decreasing
trend in intensity with an increase in the number of bilayers.
Thus, the developed magnetic combinatorial thin-film gradi-
ents from prepared magnetic colloids could be served as a
noninvasive medical imaging modality that can be used as a
dipstick approach in routine clinical diagnosis. Hyperther-
mia measurements indicated a significant heating effect of
magnetic colloids in alternating magnetic field showed their
suitability for therapeutic applications.
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Although microRNAs (miRNAs) have emerged as increasingly important target analytes, their biorecognition remains chal-
lenging due to their small size, high sequence homology, and low abundance in clinical samples. Nanospheres and microspheres
have also gained increasing attention in biosensor applications due to their high specific surface area and the wide variety of
compositions available. In this study, chemically designed and synthesized microspheres with active functional groups were used
to promote effective miRNA immobilization resulting in better biorecognition. Upon conjugation with fluorescence-labeled
complimentary probes, acylate-based spheres have indirectly detected MiR159, offering significantly enhanced analytical sen-
sitivity, specificity, and accuracy while yielding a considerably low limit of detection (LOD) of 40 picomolar. Furthermore,
MiR159 presence, which is known to be inversely correlated to breast cancer incidence and progression, was successfully detected
in a competitive assay, which is promising for upgrading the current assay to clinical use.

1. Introduction

MicroRNAs (miRNAs) are short regulatory ribonucleic
acids (RNAs) ranging from 18 to 25 nucleotides in length
[1]. Overexpression or underexpression of miRNAs is
associated with various diseases and with distinct stages of
specific illnesses [2-6]. Monitoring changes in expression
levels of miRNAs is invaluable for timely initiation of
treatment and/or for monitoring the effectiveness of an

ongoing treatment [7-9]. MiRNAs are challenging targets
for biorecognition due to their small size, high levels of
sequence homology, and semistable secondary structures
[10]. Routinely applied strategies for detection of miRNAs
including northern blot, microarrays, or real-time poly-
merase chain reaction (PCR) require complex equipment
and data analysis, while they are costly and not always
available in every clinical setup [8, 11]. Moreover, several
reports indicate insufficient specificity and sensitivity
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when dealing with these techniques which add to the
existing challenges of miRNA detection [12].

Nano/microspheres have drawn a great deal of interest in
immunoassays due to their key advantageous features in-
cluding (i) amenability to screening and multiplexing; (ii)
significantly larger specific surface area in comparison with
two-dimensional (2D) platforms which facilitate higher
analyte-surface interaction; and (iii) high spatial freedom for
interaction with biomolecules of interest [13-21]. miRNA
detection using different particle types are reported in the
literature [22, 23]. A wide range of particles were used for the
purpose of miRNA detection including magnetic, carbon,
graphene oxide, silver, and copper particles [24-30].
Quantum dots-encoded microbeads (Qbeads) introduce
another strategy for detection of miRNAs [31, 32]. While
these technologies opened windows of opportunity for ef-
fective detection of miRNAs, a vast majority of them involve
time-consuming functionalization steps, expensive reagents,
complicated procedures, and sophisticated laboratory setups
[12]. Even then, the stability of the modified bioreceptive
surfaces is not guaranteed, as they might lose their func-
tionality over time [33, 34].

In this work, we describe a proof-of-concept strategy that
involves cross-linked polymethacrylate microspheres of
different sizes as bioreceptor surfaces for miRNA detection
based on nucleotide hybridization. The polymer-based
microspheres possess tailored physical and chemical prop-
erties. While offering a large surface area for analyte-surface
interaction, the spheres are benefited from the inherent
presence of carbonyl (-C=0), hydroxyl (-OH), and aromatic
groups that further promotes biomolecular interactions.
This makes the functionalization and surface activation steps
unnecessary. Microspheres were integrated into a conven-
tional 96-well plate for a one-step hybridization assay for
biorecognition of Cy3-labeled miR159 as the target analyte,
using a complementary amino-modified DNA capture
probe. Moreover, synthetic unlabeled miR159 was detected
in a competitive assay as a further proof-of-concept since the
concentration of miR159 in blood serum is inversely cor-
related to the breast cancer incidence and progression in
humans [35]. This straightforward strategy for the first time
allows a routine analytical assay to detect microRNAs in the
picomolar (pM) range without any amplification.

2. Materials and Methods

2.1. Chemicals and Reagents. Sodium citrate (Na;CsHsO5),
sodium chloride (NaCl), hydrochloric acid (HCI), sodium
dodecyl sulfate (SDS), polysorbate 20 (Tween 20), toluidine
blue (TB), sodium hydroxide (NaOH), acetic acid (AcOH),
nuclease-free water, and bovine serum albumin (BSA) were
purchased from Sigma Aldrich (St. Louis, MO, USA). Capture
probe, amino-modified DNA (5-TTTAAGGAGCTCaca-
tacgcgggee-3'/amino modifier/), target Cy3-labeled analyte
miR159 (5'-GAGCUCCUUAAAguuaaaca-3'/Cy3/), synthetic
target miRNA159 (5'-GAGCUCCUUAAAguuaaaca-3') and
the noncomplementary negative control, Cy3-tagged miR-lin4
(5'-acaccugggcucuccggguac-3'/Cy3/), were purchased from
Integrated DNA Technologies (Coralville, IA, USA). The
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uppercase and lowercase letters in the biomolecules represent
complementary and noncomplementary nucleotides, respec-
tively (amino modifier is a primary amine with no spacer arm).

2.2. Microsphere Synthesis. Polymethacrylate microspheres
were synthesized in a suspension by polymerization
(Geleen, the Netherlands) with monomers methyl meth-
acrylate (MMA), 2 hydroxylethylmethacrylate (HEMA), 4-
iodo-benzyloxo-ethyl methacrylate (4-IEMA), and tet-
raethyleneglycol dimethacrylate (TEGDMA). Details of
particle synthesis and characterization (storage stability,
hemo- and cyto-compatibility, structure, and absence of
leachable components) have previously been reported
[36, 37]. Spheres were sieved and size-sorted as follows:
MMS-1 (200-400 um); MMS-2 (400-600 ym); MMS-3
(600-700 ym); and MMS-4 (700-900 ym) (Figure 1). The
spheres are slightly hydrophilic and relatively dense
(~1.3g/mL) which are advantageous features for bio-
recognition applications, as the conjugated particles will
sink in aqueous media without clustering. This, in turn,
maximizes the contact with the analyte of interest.

2.3. Morphology, Size Distribution, Surface Area, and Raman
Spectroscopy Analyses. A scanning electron microscope
equipped with a field emission gun (FESEM, JEOL,
JSM7600F, USA) was used for the morphological analysis of
platinum-coated spheres from different size categories. The
acceleration voltage of the instrument was 0.5kV. The size
distribution of each size category was calculated from optical
microscope images of 500 + 5 randomly selected spheres from
each group (OLYMPUS, BX51TRF, Japan). The specific
surface area of each size category (per 10 mg) was calculated
from the size distribution analysis (Figure 1) [36]. Raman
spectra were recorded on a Raman Spectrometer, LabRAM
HR Evolution (Horiba, Japan), coupled to an Olympus BX-4
microscope. The wavelength used to excite the sample was
532 nm, which was provided with a Nd:YAG laser as an ir-
radiation source. The specific conditions were as follows: laser
ND filter 25%, accumulation time of 3 s, 6 accumulations, 600
lines/mm grating (500 nm), a hole of 50 micrometers.

2.4. Topography Analysis of Microspheres before and after
miRNA Immobilization. The surface of the microspheres
before and after miRNA immobilization was analyzed
by atomic force microscopy (AFM, Asylum Research
MFP3D SA) in the tapping mode in air. An Asylum Research
model AC240TS-R3 rectangular tip was used to analyze the
surface. The scans covered areas of 60 x 60 ym and 1 x 1 ym
with a speed interval from 0.20 to 0.50 Hz. The frequency of
the first nominal resonance was 70 kHz, the nominal spring
constant was 2 N/m, and the nominal curvature radius was
9+ 2nm. Prior to AFM analysis, samples of microspheres
were incubated in hybridization solution (1 M of capture
probe and 1uM of the Cy3-miRNA analyte) for 2 hours
followed by washing two times with SSC and 0.01X SSC,
respectively.
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F1GURE 1: SEM images of the spheres from different size categories along with their size distributions: (a) MMS-1 (200-400 ym); (b) MMS-2
(400-600 ym); (c) MMS-3 (600-700 ym); (d) MMS-4 (700-900 um). Specific surface area measurement for 10 mg of each size group is

presented in the center.

2.5. Oligonucleotide Immobilization and Toluidine Blue
Titration. The ability of the microspheres in accommo-
dating miRNAs on their surface was assessed via a toluidine
blue assay. The assay was calibrated prior to readout using
calibration solutions of 2 uM, 4 yM, 6 uM, 8 uM, and 10 uM

TB. Microspheres (10 mg) were incubated in a 1 yuM solution
of the capture probe (200 L, 37°C, 2h) followed by thor-
ough washing with sodium saline citrate (SSC). This method
was previously reported in the literature and was thoroughly
tested [38-40]. Toluidine blue (TB) titration was used to



confirm the presence of the oligonucleotide capture probes
bonded to the surface of the microspheres. This technique
relies on the pH-dependent electrostatic interaction between
TB dyes and nucleotide phosphate groups (Figure 2(a)) [38].
Spheres of different size categories (10 mg) were immersed in
8mL of 0.5mMTB and 0.1 mM NaOH solution for 2 hr,
followed by washing the spheres in 0.1 mM NaOH for the
complete removal of noncomplexed TB dye. The spheres
were subsequently incubated in 3 mL of acidic solution (50%
AcOH in distilled water) for 45 minutes in order to strip the
complexed TB molecules into the acid solution for mea-
surement at 635 nm by using a Jenway (Stone, Staffordshire,
UK) spectrophotometer.

2.6. Buffer Preparation for the Analytical Assay. The stock
solution of 20 times concentrated SSC (20X, 3 M NaCl, 0.3 M
Na;CgHs05, pH adjusted to 7 using HCI) and subsequent
dilutions of this buffer (5X and 0.01X) were prepared with
nuclease-free water (Sigma Aldrich, St. Louis, MO, USA). All
dilutions were filtered with sterile 0.2um syringe filters
(Corning, Corning, NY, USA). The capture probe solution
was initially prepared in nuclease-free water and was diluted
in SSC buffer to 10 uM. This concentration was utilized as
the stock solution for further dilutions of the capture probe.
The solutions of SSC and 0.01X SSC have been used as the
washing buffers after incubation with the capture probe and
hybridization miRNA, respectively. A blocking buffer
containing (1%, w/v) BSA, (0.02%, w/v) SDS, and (0.05%,
w/v) Tween 20 in 5X SSC was used to reduce the chance of
nonspecific binding.

2.7. Indirect and Competitive Hybridization Assays. A pre-
determined amount of the spheres (10 mg) was loaded into
the wells of conventional 96-well plates (Corning, NY, USA).
As control, the indirect assay was also conducted in the
conventional 96-well plate without spheres. To minimize
experimental variability, all the assays were performed under
the exact same conditions and by using the same batch of
buffers. The miRNA probes were physically immobilized on
the surface of the spheres. The spheres were loaded inside a
96-well plate, and each well was charged with 200 uL so-
lution of capture probe (1 yM). The incubation was carried
out for 2 hr at 37°C. All the wells were thoroughly washed
with SSC buffer (3 times, 200 uL) and were charged with
blocking buffer (200 L) to avoid nonspecific binding. The
incubation was carried out for 1hr at 37°C followed by a
complete washing process with SSC buffer. Each well has
subsequently received 200 yL of the analyte solution (2 hr at
37°C). Analyte solutions (Cy3-miR159) were prepared by
diluting the original concentration (100 M) with 0.01X SSC
buffer in order to achieve a concentration range as follows:
1000 nM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, and 1 pM.
To avoid fluorescent bleaching, from this step onwards, the
assay was performed in a dark room. The assay was finalized
by another round of washing (0.01X SSC) before readout.
The fluorescence intensity of the Cy3 label was measured
with 530/25nm and 590/35nm excitation and emission
filters, respectively. The readout was performed with an

Advances in Polymer Technology

integration time of 0.1 s and 120% sensitivity in a Synergy 2
microplate reader (BioTek Instruments, Inc., Winooskin,
VT, USA).

Since the concentration of the target analyte is inversely
correlated with breast cancer, a competitive hybridization
assay was additionally performed to assess the potentials of
the developed assay. Synthetic miR159 was detected in
competition with Cy3-labeled miR159. In this procedure,
10 mg of microspheres (MMS- 3 as the representative group)
was loaded in each well of a 96-well plate and coated with
capture probe at 1uM. The fluorescence-labeled miRNA
(Cy3-miR159) was diluted to 100nM and 1000 nM, while
synthetic miR159 was diluted to 0 nM, 10 nM, 100 nM, and
1000 nM. Competitive binding was performed using the
same buffers and at the same incubation time and tem-
peratures as reported above. Relative fluorescent intensity
was calculated by dividing intensity (for each concentration
of the untagged miRNA) by the negative outcomes (cal-
culated in the absence of untagged miRNA).

2.8. Calibration and Evaluation of the Assay. Calibration of
the assay was performed with capture probe (1 M) and
different concentrations of the target analyte (1000 nM,
100nM, 10nM, 1nM, 100pM, 10pM, and 1pM). Cali-
bration curves were plotted by conversion of the data to the
logarithmic scale. Negative replicates were conducted with
the noncomplementary Cy3-labeled miR-lin4 as hybridizing
miRNA (n=10). Cutoftf values for each individual size
category of the microspheres were calculated as twice that of
the mean values of the negative controls [41]. Only readouts
with intensity outcomes above cutoft values were interpreted
as positives.

A total number of 80 positive and 40 negative replicates
were conducted to obtain important parameters such as
analytical sensitivity, specificity, and accuracy of the assay.
Calculations were performed following the equations below
considering the negative/positive readouts in comparison
with the total number of the conducted replicates [42]:

- Tp
sensitivity = TP+ N x 100,

TN
Speciﬁcity = m x 100, (1)
TP + TN
accuracy = ————————
Y7 total replicates

Variables in these equations are as follows:
True positive (TP)
True negative (TN)
False positive (FP)
False negative (FN)
Limit of detection (LOD) for each size category was
determined as 3 times the average standard deviation (s, in
the case of lowest miRNA concentration) divided by the

slope of the calibration curve (m) following the given
equation [34, 43-48]:
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The conventional assay conducted without spheres was
also calibrated and carefully evaluated.

3. Results and Discussion

3.1. Morphology, Size Distribution, and Surface Area of the
Spheres. Microspheres of different size groups were imaged
by SEM, and representative morphologies are presented in
Figures 1(a)-1(d). The recorded morphologies were found to
be smooth, and the dimensions of the spheres were within
the expected range as the sieved groups. Uniform spheres
with consistent surface morphologies allow the interpreta-
tion to be focused on the effects of specific surface area and
chemistry of the spheres for biomolecule immobilization.

Diameter range and size distribution (graphs in
Figures 1(a)-1(d)) were calculated for each size group of the
spheres by using optical images. Subsequently, the specific
surface area for each size category was carefully calculated
(for 10mg of the microsphere) from the respective size
distributions. The surface area ranged from 6x10’ to
17 x10” um? (Figure 1, the central pie chart). As expected,
the highest surface area per mass was offered by the smallest
spheres (MMS-1), and the lowest specific surface area per
mass was measured for the largest spheres (MMS-4). In
principle, the higher specific surface area enhances the
analyte-surface interaction resulting in higher probability of
the biomolecular coupling and subsequent biorecognition
(33, 49].

3.2. Raman Spectroscopy Analyses of the Spheres. Figure 2
shows the Raman spectrum of the microspheres. It should be
noted that there is no signal from the C=C stretching mode
from the methacrylic group, normally around 1640 cm™,
indicative of successful copolymerization (an evidence for

no free monomers) [50, 51]. Several signals were assigned to

functional groups of the different polymers involved in
synthesis of the spheres. The signal at 597 cm™" may cor-
respond to PMMA polymer (»(C-COO), vs(C-C-0)) [52]
as well as to p-HEMA (6(O-C=0)) [53]. The peak at
811.8 cm™ ' can be assigned to several signals from p-HEMA
(V(C-0-C)gym> ®(C=0) or »(C-CH3)) [4]. Also arising from
p-HEMA, the signal at 848 cm™" can be assigned to y(CH,)
or ¥(C-C) [53]. The deformation localized on the OCH,.
CH,OH part of the p-HEMA molecule can be seen at
955cm™" [53]. The signal at 1280.5cm™" can be assigned to
»(C-0) and »(C-COO) from PMMA. At 1448.8cm™' [52],
deformation from (C-CH,) of p-HEMA can be observed
[53]. The aromatic ring stretch from p-IEMA is shown at
1586.41cm™" [54]. Another signal from the carbonyl is
observed at 1719.8 cm ™' (¥(C=0) H bonded from p-HEMA
or p-TEGDMA) [55]. The wide band around 2949 cm™
arises from several signals from PMMA (v5(C-H) of O-CH;
with v»5(C-H) of a-CHj; and v,(CH,)) [52]. Finally, the
shoulder at 3065 cm ™" may arise from the iodobenzyl part of
p-IEMA or various signals from PMMA and p-TEGDMA
[52, 55].

3.3. Toluidine Blue (TB) Titration. The presence of negatively
charged nucleotide strands on the surface of the spheres was
investigated by a TB assay. As described before, each TB
molecule contains an aromatic cation segment and a
chloride anion (Figure 3(a)). A pH-sensitive adsorption/
desorption mechanism leads to the ionization of the TB dye
in the alkaline environment (Figure 3(a), step 1). Positively
charged TB then binds to the negative ~PO, groups of the
miRNAs (Figure 3(a), step 2) and desorbs upon subsequent
lowering of the pH (Figure 3(a), step 3). Concentration of
the TB dyes measured by UV-Vis is expected to be pro-
portional to the concentration of the capture probes on the
surface of the microspheres.

Figure 3(b) shows a highly linear calibration plot for TB
assay with predetermined concentrations of TB in acidic
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FiGure 3: TB analysis for indirect confirmation of the presence of capture probe on the surface of the spheres: (a) adsorption and desorption
mechanisms of the TB molecules to the —PO; groups of the nucleotide available on the surface of the spheres via alteration of the pH from
the alkaline to acidic environment; (b) calibration curve plotted by titration of the TB assay using different concentrations of the calibration
solutions (2 uM, 4 uM, 6 uM, 8 uM, and 10 uM); (c) TB absorbance per mm? of the surface measured by spectroscopic UV-Vis (635 nm); and
(d) breakdown calculations of the TB assay. AFM analysis ((e) 60 yum) and zoomed-in view ((f) 10 um) of the microspheres prior to
immobilization and ((g) 10 um) after surface attachment of the hybrid strands which shows the clear alteration of the surface roughness.
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solution. While the concentration of TB is considered
proportional to the concentration of the capture probe on
the surface of the spheres, it is important to note that the
results of TB assay is a comparative means for such cor-
relation. Figure 3(c) represents the TB absorbance on 10 mg
of the spheres from different size groups. As can be observed,
the TB absorbance increases as the size of the spheres in-
creases, which demonstrates that a higher particle size en-
courages a higher number of TB dye molecules to bind to the
captured strands on the surface even though a lower total
surface area is offered by the larger sizes. The latter is
explained by the fact that spatial freedom for an efficient
interaction between capture probes and TB molecules in-
creases as the dimension of the spheres increases [49, 56, 57].
The approximate size of the TB molecules (0.7 to 1.1 nm) is
in the range of the length of a horizontally oriented single
miRNA strand (=1 nm) on the beads so the more the space
for maneuvering between the strands, the easier it is for TB
to bind [58, 59]. Presumably available surface functionalities
reacted with miRNA strands; thus, the inter-miRNA dis-
tance on the smaller particle size microspheres would make
the TB diffusion rather difficult which is not the case when
the larger sphere size is applied. In Figure 3(d), a breakdown
calculation of the TB assay is provided. This analysis pro-
vides an approximate concentration of TB dyes per mm” of
the spheres’ surface. Every strand of the capture probe
consists of 25 nucleotides with individual —PO, groups. It is
known that TB is highly interactive towards anionic sulfates,
carboxylates, and phosphate groups [60]. If the interaction
between positively charged TB and negative —PO, groups
occurs in a 1:1 ratio, TB absorbance would be proportional
to the capture probes present on each mm? of the spheres’
surface (Figure 3(d)); thus the number of capture probes that
are immobilized on the total surface of the spheres can be
indirectly calculated (Figure 3(d)).

3.4. Topography Analysis of the Spheres before and after
miRNA Immobilization. Surface topography of the micro-
spheres was analyzed by AFM to study surface changes
(roughness and surface area) before and after miRNA im-
mobilization. AFM analysis (presented in Figures 3(e) and
3(f), before miRNA immobilization, and Figures 3(g), after
immobilization) shows a clear alteration in the topography
of the surface between pristine surfaces (Figures 3(e) and
3(f), zoomed-in view) and the surfaces after miRNA im-
mobilization (Figure 3(g)). An increased surface roughness
(from 6.8 nm to 41.2nm) was recorded for surfaces of the
spheres before and after miRNA immobilization, respec-
tively. As a result of coupling in the hybrid strand, a capture
probe shares 12 nucleotides with tagged miRNA analyte.
Therefore, the coupled strand contains a total of 33 nucle-
otides. Knowing the approximate size of each nucleotide
(~1 nm), the size of the hybrid strand can be roughly cal-
culated (~33 nm). This number closely corresponds to the
improved surface roughness analyzed by AFM (34.4 nm).
Additionally, the recorded surface area was found to be
~100-fold greater when comparing surface-immobilized
spheres with those before immobilization (from 1um* to

100.6 um?). Such enhancement in the surface area is a direct
function of the hybrid strands present on the surface of the
bioreceptive microspheres.

3.5. Performance Analysis of the Microspheres in Indirect
Detection of miRI159. Figure 4(a) shows the calibration
curves plotted in a logarithm scale for each microsphere size
group conducted in varied concentrations of the labeled
miRNA. Increasing correlation coefficient values are ob-
served for MMS-1, MMS-3, and MMS-4, respectively.
Figures 4(b) and 4(c) depict fluorescence images of the
spheres after detection of 1nM and 100 nM of the labeled
analyte, respectively. According to these images, partial
clustering of the spheres has seemingly limited complete
analyte-surface interaction. Incorporation of gentle mixing/
shaking systems could be a suitable method to allow better
accessibility of the spheres to the entire sample volume and
to enhance the detection signal further.

Figure 4(d) provides a detection performance compar-
ison among different size groups of the spheres in contrast to
their cutoff values (twice the mean values of the negative
outcomes, presented in red). The detection signals in this
chart are plotted with their original values without sub-
tracting the cutoft values for detailed performance com-
parison among the size groups. As can be seen, the MMS-1,
MMS-2, and MMS-3 groups of the microspheres offered
higher detection signal in comparison with the largest size
category (MMS-4), when subtracting the cutoft values from
the actual detection signals. The overall signal intensity
obtained from the developed assay in this study falls within
the previously reported values for successful detection of
miRNAs using a solid-phase hybridization assay [7, 61].
None of the previously reported detection methods, how-
ever, rely on conventional ELISA for the detection miRNAs,
which is the point of the current study.

3.6. Performance of the Microspheres in a Competitive Assay.
The performance of the spheres was further assessed in a
competitive assay. In this protocol, concentration of the
fluorescently tagged Cy3-miR159 remained constant, while
the concentration of the untagged synthetic miR159 (target
analyte) was varied, resulting in decreased fluorescence
intensity as the concentration of the target analyte increased.
Figure 4(e) represents the result of the competitive assay,
which was conducted with the MMS-3 category of the
spheres as representative. Concentrations of the untagged
miRNA (x-axis) are presented in the logarithm scale, while
the y-axis depicts the relative fluorescence intensity. The
systematic decrease in fluorescence intensity as a result of
increased concentration of the untagged miRNAs provides a
clear proof-of-concept that the proposed hybridization assay
is an easy and reliable method for quantification of miR159
within this conventional platform.

3.7. Possible Analyte-Surface Interactions. The surface of the
microspheres promotes a variety of interaction types between
the analyte of interest and the surface. Figure 4(f) schematizes
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FIGURE 5: Performance evaluation of conventional 96-well plates: (a) performance analysis of the conventional well plate in miRNA
detection (concentration of the labeled miRNA =1 nM); (b) ELISA calibration curve plotted for varied concentrations of the labeled miRNA
(I1nM, 10nM, 100 nM, and 1000 nM); (c) evaluation of the assay and calculated analytical sensitivity, specificity, accuracy, and LOD.

the possible physical interactions between the engineered
surface of the spheres and the nucleotide strands. Hydrogen
bonding (H-bond) between the —PO; and the -NH, groups
of the capture probe and -OH groups of the spheres has the
highest likelihood. The H-bond occurs between the H atoms
of the spheres’ -OH groups (O and H are covalently bound)

and the N and O atoms of the miRNAs with lone-pair
electrons. Furthermore, aromatic rings of the spheres can
involve negatively charged —PO, groups of the biomolecules
in ionic attraction (electrostatic interaction) [62]. Moreover,
carbonyl groups (-C=0) of the spheres could promote van der
Woaals forces in interaction with the biomolecules [63].
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TaBLE 1: Calculated analytical sensitivity, specificity, accuracy, and LOD of the microspheres in miRNA detection.

. MMS-1 MMS-2 MMS-3 MMS-4
Detection status
+ - + - + - + -
Positive (TP, FP) 20 1 20 3 20 3 20 3
Negative (FN, TN) 0 0 8 0 7 0 7
Total 20 10 20 10 20 10 20 10
Sensitivity (%) 100 100 100 100
Specificity (%) 90 80 70 70
Accuracy (%) 93 90 86 90
LOD (pM) 90 40 50 2x10°
TaBLE 2: Comparison of the current method with the commercial technologies for miRNA detection.
Time . g e .
Platform (min) Complexity Accessibility Specificity Sensitivity LOD References
Standard
procedure may
induce a chance
Highly for nonspecific
. Moderately accessible in binding; DNA Not suitable for P ends on
Gel electrophoresis complex . the assay type
~280 . regular fragments of detecting low . (80, 81]
assays depending on the . . (picomolar
assav tvpe laboratory interest must be concentrations rage)
Y P setups gel-purified and 8
verified to avoid
nonspecific
bindings
Accuracy can be
Comblex compromised by
. piex Not amenable to contamination
Polymerase chain expensive, time- .
. ~35 ) many laboratory causing [65]
reaction (PCR) consuming, and . .
labor-intensive setups amplification of
Highly specific spurious DNA Femtomolar
Y SP products range
Real time ilc-)lrmmearliczt:ilgrri) Involves High-throughput
polymerase chain .. .>  challenging and quantification of
reaction (RT-PCR/ 120 artl;icﬁgitlrjelza:in individualized miRNAs is error [65, 82]
qRT-PCR) congplex processes prone
Highly
Polymethacrylate 240 Simple and accrzssillilier m Moderately Highly sensitive Picomolar Current
sphere-based assay straightforward & specific sy range study
laboratory
setups

Additionally, hydrophobic interaction can play a major role in
attracting miRNAs to the surface [62, 64], since the mono-
mers involved in chemical synthesis of the spheres are mostly
hydrophobic in their nature [37]. This multitude of physical
attraction can strongly influence the biomolecular immobi-
lization and subsequent detection of the miRNAs. Note-
worthy that the inherent presence of the surface functional
groups on the spheres also promotes covalent attachment of
biomolecules to the surface via application of zero-length
cross-linking agents or spacer [49, 56].

3.8. Evaluation of the Assay. The assay conducted in a
conventional 96-well plate without microspheres was con-
ducted and evaluated for its performance in miRNA

detection. Figure 5 provides a detailed analysis of the
conventional assay in detection of miR159: (A) detection
performance; (B) calibration analysis; and (C) evaluation of
the assay. The conventional assay in a 96-well plate shows a
rather low detection ability in comparison with the obtained
cutoff values that correspond to the negative controls
(Figure 5(a)). While the calibration plot refers to a standard
linearity level, the assay has proven to suffer from low an-
alytical sensitivity (50%), low accuracy (40%), and unac-
ceptable LOD (Figure 5(c)). A comparison between
performance of the 96-well plate with and without micro-
spheres shows a significant detection enhancement due to
the presence of microspheres (Figure 5(c)). In particular, size
3 group of the spheres marks a 10-fold higher fluorescence
intensity in comparison with that of conventional assay
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which enables the detection of challenging biomolecules as
miRNAs by gold standard technique.

Table 1 summarizes the evaluation parameters for the
assay conducted with integrated microspheres. As can be
seen, application of the spheres within the conventional
assay resulted in 100% analytical sensitivity regardless of the
size category. MMS-1, in particular, improved the analytical
specificity considerably. Except for MMS-4, all size cate-
gories have shown LODs within a picomolar range which is
highly desirable for miRNA detection. In the case of MMS-4,
recorded standard deviation for lowest concentration of the
analyte contributed to the LOD outcome which is not as
favorable as those of other size groups. It is noteworthy that
the high TB absorption by this size category (MMS-4) does
not guarantee its better performance in the analytical assay
since the evaluation parameters are also the function of key
elements such as the negative control, the calibration curve’s
slope, and the standard deviation.

While a vast number of reports in the literature provides
insight into biodiagnosis strategies, sensitive, selective, ac-
cessible, and cost-effective miRNA detection remains a
challenge [65]. Circulating miRNAs are present in blood at
ng/mL levels. This, according to the length of a fragment,
corresponds to a molecular concentration within a pico-
molar range [66]. Taking the abundance of miRNAs into
account, a high level of sensitivity and selectivity is required
to detect these challenging bioentities in an effective manner.
While several efforts have introduced new methodologies or
modified strategies for ultrasensitive targeting miRNAs
[67-79], the conventional detection is currently performed
by gel electrophoresis assays, polymerase chain reaction
(PCR), and real-time polymerase chain reaction (RT-PCR/
qRT-PCR). Table 2 provides a comparison between different
aspects of commercially applied techniques in comparison
with the proposed method here. This table summarizes time,
complexity, accessibility, specificity, sensitivity, and LOD for
these techniques. While the presented strategy in this study
is not as powerful as PCR or qRT-PCR (comparison of the
LOD in Table 2), it can be widely accessible in any laboratory
setup. This, however, is not the case for PCR/RT-PCR, which
is typically operated with highly sophisticated machinery.
Further LOD enhancement of the presented strategy can be
achieved by incorporating shaking/mixing techniques that
would allow spheres to have higher chance of interaction
with biomolecules. Comparatively, the proposed strategy
offers the least complexity of operation. 96-well plates are
available almost in any laboratory setup, and lab technicians
familiar with gold standard detection methods could carry
out the assay protocols without further training. Most im-
portantly, PCR/RT-PCR is far more inexpensive when
compared to the proposed assay while its accuracy might be
compromised by contamination.

4. Conclusion

In this work, we have demonstrated a proof-of concept
methodology for miRNA detection. Methacrylate micro-
spheres were integrated into a 96-well plate, and immobi-
lized DNA probes were used to capture and detect miR159
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within a picomolar range. All important parameters of the
assay including analytical sensitivity, specificity, accuracy,
and the limit of detection were improved due to the presence
of the spheres. This is particularly promising as this simple
integration offers the chance of biorecognition for chal-
lenging biomolecules including miRNAs within a conven-
tional platform that is typically available in any laboratory
setup. Application of the polymer microspheres hold a great
potential as they are cost-effective bioreceptive platforms
that can be mass-produced in desirable size ranges and with
controlled properties depending on the type of desired
biorecognition.
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The growth of global food demand combined with the increased appeal to access different foods from every corner of the globe is
forcing the food industry to look for alternative technologies to increase the shelf life. Essential oils (EOs) as naturally occurring
functional ingredients have shown great prospects in active food packaging. EOs can inhibit the growth of superficial food
pathogens, modify nutritious values without affecting the sensory qualities of food, and prolong the shelf life when used in food
packaging as an active ingredient. Since 2016, various reports have demonstrated that combinations of electrospun fibers and
encapsulated EOs could offer promising results when used as food packaging. Such electrospun platforms have encapsulated
either pure EOs or their complexation with other antibacterial agents to prolong the shelf life of food products through sustained
release of active ingredients. This paper presents a comprehensive review of the essential oil-loaded electrospun fibers that have

been applied as active food packaging material.

1. Introduction

For many decades, synthetic polymers have dominated
food packaging industry due to their favourable prop-
erties such as softness, lightness, and transparency. So far,
petrochemical-based plastics such as polyethylene tere-
phthalate (PET), polyvinylchloride (PVC), polyethylene
(PE) [1], polypropylene (PP) [2], polystyrene (PS) [3], and
polyamide (PA) [4] have been extensively used as pack-
aging materials as a result of their low cost of synthesis,
decent mechanical performance, lack of permeability to
oxygen, carbon dioxide, anhydride, and aromatic com-
pounds as well as heat sealability, all of which contribute
to food preservation and waste reduction. Despite several
desirable properties, the usage of conventional plastics
needs to be restricted since their long degradation cycles
pose serious ecological threats to the environment.
Therefore, it is increasingly important to employ novel

biodegradable raw materials. Although complete re-
placement of conventional plastics with eco-friendly
plastics is impossible to achieve, at least for specific ap-
plications such as food packaging, the use of biobased
active food packaging seems to be a realistic solution.
Active food packaging is a new method to prolong the
shelf life of food products and to maintain of their safety,
quality, and integrity. According to the European regu-
lation (EC) No. 450/2009, active packaging consists of
systems that interact with the food as they would absorb
substances such as moisture, carbon dioxide, or odour
from packaged food or release desired materials such as
antimicrobial, antioxidant compounds or flavours into
the packaged food (European Commission 2009) [5].
Despite the importance of active food packaging, there are
limitations associated with the existing polymeric mate-
rials to serve as optimal active packaging and modifica-
tions are necessary. Such modifications involve addition
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of other additives such as antimicrobial and antioxidant
agents which are required.

EOs derived from different parts of aromatic plants have
been extensively researched for being a natural product and
their nutritional health benefits. The main interest in EOs
lies in their various therapeutic properties, namely, anti-
oxidant, antimicrobial, antitumour, analgesic, insecticidal,
antidiabetic, and anti-inflammatory [6-9]. As of 2019, the
number of published papers regarding essential oils in food
industry is almost 800 papers, indicating the use of EOs as
biopreservatives in all types of foods [10].

EOs hold great potential for active food packaging ap-
plications as they can be directly added to the food products
or incorporated into food packaging for gradual release
during transportation and storage to improve shelf life and
preservation [11]. Although EOs have been demonstrated as
an alternative to chemical preservatives in active food
packaging systems, they are associated with certain limita-
tions that need to be resolved for successful incorporation in
active food packaging systems. High volatility, low aqueous
solubility, and intense smell are the major shortcomings that
have limited the usage of EOs in food industry. Therefore,
the encapsulation of oils has been considered as a key so-
lution in food packaging. Recent advances in encapsulation
technology have improved the stability of sensitive com-
ponents during production, through a reduction in evap-
oration and degradation of volatile compounds as well as
firmer control over the capsules’ dimensions, shape, and
morphology during the encapsulation process [12, 13]. These
methods carry out chemical encapsulation through ionic
gelation, simple and complex coacervation, cocrystallization,
interfacial polymerization, molecular inclusion, entrapment
in liposomes, and ionic gelation plus electrostatic interac-
tions [14].

Among the various approaches for nanoencapsulation,
electrospinning is a versatile, easy to operate method for
continuous fabrication of nanostructures [15]. Electrospun
membranes exhibit a fibrous morphology with large surface
area to volume ratio, high porosity, and fiber diameters in
the range of nano to micron, all of which are favourable
properties for the sustained release of active ingredients
from the packaging membrane to the surface of the food
[16]. While electrospinning is widely applied in the fields of
tissue engineering [17], wound dressing [18], enzyme im-
mobilization [19], and electrode materials [20], its appli-
cation as food packaging is only recently explored [21]. These
recent advances in applications of loaded electrospun
membranes in active food packaging call for a review on this
topic. Although there are several reviews on relevant topics,
the subject has the potential to be reviewed on its own
merits.

Fernandez-Lépez and Viuda-Martos studied application
of EOs in food systems [10]. Ribeiro-Santos et al. reviewed
application of EOs incorporated into films and coatings in
food packaging. Films containing EOs are usually produced
via casting method [22]. In another study, Sdo Pedro et al.
reviewed nanoencapsulation of EOs into lipid carriers such
as solid lipid nanoparticles, liposomes, and nanoemulsions
for drug delivery systems. They concluded significant
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improvement in antimicrobial activity of EOs [23]. In the
above-mentioned reviews, the authors have emphasized the
potential of EOs to be used as a part of packaging materials
or their direct incorporation into the food matrix. However,
this review focuses on EOs, as effective protective antimi-
crobials, and their incorporation in active food packaging
through electrospinning. The properties of the polymeric
matrices, main active components of Eos, and encapsulation
through electrospinning are reviewed. The main objective of
this review is to provide a broad insight into the potential
applications of electrospun nanofibers encapsulating EOs as
active food packaging materials. To the best knowledge of
the authors, there is no review available on application of
encapsulated EOs in food packaging using electrospinning
technique.

2. Essentials Oils (EOs) for Active
Food Packaging

EOs are produced by angiospermic plants and have found
various usages in different industries [24]. Among all the
plant species, only aromatic plants are sources of EOs.
Aromatic plants form about 10% of plant species (over
17,000) and are well distributed around world [25]. EOs are
secondary metabolites which could be derived from different
plant organs including flowers (jasmine, rose, chamomile,
violet, and lavender), buds (clove), leaves (thyme, euca-
lyptus, salvia, and rosemary), fruits (star anise), twigs (Luma
chequen), bark (cinnamon), seeds (cardamom), wood
(sandal), rhizome, and roots (ginger), all of which have the
potential to be applied in food packaging as antimicrobial
and antioxidant agents [26-30].

The chemical composition and quality of EOs depend on
characteristics of the source plant such as growth conditions,
variety, geographical origin, age, season, and condition of
the plant when harvested. Extraction method, analysis
conditions, and processing chemicals can also affect their
properties [31-34]. Their extraction yield is usually very low
(about 1%) which makes them valuable rare substances. EOs
consist of concentrated lipophilic volatile aroma compounds
including terpenes, terpenoids, and phenol-derived aro-
matic and aliphatic components. The phenolic compounds
in EOs can diminish or almost eliminate the presence of
microorganisms and minimize lipid oxidation [35].

The natural extracts of EOs are classified as Generally
Recognized as Safe (GRAS) by the US Food and Drug
Administration (FDA) and received approval for safety and
effectiveness [36]. Therefore, in food related application,
they are more suitable alternatives to synthetic antioxidants
such as butylated hydroxytoluene (BHT) or butylated
hydroxyanisole (BHA) which might have a carcinogenic
effect [36].

These oils are substances accountable for the active
function of packaging with the flexibility to be settled in a
different container or be directly added to the packaging
material. In either of the cases, the release of the oils during
transportation and storage leads to increased shelf life.

Electrospun-loaded EOs could be the answer to market
demands as they allow foods to reach the consumers with
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their original or enhanced organoleptic properties, increased
shelf life, and improved safety [37-40]. The packaging
materials produced in these systems can contain active
ingredients designed for sustained release during storage or
transportation to delay food deterioration.

Table 1 summarizes the essential oils that have been
successfully used in food packaging for improved efficiency.

3. Electrospinning and Nanoencapsulation in
Active Food Packaging

Electrospinning which was first patented by Cooley and
Morton in 1902 is a straightforward method for producing
continuous micro- and nanofibers [62]. Unlike the conven-
tional methods of fiber production which are based on ap-
plication of mechanical force, electrospinning uses high-
voltage electrostatic repulsive force for drawing and fiber
stretching. Therefore, via electrospinning, it is possible to
obtain fibers with diameters in the range of nanometres [63]. A
typical electrospinning device is made up of a high voltage
power source, a pump with tuneable feeding rate, a capillary as
spinneret, and a collector. High voltage power source oppo-
sitely charges the capillary (commonly more than 10kV) and
the collector creating the pulling force for whipping instability
[63]. When the charges building up within the polymer so-
lution accumulate to a critical amount, a jet starts initiation
from the capillary tip. The jet undergoes uniaxial stretching
and thinning, while moving toward the oppositely charged
collector and solvent evaporation is happening in the
meantime. Once the jet reaches the collector, all the solvent
should be evaporated, and formation of micro- or nanofibrous
morphologies should have taken place. There are two sets of
parameters that affect the morphology of the electrospinning
products: intrinsic parameters such as solution viscosity,
solvent evaporation rate, and conductivity of the polymer
solution and processing parameters which include applied
voltage, feeding rate, collector shape and texture, and col-
lection distance [64]. Figure 1 shows the various aspects in-
volved in production of encapsulated electrospun fibers
including EO extraction (Figure 1(a)), complexation and
solution preparation (Figure 1(b)), and a typical electro-
spinning system (Figure 1(c)). Several other techniques such as
phase separation, bicomponent extrusion, template synthesis,
drawing, centrifugal spinning, and melt blowing have been
reported to produce polymeric micro/nanofibers [65-69].
However, for food applications, most of these methods suffer
from various shortcomings such as difficulty of control, lack of
applicability to a wide range of materials, and exposure to
chemicals affecting the stability of sensitive nutrients and
prohibiting their usage due to toxicity concerns [70-72]. Due
to their size and high specific surface area, electrospun
nanofibers have an edge in encapsulation efficiencies and
demonstrate major potential for applications requiring con-
trolled release of active ingredients, while exhibiting appro-
priate levels of biodegradability and biocompatibility [73]. The
electrospun antimicrobial membranes are fabricated by add-
ing antimicrobial agents into the polymer solution followed by
electrospinning. Although the incorporation of EOs into
nanofibers was demonstrated earlier, there was no report on

the application of electrospun-loaded EOs for antimicrobial
packaging materials until 2016 [74]. Biopolymers such as
polyvinyl alcohol (PVA) [75], chitosan (CS) [74], poly-
carbonate (PC) [76], and polyethylene oxide (PEO) [77] have
been popular options for encapsulation of EOs through
electrospinning because of their excellent properties in gen-
erating nanofibers and membranes [21].

Within the last few years, nanoencapsulation of bio-
logical compounds in carrier materials has found its way to
food technology as a simple yet effective technique for
modification of the quality of food and preservation [78].
Encapsulation is effective in enhancing the stability and
solubility of EOs as well as masking their strong flavour. Due
to the hydrophobicity, instability, and volatility of EOs, they
usually cannot be directly added to electrospinning solution
and a carrier substance such as cyclodextrins (CDs), lipo-
somes (LO), and CS is usually required [79, 80].

3.1. Encapsulation of Cinnamon Essential Oil (CEO). CEO is
a plant-derived antimicrobial substance of which FDA has
categorized it as GRAS. Its protective qualities do not disturb
the physicochemical or nutritious properties of the food.
CEO exhibits a broad spectrum of antimicrobial activity
against a variety of microorganisms through prevention of
cell wall biosynthesis, functions of membrane, and specific
enzyme activities [81]. Encapsulation of CEO protects it
from harsh environmental conditions, extends the shelf life,
and allows controlled release of the active compound [82].
Conn et al. reported successful use of CEO as an anti-
microbial agent against common microorganisms [83, 84].
CEO was encapsulated into f-cyclodextrin (8-CD) before
incorporation in electrospun PVA fibers. CDs are cyclic
oligosaccharides produced through enzymatic conversion of
starch and exhibit nontoxic and biodegradable character-
istics. Several studies have reported the use of CDs for food-
related applications [85-87]. CDs are composed of «-1,4-
linked glucopyranose units and form a shortened cone-like
structure cavity. As a result of their unique chemical
structure, they form noncovalent host-guest inclusion
complexes with EOs, CEO/S-CD inclusion complex (CEO/
B-CD-IC), enhancing their solubility, chemical stability, and
bioavailability and protecting them from oxidation [88]. The
mechanism behind the complexation is the displacement of
the high-enthalpy water molecules occupying the cavity,
with a guest molecule of proper polarity and dimensions
[89, 90]. Therefore, they are often used to encapsulate
various types of food additives and essential oils [89].
B-CD is the most commonly used member of CDs which
is a hydrophobic molecule capable of entrapping EOs within
its inner cavity [91]. A novel antimicrobial membrane
electrospun based on PVA, CEO, indicated molecular in-
teractions amongst PVA, CEO, and B-CD, resulting in
enhancement in thermal stability of CEO and masking its
special flavour. Thermogravimetric analysis of PVA/CEO/
B-CD nanofibers indicated a shift of the second weight loss
peak to higher temperature (110-160°C) due to possible
formation of chemical or hydrogen bonds between PVA and
CEO. The inhibition zone of nanofibers based on PVA/CEO/
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TaBLE 1: Essential oils incorporated in food packaging applications.

Essential oil combinations Properties Food product Applied film material

Rosemary [41] Antimicrobial Chicken Cellulose acetate

Cinnamon clove [42] Antimicrobial Bakery Cassava starch

Lemon, thyme, and cinnamon [43] Antibacterial NA Chitosan

Cinnamon, winter savory, and oregano Antimicrobial Bologna and Alginate

[44] ham

Bergamot [45] Antifungal and antibacterial NA Chitosan

Garlic, rosemary, and oregano [46] Antimicrobial NA Whey protein isolate (WPI)
Antimicrobial (against S. aureus,

Oregano [47] Shewanella putrefaciens, and Yersinia NA Quince seed mucilage

enterocolitica) and antioxidant
Oregano (48] Antimicrobial Pizza Cellulosic resin
Oregano [49] Antimicrobial Ripened sheep Polypropylene (PP) and

Oregano and thyme [50]

Oregano [51]
Mixture of oregano, pimento berry, and
lemongrass (mix A) and mixture of

Antimicrobial (against Pseudomonas
spp. and coliform bacteria) beef
Antimicrobial

Antimicrobial (against L.

cheese model
Fresh ground

polyethylene terephthalate (PET)
Soy protein

Fresh beef Whey protein isolate (WPI)
Methylcellulose (MC) and blend

Fresh broccoli of polycaprolactone/alginate

nutmeg, lemongrass, and citral (mix B) [52] monocytogenes) (PCL/ALG)
Ginger, turmeric, and plai [53] Antioxidant NA Fish skin gelatin
Satureja hortensis [54] Antibacterial and antioxidant NA k-Carrageenan
Oregano and pimento [55] Antioxidant Whole beef Milk protein
muscle

Clove [56] Antibacterial Fish Gelatin chitosan
Clove [57] Antibacterial and antioxidant Sardine patties  Sunflower protein concentrate
Linalool or methyl chavicol [39] Antimicrobial Cheddar cheese Low—dens(llfylf)ggl)yethylene

- . Hydroxypropyl methylcellulose
Oregano and bergamot [58] Antimicrobial Formosa plum and limonene constituent EO
Cinnamon and mustard [59] Antibacterial Tomatoes Zein
Limonene constituent EO, lemongrass, and Antimicrobial Strawberries Chitosan
oregano [60]
Peppermint, red thyme, chitosan, and Flavouring Strawberry Chitosan

lemon [61]

B-CD was reported to be wider than that of PVA/CEO. The
entrapment of CEO into the cavities of 5-CD improved the
solubility of CEO and led to a more effective release into the
agar medium [92]. Moreover, water contact angle results
indicated that addition of CEO/B-CD reduced the hydro-
phobicity of the nanofibrous membrane. Perhaps that ex-
plains the excellent antimicrobial properties of the PVA/
CEO/B-CD nanofibrous film against both Gram-positive
and Gram-negative bacteria. According to the report, it
effectively extended the shelf life of strawberries and showed
potential for active food packaging applications. Further-
more, the electrospun membranes are managed to incor-
porate greater amount of CEO compared to casted film
which resulted in enhanced antimicrobial activity.

Rieger and Schiffmann investigated the antimicrobial
property of electrospun CS/cinnamaldehyde/PEO nano-
fibers against E. coli [74]. It was demonstrated that the
inherent antibacterial properties of chitosan combined with
the quick release of cinnamaldehyde (CA) achieved elevated
inactivation rates against Escherichia coli and Pseudomonas
aeruginosa [74].

Wen et al. for the first time reported the use of polylactic
acid (PLA) and CEO as antimicrobial food packaging

material. CEO/B-CD-IC was successfully produced through
coprecipitation method and modified the thermal stability of
CEO. PLA was the selected polymer matrix since it is an
FDA approved bioplastic as food-contact material [83, 93].
The CEO/B-CD-IC was encapsulated into PLA nanofibers by
electrospinning [94]. The electrospun biodegradable PLA/
CEO/B-CD nanofilm demonstrated better antimicrobial
activity, against Escherichia coli and Staphylococcus aureus,
compared to PLA/CEO nanofilm. The results indicated that
PLA/CEO/-CD fiber efficiently increased the shelf life of
pork, suggesting a potential application in active food
packaging [94].

Liu et al. studied the effect CEO contents (1%, 1.5%, 2%,
and 2.5% v/v) on the efficiency of encapsulation, nano-
particle dimensions, and antibacterial activity of CS nano-
particles loaded in PLA. CS nanoparticles as the carriers of
CEO were added to the PLA solution followed by electro-
spinning. The obtained electrospun fibers were capable of
sustained release of CEO [95]. The study suggested that
addition of CEO could enhance the antibacterial activity of
the PLA/CS-CEO fibers. The optimal composition was re-
ported to be PLA/CS-CEO-1.5, which showed the greatest
antibacterial activity against E. coli and S. aureus (99.3% and
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FIGURE 1: An overview of fabrication of essential oils-loaded electrospun nanofibers for active food packaging. (a) Extraction of essential oils.
(b) Complexation with career and incorporation in electrospinning solution. (c) Electrospinning of composite solution.

98.4%, resp.) during the incubation period. The observation
was a result of high crystallinity of CEO and its strong
interactions with CS which lowered the solubility of PLA and
allowed the CEO to exhibit a similar antimicrobial activity
even at slower release rate [96].

Lin et al. reported encapsulation of CEO/S-CD/pro-
teoliposomes into polyethylene oxide (PEO) nanofibers to
study their antimicrobial behavior against Bacillus cereus (B.
cereus) [97]. B. cereus is one of the major sources of con-
tamination and spoilage in meat products [98]. B. cereus
shows high adaptability to extreme environments (acidic,
alkaline, and high temperature) [99]. Nanoantibacterial li-
posomes, artificial lipid vesicles, are microscopic mor-
phologies made up of a central section enclosed by
concentric phospholipid bilayers embedding aqueous cores.
They are capable of encapsulating both hydrophilic sub-
stances in the inner aqueous section and hydrophobic
matters within lipid bilayers and amphiphilic molecules at
the lipid/water interface [88]. Proteoliposomes tend to ag-
glomerate and shed when they come into a direct contact
with food surface, as a result reducing the bioactivity of
encapsulated substances. In addition, the hydrophobic na-
ture of nanoliposomes has a negative effect on their en-
capsulation efficiency (EE) of EOs. Therefore, for further
enhancement of the EE and stability of CEO in proteoli-
posomes, f-cyclodextrin (5-CD) is added to the system.

The physicochemical stability of CEO proteoliposomes
was significantly enhanced by introduction of -CD. Taking
advantage of bacterial protease secreted from B. cereus, the
controlled release of CEO from proteoliposomes was achieved

via proteolysis of protein in proteoliposomes. Additionally,
the antibacterial efficiency of CEO/B-CD proteoliposomes
against B. cereus was improved as a result of their stability by
encapsulation in nanofibers. The nanofibrous combination
showed satisfactory antibacterial efficiency as active food
packaging for beef against B. cereus without any impact on
sensory quality while extending the shelf life.

Figure 2(a) shows the steps involved in preparation of
CEO/B-CD (Figure 2) proteoliposomes and their incorpo-
ration in PEO spinning solution, while Figure 2(b) displays
B. cereus proteinase-triggered CEO release from proteoli-
posomes. The CEO/f-CD proteoliposomes can precisely
prevent bacterial multiplication by the stimulus-response of
casein to bacterial protease in presence of B. cereus.

The combination of EO and lysozyme (LYS) when used
as antimicrobial packaging can decrease the dose of EO
besides extending the application of LYS-derived packaging
material. Feng et al. reported a novel antimicrobial elec-
trospun nanofilm based on PVA/f-cyclodextrin/CEO/LYS,
where the combination of CEO and LYS was acting as
antimicrobial agent [75]. LYS is a natural antimicrobial
enzyme classified as GRAS which is usually derived from
chicken egg white [100, 101]. LYS exhibits antimicrobial
action toward Grampositive bacteria through splitting the
bonds between N-acetylmuramic acid and N-acetylglucos-
amine of the peptidoglycan in the cell wall [102]. In this
study, CEO was selected for its antimicrobial activity against
bacteria (L. monocytogenes and S. enteritidis) and molds (A.
niger (ATCC1015) and Penicillium (CICC41489)). The choice
of PVA as the electrospinning matrix was because of its
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FIGURE 2: Encapsulation of CEO in $-CD and PEO and their antibacterial activity against B. cereus. (a) Preparation of CEO/B-CD
proteoliposomes and incorporation in PEO spinning solution. (b) Schematic of B. cereus proteinase-triggered CEO release from CEO/S-CD

proteoliposomes.

solubility in water soluble and biocompatibility as it has been
extensively used in food preservation [103]. Furthermore,
PVA could be applied without usage of organic solvents,
thereby preventing the denaturation of LYS [104]. The aim of
their study was to reduce the dosage of CEO in the packaging
material without affecting antimicrobial action. The study
suggested that the concentration of antimicrobial agent
consisting 2% CEO and 0.25% LYS (w/w) in PV A matrix has
a decent performance as food packaging material.

Shao et al. fabricated ultrafine PVA/permutite/CEO
membranes via electrospinning [105]. PVA doped with
permutite powder was applied as polymer matrix and CEO
was encapsulated as the antibacterial component. Permutite

is a nontoxic highly stable aluminosilicate which can be
engaged in reversible interactions with various types sub-
stances including gas molecules [106]. The fabricated
membranes were characterized for physicochemical prop-
erties such as morphology, porosity, surface area, tensile,
and chemical interaction. Furthermore, the antibacterial
action of the as-prepared films was explored for fruit
packaging by using fresh cut strawberries. Fresh cut fruits
hold a large share of the market since they only require
partial processing without any additional preparation [107].
However, being susceptible to microorganisms such as
mold, yeast, and fungi remains to be the major problem for
the fresh cut fruit [108]. The release behavior in electrospun
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membranes is diffusion controlled as it is physically
adsorbed by polymeric matrix and very low activation en-
ergy is required for the release process [109]. Such property
finds importance at lower temperatures (4-6°C), where the
release of EOs at low temperatures will hardly achieve the
minimum concentration required for preservation [110]. In
the study, differential scanning calorimetry and pore dis-
tribution results suggested weak physical interactions be-
tween the CEO and the fibers as a result of mesoporous
adsorption (15.77]/g and 37.7]/g) which can benefit the
release of CEO at low temperature. The authors concluded
that PVA/permutite/CEO fibrous films have the potential to
delay the rapid corruption of strawberries during storage.

3.2. Encapsulation of Eugenol Essential Oil. Eugenol (4-allyl-
2-methoxyphenol), most abundantly found component in
clove oil, nutmeg oil, and cinnamon oil, has been success-
tully applied in food preservation, cosmetics manufacturing,
and traditional medicine. Several researches have confirmed
antibacterial, antioxidant, anti-inflammatory, and local
anesthetic properties of eugenol [111]. Presence of high
contents of phenolic compounds such as eugenol in volatile
oils exhibits strong antioxidant properties [112]. Eugenol is a
yellow oily liquid which exhibits lipid peroxidation induced
by reactive oxidase system (ROS) because of its radical
scavenging activity [35, 36, 113]. Like other EOs, eugenol
also suffers from high volatility and poor water solubility.
Therefore, encapsulation of eugenol is necessary to increase
its effectiveness and longer shelf life [114]. Kayaci et al. in a
joint research demonstrated that the EE of the volatile active
agents such as menthol, vanillin, eugenol, geraniol, and allyl
isothiocyanate was only effective when used with CD in-
clusion complexes (CD-IC) [15, 115-118]. One of the
challenges in encapsulation is to incorporate higher amounts
of the active ingredient in the polymeric matrix [115, 119].
When electrospun polymers appear as carrier matrix, the
amount of the active ingredients in CD system is often
limited to 5% of the fabricated membrane’s weight. This is
due to difficulty of electrospinning uniform nanofibers from
polymeric solution containing higher amounts of CD. This
research group recently focused on nanofibrous webs en-
capsulating much higher amounts of active agents (loading
of ~10% (w/w) or more with respect to fibrous CD matrix).
They reported that production of polymer-free electro-
spinning from only CD systems was spun [120-123].
Celebioglu et al. prepared excessively concentrated
aqueous CD solutions (160% (w/v)) [124]. They prepared
inclusion complexes between eugenol (guest molecule) and
cyclodextrins (host molecules) at a molar ratio of 1:1 CD:
eugenol followed by electrospinning to obtain nanofibrous
webs (eugenol/CD). Since dimensions and form of the CD
cavity are a significant parameter for formation of effective
inclusion complexation, three different CD derivatives were
applied in this work. The three modified CDs, namely,
hydroxypropyl-beta-cyclodextrin ~ (HP-3-CD), hydrox-
ypropyl-gamma-cyclodextrin (HP-y-CD), and methyl-beta-
cyclodextrin (M-B-CD), were used to create inclusion
complexes with eugenol. The resulting electrospun eugenol/

CD samples showed self-standing and flexible characteristics
as a mat web and displayed rapid solubility in water. Figure 3
demonstrates the chemical structure of modified CDs, eu-
genol, and schematic illustration of the inclusion com-
plexation formation between CD and eugenol. Moreover,
thermal stability of eugenol was enhanced for eugenol/CD/
IC (up to ~310°C) in comparison with pure eugenol (up to
~200°C). Furthermore, eugenol/CD exhibited effective an-
tioxidant activities. The strongest interactions within the
complex were observed between M-B-CD and eugenol
compared to the other two host CD molecules (HP-3-CD
and HP-y-CD) for eugenol/CD samples. The authors sug-
gested potentials for their membranes in food related and
oral-care applications.

Liposomal encapsulation of eugenol is an alternative way
to decrease the damage to eugenol at processing and storage
phase. Liposome containing eugenol is a natural and ef-
fective antioxidant that can encapsulate hydrophobic and
lipophilic drugs [125]. However, liposomal instability as a
major drawback can affect their efficiency as an antioxidant.
Furthermore, conventional liposomes often have low EE and
instability of vesicle aggregation, fusion, or rupture, all of
which pose serious challenges to the commercial exploita-
tion of eugenol liposomes as an industrial antioxidant.
Therefore, the stability of eugenol liposome can affect the
performance of the final product as active food packaging
material. The stability of liposomes is being improved
through various strategies such as polymer-coated lipo-
somes, hydrogel-liposome composites, and nanoparticle-
stabilized liposomes [126-128].

Cui et al. reported an undemanding method to form an
antioxidant based on novel complexes of liposome encap-
sulated SiO,-eugenol. SiO,-eugenol forms a supramolecular
assembly with a core of colloidal particles covered by a lipid
shell [127]. SiO, nanoparticles in food industry serve as an
additive which can provide stift support for the lipid bilayer
thin film to enhance physical stability of liposome [129].
Besides being porous, the hydrophilic property of SiO,
nanoparticles facilitates absorption when volatilization oc-
curs [130, 131]. There are few reports of immobilization of
liposome on electrospun nanofibers for food preservation
[132, 133]. While SiO,-eugenol liposomes could not be
electrospun on their own, their combination with PEO could
be electrospun and showed great potential as food packaging
material [103, 134]. Cui et al. reported production of a novel
electrospun membrane based on PEO and SiO,-eugenol
liposomes [135]. Figure 4 shows schematic illustration of
liposomes-encapsulated SiO,-eugenol.

The study explored application of SiO, as an architec-
tural template for liposomes which could bring promising
prospects to application of eugenol-based antioxidant. As a
proof of concept, their electrospun membranes were ex-
posed in contact with beef over a period of 60 days and
exhibited excellent antioxidant activity.

Munteanu et al. investigated the biodegradation and
tensile properties of PLA membranes coated with antimi-
crobial and antioxidant CS-EO complexes [136]. Chitosan
has exhibited significant antibacterial action against various
pathogens such as Klebsiella pneumoniae, Escherichia coli,
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Staphylococcus aureus, and Pseudomonas aeruginosa [137];
therefore, it has been a popular subject of studies in anti-
bacterial coatings [138]. It also can encapsulate other anti-
bacterial agents such as nisin [139], which could further
enhance the antimicrobial action of the packaging coatings
[140]. PLA electrospun membranes were coated with bio-
formulations containing the essential and vegetable oils, that
is, clove and argan oils loaded into CS. 99% of the argan oil is
composed of acylglycerols, while the antioxidant constituents
are tocopherols, squalene, sterols, and phenols [141, 142].
Eugenol as the major volatile constituent of clove oil (about
80%) is accountable for its antioxidant and antimicrobial
properties [143]. The study involved coaxial electrospraying of
encapsulated CS over the electrospun PLA membrane which
was placed on the metallic collector. Based on the report when
high molecular weight CS was used, the coaxial electrospinning
produced beaded CS nanofibers with the oil encapsulated and
distributed along the beaded fibers. On the other hand, use of
lower molecular weight CS led to electrospraying loaded
chitosan nanoparticles and providing smoother surface. The
PLA films coated with CS-EO formulations exhibited higher
antibacterial activity compared to the films coated only with
CS. The clove oil’s antibacterial activity was higher than argan
oil due to its higher phenolic content. The beaded fibers showed
better antibacterial activity compared to nanoparticles perhaps
due to the higher specific surface area of the rougher nano-
fibrous morphology of the coating layer.

Melendez-Rodriguez et al. encapsulated eugenol within
the pores of mesoporous silica nanoparticles (MCM-41) by
vapor adsorption [144]. Subsequently, for the first time,
electrospinning technique was applied to include MCM-41
particles containing eugenol into poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV). To fabricate continuous
films, the produced electrospun fibers were thermally treated
at 155°C. The resultant PHBV films filled with eugenol-
loaded mesoporous silica nanoparticles revealed increased
mechanical strength, adequate thermal resistance, and good
barrier properties to water vapor and limonene. According
to their results, they suggested that the films can be used in
the form of coatings or interlayers for active food packaging
applications.

Cui et al. evaluate the antibacterial activity of clove oil-
loaded chitosan nanoparticles (CO@CNPs) and gelatin
electrospun nanofibers against E. coli O157:H7 biofilms on
cucumbers [145]. Once CO@CNPs were used at 30% (w/v),
E. coli O157:H7 population reduced to approximately
99.98% and high antibacterial activity was achieved after 8
hours. Following this, electrospinning was applied to in-
corporate the prepared CO@CNPs into gelatin nanofibers.
After applying 9 mg/mL gelatin/CO@CNPs treatment for
24 h, the population of E. coli O157:H7 biofilm decreased to
almost 99.99% in vitro. The results confirmed that treatment
of the gelatin/CO@CNPs nanofibers could maintain the
flavour and color of cucumber for more than 4 days. Based
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on their results, both CO@CNPs and gelatin/CO@CNPs
nanofibers at specified amount showed significant de-
struction effect on E. coli O157:H7 biofilms in vitro.

3.3. Encapsulation of Thyme Essential Oil (TEO) and Thymol
(THY). TEO, a plant secondary metabolite possessing safe
and nontoxic properties, is derived from thymus vulgaris.
TEO exhibits excellent antibacterial action against a wide
spectrum of bacteria such as Escherichia coli O157:H7,
Salmonella enterica subsp. enterica serovar Enteritidis CICC
21482 (8. enteritidis), and Salmonella typhimurium CICC
22956 (S. typhimurium) [146]. However, TEO suffers from
several shortcomings such as volatility, hydrophobicity, and
special flavour which highlight the need for encapsulation
which is usually achieved through a coprecipitation of TEO
into 5-CD [91].

THY is also the major volatile component of essential
oils derived from plants belonging to the Lamiaceae family.
It is a monoterpene usually found in oregano and thyme;
however, its preservation and delivery applications remain
to be a challenge due to its hydrophobic and volatile nature.
It is registered in European flavouring list and classified as
GRAS by FDA [147]. THY exhibits antimicrobial action
against a wide range of microorganisms such as bacteria,
fungi, and yeasts [148-150] through its capacity to disturb
the lipid bilayer of the cell membrane and could increase
membrane permeability [151]. THY is typically used for food
preservation and control of postharvest decay of fresh
produce [152, 153].

Lin et al. reported production of gelatin nanofibers
containing TEO/B-cyclodextrin e-polylysine nanoparticles
(TCPNs) for controlling the propagation of Campylobacter
jejuni (C. jejuni) [154]. C. jejuni is the major source of
contamination on poultry surface which poses huge threats
to human health. Moreover, C. jejuni is a zoonotic pathogen
that lives as a symbiotic microorganism in the digestive tract
of the poultry [113]. During poultry slaughter, C. jejuni can
leak and rupture through external channel and cause meat
contamination. The C. jejuni contaminated meat is known to
be the main cause of human campylobacteriosis which
accounts for 8.4% of the diarrheal diseases [155].

C. jejuni meat contaminations may not be completely
inactivated as it shows high resistance against some fre-
quently used antibiotics such as cephalosporins, quinolones,
and gentamicin [156] and the demand for an efficient natural
antibacterial agent to replace chemical antibiotics frequently
used in meat industry. Since C. jejuni primarily contami-
nates meat surface, an antimicrobial packaging has a great
potential to inhibit its reproduction.

A simple TEO/B-CD-IC is not effective against C.
jejuni as f-CD has an electroneutral nature and its ab-
sorption onto negatively charged bacterial cell wall is
limited. To address this issue ionic gelation was applied to
adsorb cationic biopolymers onto the surface of TEO/
B-CD-IC [157]. In the study, e-polylysine (e-PLY), a
biodegradable cationic biological metabolite with out-
standing antibacterial properties, was selected to prepare
TEO/B-CD e-polylysine nanoparticles (TCPNs) [158]. The

presence of -NH, along the &-PLY chains improves
nanoparticle binding onto negatively charged bacterial cell
wall leading to an acceleration in the apoptosis process
[159]. Antibacterial nanofibers were obtained by adding
TCPNs into the polymer matrix via electrospinning. The
prepared membranes showed outstanding antimicrobial
action against C. jejuni, through membranolysis. The re-
sults confirmed that damaged cell membrane and proteins
leakage of C. jejuni were results of antimicrobial activity of
nanoparticles. Chicken samples packed in the antimi-
crobial membranes possessed lower aerobic bacterial
count and thiobarbituric acid (TBA). Total volatile basic
nitrogen (TVBN) and pH values were lower as well
without any adverse effect on color, texture, and sensory
evaluation, signaling bright prospects for the membranes
in poultry preservation.

Aytac et al. reported encapsulation of THY/y-CD-IC
into in electrospun zein nanofibrous web for food
packaging application [160]. Two different molar ratios
THY/y-CD (1:1 and 2:1, resp.) were prepared and en-
capsulated into electrospun zein nanofibers. Figure 5
shows the chemical structure of THY, schematic repre-
sentation of y-CD, and THY/y-CD-IC formation. The
choice of y-CD was due to its lack of adverse effects on
nutrient absorption in food products and nutraceutical
applications [161]. Successful formation of complex be-
tween THY and y-CD at both molar ratios was reported.
Cyclodextrin inclusion complexes of thymol (THY/CD-
IC) have been demonstrated to be applicable in pork meat
systems to prevent oxidation and enhance meat stability at
high relative humidity (up to 75%) for long storage pe-
riods [162-165].

However, it is worth mentioning that the release of THY
was higher than that from zein-THY/y-CD-IC nanofibrous
membranes (2:1). Similarly, zein-THY/y-CD-IC nano-
fibrous membranes (2:1) had stronger antibacterial activity
against E. coli and S. aureus. In brief, zein-THY/y-CD-IC
nanofibrous membranes were most efficient at decreasing
the bacterial count in meat stored over a 5-day period at 4°C.
Thus, these membranes exhibit great potential as antibac-
terial food packaging material.

Zhang et al. encapsulated THY in poly(lactide-co-glyco-
lide), PLGA fiber through core-shell coaxial electrospinning
[166]. PLGA which is known for its biodegradability and
controlled delivery properties [167] has the capability of en-
capsulating hydrophobic substances and had shown great
potential in enhancing the efficiency of delivery in food sys-
tems [168, 169]. The study indicated that nanofibers with good
core-shell structure were formed and volatile THY was en-
capsulated successfully. The results demonstrated that PLGA
can efliciently suppress the volatilization of THY, so the en-
capsulated thymol gradually evaporates into the fruits and
vegetables storage environment. In their work, the antibac-
terial and fruit preservation ability of the nanofiber films were
tested by strawberry. The results suggested that the produced
membranes efficiently inhibit bacterial, fungal, and yeast
growth to extend the shelf life of fruits. This novel biocom-
patible antibacterial packaging material would have a huge
application prospect for food preservation.
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TaBLE 2: Encapsulation of the EOs into different carriers and matrixes with their antimicrobial activities for food or food packaging.

Matrix

Essential oil (guest)

Carrier (host)

Food evaluated Action

Findings

PVA [84]

CEO

B-CD

Antibacterial against Gram-

(1) Addition of CEO/B-CD caused

to increase water contact angle and

more hydrophilicity of the
nanofibrous film
(2) Enhanced antimicrobial action
compared with that of casted films
(3) The molecular interaction
among PVA, CEO, and f§-CD
modified the thermal stability of
CEO
(4) Electrospinning achieved
incorporation of greater amounts
CEO in the membrane and
enhanced antimicrobial action
compared to film casting

PEO [74]

Cinnamaldehyde

CS

(1) The release of CA from CS/CA
(0.5 and 5.0%)/PEO nanofibrous
membranes directly affected
cytotoxicity against P. aeruginosa
(within three hours, 81 +4% of the
P. aeruginosa was deactivated)

PLA [94]

CEO

B-CD-IC

(1) The CEO/f-CD-IC was prepared
by the coprecipitation
(2) Formation of CEO/B-CD-IC
considerably improved the thermal
stability and antimicrobial activity
of CEO
(3) The electrospun PLA/CEO/
B-CD nanofibers showed
outstanding antimicrobial action
against both Gram-positive and
Gram-negative bacteria
(4) Electrospinning achieved
incorporation of greater amounts
CEO in the membrane and
enhanced antimicrobial action
compared to film casting

PLA [95]

CEO

CS

Strawberries positive and Gram-negative
bacteria (S. aureus and E. coli)
Antimicrobial against E. coli

NA .
and Pseudomonas aeruginosa
Pork Antibacterial against E. coli

and S. aureus

NA Antibacterial against E. coli

and S. aureus

The optimal composition found to
be PLA/CS-CEO-1.5, which
exhibited the highest antibacterial
activity for a long time

PEO nanofibers
[97]

CEO

B-CD
proteoliposomes

Beef and meat
production
preservation

Antibacterial against B. cereus

(1) The antibacterial effect of CEO/
B-CD proteoliposomes against B.
cereus increased, and their stability
enhanced due to encapsulation
(2) The physicochemical stability
and the EE of CEO proteoliposomes
were significantly enhanced through
introduction of -CD
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TaBLE 2: Continued.

Matrix Essential oil (guest) Carrier (host) Food evaluated Action Findings

(1) The suitable CEO and LYS
concentrations were as 2% (w/w)
and 0.25% (w/w), respectively
(2) The molecular interactions
among PVA, 8-CD, CEO, and LYS
modified the thermal stability of
CEO and LYS
(3) The minimum inhibition
concentration (MIC) against L.
monocytogenes and S. enteritidis was
approximately 0.8-1 mg/mL
(4) Minimum bactericidal
concentration (MBC) was
approximately 6-7 mg-mL""

Antibacterial against L.
monocytogenes and
PVA [75] CEO/LYS B-CD NA Salmonella enteritidis.
Antifungal against Aspergillus
niger and Penicillium

(1) The nanofibrous mat exhibited
high porosity with the pore size
distribution ranging from 1.7 nm to

56.7 nm
PVA doped with . (2) DSC and pore distribution
- . Fresh cut fruits . . A
permutite powder CEO PVA/permutite Antibacterial analysis indicated presence of weak

[105] (strawberry)

physical interactions between the
CEO and nanofibers due to
mesoporous adsorption (15.77]/g
and 37.7]/g) which helps release of

CEO at low temperature

(1) Volatility nature of eugenol was
preserved (~70-95%) in eugenol/
CD inclusion complex nanofibrous
webs (eugenol/CD/IC-NW)
(2) Thermal stability of eugenol for
eugenol/CD/IC-NW increased up
to ~310°C from ~200°C
(3) The eugenol/CD/IC-NW
showed rapid aqueous dissolution,
contrary to poor water solubility of
Eugenol/ eugenol
CD/IC-NW (self- (4) The strongest complexation was

standing (without Eugenol CD/IC NA Antioxidant between M-B-CD and eugenol
matrix) [124] compared to other two host CD
molecules (HP--CD and HP-

y-CD)

(5) The electrospun eugenol/CD/
IC-NW samples exhibited improved
antioxidant action compared to
eugenol in its pure form
(6) Radical scavenging property of
eugenol/CD/IC-NW was enhanced
compared to eugenol in its pure
form

Liposomes containing SiO,-eugenol
was immobilized on electrospun
PEO [135] SiO,-eugenol Liposome Beef Antioxidant nanofibers. This system exhibited
outstanding antioxidant action on
beef during 60-day storage
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TaBLE 2: Continued.

Matrix Essential oil (guest)

Carrier (host)

Food evaluated

Action

Findings

Clove containing 80%
eugenol (essential oil)
and argan oils (vegetable
oils)

PLA [136]

CS

NA

Antibacterial and antioxidant

(1) The samples prepared with Chit-
H showed higher roughness of the
coating layer compared to samples
prepared with Chit-L

(2) Chit-H samples showed higher
antibacterial action compared to
Chit-L, for either of the oils, due to
the higher specific surface area of

the rougher morphology of the

coating layer
(3) The clove oil had better
antibacterial activity than argan oil,
in combination with both chitosan
types
(4) Chit-H samples showed higher
antibacterial activity compared with
Chit-L, in combination with both
types of oil
(5) PLA coated with chitosan-oil
formulations had higher
antibacterial action than the films
coated with pure CS
(6) The chitosan-clove oil
combination showed higher
antioxidant action compared to
pure CS coating.

PHBV films [144] Eugenol

Mesoporous silica
nanoparticles

NA

Antimicrobial against S.
aureus and E. coli

(1) The incorporation of eugenol EO
on MCM-41 significantly increased
plasticization on PHBV and a
reduction in its crystallinity
(2) The mechanical strength of the
PHBV films and barrier properties
were enhanced
(3) The incorporation of MCM-41
with eugenol caused slight
reduction in ductility

Gelatin nanofibers

[145] Clove oil

CS

Cucumber

Antibacterial against E. coli
0157:H7

Approximately 99.98% reduction in
E. coli O157:H7 population was
obtained after 8 hours of treatment,
when CO@CNPs were used at 30%
(w/v)

Gelatin [154] TEO

B-CD e-polylysine

Chicken

Antimicrobial against C.
jejuni

(1) The TCPNs loaded gelatin
nanofibers (TEGNs) exhibited
exceptional antimicrobial action
against C. jejuni on chicken
(2) The TEGNs packaged chicken
samples had lower aerobic bacterial
count, TBA, TVBN, and pH values
without undesirable effect on color,
texture, and sensory evaluation

Zein [160] THY/y-CD-IC

Zein

Meat

Antimicrobial against E. coli
and S. aureus

(1) THY/y-CD-IC (2:1) exhibited
higher preservation rate and
stability than THY/y-CD-IC (1:1)
(2) Zein-THY/y-CD-IC-NF (2:1)
contained more THY as indicated
by TGA
(3) THY/y-CD-IC (2:1) had higher
stability. The released amount of
THY from zein-THY/y-CD-IC-NF
(2:1) was more than zein-THY-NF
and zein-THY/y-CD-IC-NF (1:1)
(4) Antibacterial action of zein-
THY/y-CD-IC-NF (2:1) was
greater than zein-THY-NF and
zein-THY/y-CD-IC-NF (1:1)
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TaBLE 2: Continued.

Matrix Essential oil (guest) Carrier (host)

Food evaluated

Action Findings

PLGA [166] THY PLGA nanofiber

Fruits

Due to core-shell morphology, THY
encapsulated in the PLGA nanofiber
is slowly released to inhibit the
growth of bacteria on the surface of
food

Inhibition of the growth of
bacteria, fungi, and yeast

PEO [174] TTO B-CD-IC

Beef

(1) The highest antibacterial action
against E. coli O157:H7 was
observed on the beef for 7d, at 4°C
or 12°C
(2) The flavour values significantly
enhanced in plasma-treated TTO/
B-CD-IC PEO nanofibers compared
with the control groups
(3) TTO/B-CD-IC at concentrations
of 30% and 40% exhibited great
antibacterial action leading to a
99.94% and 99.96% decrease in
population after 24 hours

Antibacterial against E. coli
0157:H7

PO Gelatin

Gelatin [176]

CcO Gelatin

NA

NA

(1) The combination of PO and CO

in gelatin nanofiber showed overall

improved bioactivities compared to
PO or CO alone

(2) The surface hydrophobicity of

nanofibers was enhanced with the
addition of EOs

(3) The addition of EO was reported

to improve mechanical flexibility of

electrospun mats with the ability to

tune tensile modulus and strength

of nanofibers

Antibacterial against E. coli
and S. aureus

Antioxidant

CS [191] CHEO CS

Beef

(1) The cell membrane permeability
of L. monocytogenes increased
(2) Respiratory metabolism of L.
monocytogenes was prevented
(3) The slow release of CHEO from
CHEO/CS/NF achieved an
antibacterial inhibition efficiency of
99.91 to 99.97% between 4°C and
25°C
(4) In presence of antioxidant agents
in ECHO/CS/NF, the value of
TBARS in treated beef was
0.135 MDA/kg

Antibacterial against L.
monocytogenes

Gelatin [193] MO CS

Cheese

Nanofibers have high antibacterial
effect at 4°C and 25°C with negligible
effect on surface color

Antibacterial against L.
monocytogenes and S. aureus

3.4. Encapsulation of Tea Tree Oil (TTO), Peppermint Oil
(PO), Chamomile Oil (CO), Chrysanthemum Essential Oil
(CHEO), and Moringa Oil (MO). TTO is a natural essential
oil which is composed of several organic substances such as
terpene hydrocarbons, terpene alcohols, and terpene phe-
nols. There are several reports regarding antimicrobial and
anticancer properties of TTO [170, 171]. However, like other
EOs, the application of TTO remains limited due to its
chemical instability in exposure to air and high temperatures
[172]. Therefore, forming noncovalent inclusion complex
with -CD as an antibacterial agent paves the way toward
stability [173].

Cui et al. studied the incorporation of TTO/B-CD-IC,
as antibacterial agent into electrospun PEO, to fabricate
antibacterial packaging material [174]. As mentioned
earlier, TTO is not completely soluble in aqueous PEO

solution and the volatilization of TTO would intensify
during the electrospinning which might create further
problems regarding quick release during storage [175].
Therefore, in the study, the §-CD and TTO were used as a
host guest to create water-soluble inclusion complex. The
membranes were subjected to plasma treatment, and
after the treatment the efficiency of antibacterial agent
release from PEO nanofibers was improved appropri-
ately. The plasma treated electrospun membranes
exhibited the highest antibacterial activity against E. coli
0157:H7 on the beef for a period of 7 days, with inhi-
bition efficiently of 99.99% at either 4°C or 12°C.
According to their results, the plasma-treated PEO
nanofibers containing TTO/B-CD prolong the shelf life
of beef and sustain its sensory quality which suggests a
bright prospect in food preservation.



14

Tang et al. fabricated gelatin nanofibers incorporating
two kinds of EOs, that is, peppermint essential oil (PO) and
chamomile essential oil (CO), for potential edible packaging
application [176]. PO has excellent antimicrobial property,
which made it the subject of several studies in food pres-
ervation, pharmaceuticals, and wound dressing [177-179].
CO on the other hand is mostly used in medicinal tea,
cosmetics, perfumery, and food industry due to its calming,
antibacterial, and antioxidant properties [180-183]. Gelatin
nanofibers loaded with PO and CO were successfully pro-
duced with morphological homogeneity and smoothness.
All the gelatin nanofibers containing PO, CO, or their
combination showed enhanced antibacterial action pro-
portionate to EO content against Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) as well as certain
antioxidant property. Incorporation of CO resulted in im-
proved antioxidant activity, while the antibacteria activity
against E. coli and S. aureus was better for the nanofibers
containing EO. The mixture of PO and CO in gelatin
nanofiber showed overall better bioactivities compared to
the samples that contained only one of them. Addition of
EOs enhanced the surface hydrophobicity of nanofibers
based on water contact angle results. This is important since
the high hydrophilicity and sensitivity to moisture of gelatin
are one of its major drawbacks as packaging material [184].
Therefore, it is not surprising that researches have been
focused on blending gelatin with other hydrophobic ma-
terials to eliminate its drawbacks for food packaging ap-
plications [185, 186]. Along with hydrophobic polymers,
EOs could be an alternative to be incorporated in gelatin-
based packaging for improvement of bioactivities as well as
the required physical properties [187]. The high surface area
to volume ratio and the nanostructure of electrospun
nanofibers were shown to improve the sustained release of
bioactive ingredients to food surface and intensify the
bioactive actions [16, 84]. Furthermore, the addition of EO is
reported to enhance mechanical flexibility of electrospun
membranes and to control tensile modulus and strength.
The mentioned phenomena are achieved through affecting
morphology and diameter of nanofibers by inducing rear-
rangement of protein network and cross-links between the
polymer chains and some constituents of EOs [5]. Finally,
the cytotoxicity test demonstrated the noncytotoxicity of
gelatin nanofibers incorporated with PO and CO, thus in-
dicating the potential of the gelatin/EOs nanofibers as
prospective food packaging.

Chrysanthemum essential oil (CHEO) is an aromatic oil
extracted from chrysanthemum which has antioxidant and
anti-inflammatory properties [188]. Chrysanthemum has
cardiovascular protective functions and can prevent a variety
of diseases such as hypertension, atherosclerosis, and cor-
onary heart disease [189, 190].

Lin et al. incorporated CHEO into CS nanofibers (CS/
NF) using electrospinning [191].

Since CHEO had a negative effect on phosphofructoki-
nase activity, hexokinase, and pyruvate kinase in L. mono-
cytogenes cells, antibacterial properties of CHEO against L.
monocytogenes increased. The slow release of CHEO from
CHEO/CS/NF effectively prolonged the antibacterial action.
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The antibacterial application of the CHEO nanofibers against
L. monocytogenes was tested on beef. Beef parameters like
thiobarbituric acid reactive substances (TBARS), pH values,
and texture at different storage temperatures (4°C, 12°C, and
25°C) were evaluated. Due to the presence of antioxidant
components in CHEO released from CHEO/CS/NF, the beef
parameters like thiobarbituric acid reactive substances
(TBARS) value in treated beef were lower (0.135 MDA/)
comparing with the untreated sample. Moreover, pH value for
beef sample packed with CHEO/CS/NF showed 6.43 (after 10
days of storage) that was lower than pH value of unpacked
sample (7.05) at 4°C. They suggested a potential application in
food packaging.

Moringa oil (MO), an essential oil derived from Moringa
oleifera, is resistant to autooxidation. Moringa oleifera grows
in South and Central America, Africa, Southeast Asia, and
the Indian subcontinent [192]. Lin et al. fabricated MO-
loaded chitosan nanoparticles (MO@CNPs) and loaded
them into gelatin nanofibers for biocontrol of L. mono-
cytogenes and S. aureus on cheese [193]. Beside the excellent
physicochemical properties of nanofibers, they had out-
standing antibacterial activity against S. aureus and L.
monocytogenes on cheese at 4°C and 25°C and negligible
impact on the surface color and sensory quality of cheese
within 4 days of storage. Hence, the MO@CNPs loaded
gelatin nanofiber demonstrated excellent antibacterial action
as a candidate for further food application studies.

To summarize, Table 2 demonstrates successful encap-
sulation of the different EOs into various carriers and
electrospun matrices with their food related properties. The
relevant electrospinning parameters could be found in
Table S1 in Supplementary Materials.

4. Conclusions

Growing consumer demand for safe and chemical-free
natural products has improved the quality and safety of the
products against pathogenic deterioration and lipid oxida-
tion within their shelf life. Especial attention has been given
to EOs as natural additives and antimicrobial and antioxi-
dant agents classified as GRAS. In this regard, the study of
EOs has great importance, since it has been proven that their
antimicrobial activity can replace artificial preservatives.
However, their low solubility in water, oxidation suscepti-
bility, and volatilization have limited their use. The en-
capsulation technique is a beneficial way in improving the
stability of EOs and thus their efficiency as antibacterial/
antioxidant agents. The combination of electrospinning and
nanoencapsulation EOs has allowed successful development
of new antimicrobial packages for food preservation. These
new nanoencapsulation techniques have attracted global
interest in food packaging and research area due to the
positive protection and environmental friendliness. As
presented in the article, these new combinations take ad-
vantage of encapsulation and slow release properties of
electrospun polymers as a potential new platform for sta-
bilization of natural oils for food packaging.

While the initial results of loaded electrospun fibers for
food packaging are promising, it should not be forgotten that
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the composite nanofibers hugely depend on electrospinning
process. Electrospinning despite various advantages has
serious problems as well. Low production rate especially for
aqueous polymeric solutions remains a major problem,
along with limitations to selection of highly volatile organic
solvents as well. Particularly, solvents must not have any
adverse effect on the antimicrobial properties of the active
ingredients or bring the risk of future side effects. Technical
advancements in electrospinning in terms of process control
and production rate within the last three decades have
provided an opportunity to use nanofibers for more ap-
plications. However, electrospinning still needs lots of
further innovations in order to upscale production rate and
quality for food packaging application at industrial scale.

The current review demonstrated that electrospinning
technology is a potential new platform for enhanced sta-
bilization by encapsulation of natural oils in nanofibers.
Whilst the initial results suggest great prospects for loaded
nanofibers as food packaging, to produce a feasible product
at industrial scale, loaded electrospun fibers require exten-
sive processing.
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Regenerative medicine has taken advantage of several nanomaterials for reparation of diseased or damaged tissues in the nervous
system involved in memory, cognition, and movement. Electrical, thermal, mechanical, and biocompatibility aspects of carbon-
based nanomaterials (nanotubes, graphene, fullerenes, and their derivatives) make them suitable candidates to drive nerve tissue
repair and stimulation. This review article focuses on key recent advances on the use of carbon nanotube- (CNT-) based
technologies on nerve tissue engineering, outlining how neurons interact with CNT interfaces for promoting neuronal dif-
ferentiation, growth and network reconstruction. CNTs still represent strong candidates for use in therapies of neurodegenerative

pathologies and spinal cord injuries.

1. Introduction

The emergent field of nanomedicine proposes the applica-
tion of precisely engineered nanomaterials for the preven-
tion, diagnosis, and therapy of certain diseases, including
neurological pathologies [1]. These pathologies occur when
basic units of the nervous system start to deteriorate. In these
nerve cells, alterations cause them to function abnormally,
which results in demise of cell functions. Initial symptoms of
neuronal deterioration may include loss of coordination or
the ability to remember names, which may worsen over time
if a large number of neurons deteriorate [2]. Due to the
complexity of the nervous system, recovering function of the
injured nerves or repairing damages associated to neuro-
degenerative conditions is still a major challenge in the
biomedical field. Neurodegenerative diseases affect over
90,000 people every year, from which spinal cord injuries
alone affect 10,000 people yearly. Alzheimer’s and Parkin-
son’s disease are the most common neurological diseases
and occur in more than 5 million and 1.2 million Americans,
respectively [3]. Considering the high amount of nerve

repair procedures being currently conducted, as well as an
increasing and ageing world population, the number of
patients in need of neural implants to improve the regen-
eration of damaged tissue will only substantially increase
over the years.

Neuroregeneration is the regrowth, restoration, or repair
of degenerated nerves and nervous tissues, associated with
the production of new axons, neurons, glia, myelin, and
synapses. The nervous system is divided into the peripheral
nervous system (PNS), which has the innate capability for
self-repair and regeneration, while the central nervous
system (CNS) is unable to self-repair and regenerate. Silicon-
based materials are the most common for peripheral nerve
implants; being studied since the 1960s, they have been used
as a model system giving fundamental insight on nerve tissue
regeneration.

Silicone has been implemented in the diagnosis, mon-
itoring, and continuous treatment of nerve tissue damages
[4]. Silicone been primarily used due to its biocompatibility,
flexibility, and wide availability in different dimensions.
However, their low impermeability and general inert
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properties do not actively prompt neural tissue regeneration
and have led to research on substitute materials [5]. Today,
the treatment for damages in the CNS (i.e., spinal cord)
consists on physical therapy to help patients with limited
mobility without a full regain and restoration of the tissue
and motor function [6].

Although still narrow, the application of nanotechnology
and nanomaterials to neuroscience has experienced an
impressive growth over the past decades, with an increasing
amount of studies proposing scaffolds based on nano-
material as strategies to regenerate nerve cells and tissues [7].
An ideal scaffold for neural tissue application shall exhibit
electrical activity to stimulate cell outgrowth, biodegrad-
ability, and bioactivity for growth factor delivery; interest-
ingly, a number of nanomaterials exhibit some of these
properties and have proved relative long-term success when
implanted [8].

Carbon-based nanomaterials (CBNs) have shown great
potential when interacting with neurons and nerve tissues
[9-11]. The discovery and manipulation of innovative
nanomaterials, like fullerenes and graphene, but especially
carbon nanotubes (CNTs), are likely to have a major impact
on neuroregenerative techniques and in the biomedical
applications in general. CNTs have shown to interact with
the nervous system promoting the neural development.
Furthermore, the outstanding mechanical, thermal, and
conductive properties make CNTs very promising for other
technological fields as conductive composites and sensors
[12]. This work intends to review some recent uses of CN'Ts
in nerve regeneration. We start providing an overview of
nerve architectures and recent progresses on carbon-based
nanomaterials for regenerative therapies and neuron repair.
We finish the review with some closing remarks on bio-
compatibility and toxicity challenges of CNTs when used as
part of these therapies.

2. Central and Peripheral Nerve Regeneration

The human nervous system consists of the central nervous
system (CNS) and the peripheral nervous system (PNS),
which at the same time is composed of two cell types,
neurons and neuroglia. Neurons are the brain’s nerve cells
that transmit information from electrical and chemical
signals throughout the nervous system, while neuroglia are
the most numerous cells and their purpose is to aid the
function of neurons. Within these cells, there are Schwann
cells in the PNS and astrocytes and oligodendrocytes in the
CNS. Researchers have shown that functional and structural
recovery of the nerves depends on both extrinsic and in-
trinsic factors [13].

2.1. Peripheral Nervous System Repair. The PNS consists of a
complex collection of spinal nerves, brain nerves, and
neuron clusters called ganglia. These cells interact with other
tissues transmitting sensory messages to and from the spinal
cord [14]. The PNS has the ability to slowly regenerate on its
own (axon growth 0.5-1 mm/day); in case of small injuries,
nerve axons can regenerate by proliferating Schwann cells
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and macrophages to remove cellular debris from the injury
side. Schwann cells infiltrate in the injury to stimulate and
guide the new forming axon across the damaged nerve [15].
On the other hand, larger injuries need to be surgically
treated, commonly using an autologous nerve implant.
While extrinsic factors contemplate the environment at the
injury site, intrinsic factors like the size of the injury and the
ability of the neurons to regenerate by the synthesis of
growth factors influence PNS regeneration [14-16]. In
general, tissue engineering together with nanotechnology,
aim to create innovative materials to help accelerate the PNS
recovery since the delay in tissue regrowth may lead to
muscle atrophy.

2.2. Central Nervous System Repair. The CNS includes the
brain and the spinal cord, it is responsible of interpreting
and conducting signals as well as providing stimulation to
the PNS and from there to other tissues [17]. In contrast to
the PNS, the CNS does not support full tissue regeneration;
this leads to permanent loss of functions that can cause
several physical and cognitive complications. Many factors
such as the environment surrounding the CNS injuries and
lack of neuronal regeneration capacity prevent cells from
regenerating. Axonal regrowth is constrained by supporting
cells, like myelinating oligodendrocytes, that create a growth
inhibitor environment due to the formation of glial scar
tissue and the lack of Schwann cells to promote axonal
growth [18]. Therefore, the overall regeneration strategies
for CNS are to reactivate gliosis while promoting tissue
regeneration, where nanomaterials incorporated as part of
current implants may help with [6].

3. Current Materials for Nerve Tissue
Regeneration and Stimulation

Neurological implants’ success in enhancing survival of
damaged neurons, axons growth, and neuronal synaptic
signal transmission is key to face the functional impairment
that caused neuronal loss or degeneration. Basically, any
strategy developed to fix an injury on the CNS should focus
on regrowing injured axons, the plastic remodeling of
neuronal circuitry, and the construction of new neurons [7].

Upgrades in material synthesis have allowed to develop
artificial nerve conduits built of absorbable synthetic ma-
terials. Materials like polyhydroxybutyrate (PHB), polylactic
acid (PLA), or polyglycolic acid (PGA) are being investigated
as biodegradable-absorbable synthetic polymers for neural
cell growth and axon organization. In fact, absorbable
synthetics (PLA and PGA), and nonabsorbable synthetics
like poly lactic-co-glycolic acid (PLGA), are already used for
nerve regeneration. These three polymers are mechanically
fragile and lack regions suitable for further chemical
modification [19]; in any case, they have been FDA-ap-
proved for use in several neuron repair devices.

3.1. Polycaprolactone- (PCL-) Based Materials. PCL has
gained considerable interest in the field of nerve regener-
ation research. The main features of this biodegradable
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polyester are its ease of manipulation and low processing
costs. Its high processability is given by the great solubility
this substance has in many organic solvents and that its
crystalline nature enables easy formability at low tempera-
tures. Neurolac® (Polyganics Inc., the Netherlands) is a PCL
nerve conduit approved by the FDA [20].

Other PCL co-polymers like the biodegradable poly-
caprolactone fumarate (PCLF) have recently allowed the
fabrication of CNT composites [21]. These PCLE-CNT
scaffolds not only exhibited excellent suitability to culture
neuroblastic PC-12 cells (that can easily differentiate into
neuron-like cells), but also allowed for good cell growth,
differentiation, and electrical stimulation, which reflected in
a neurite extension and promoted cellular migration and
intracellular connections, which are all critical cellular be-
haviours for nerve regeneration [21].

3.2. Collagen-Based Materials. Collagen comprises a large
family of proteins with a wide range of biomedical uses
including peripheral nerve repair. When the purified col-
lagen becomes weakly antigenic, it exhibits a smooth
microgeometry and transmural permeability, both support
the diffusion processes through collagen matrices [22].
Collagen type I constitutes an essential structural compo-
nent of the extracellular matrix and has been employed at
fabricating nerve repair conduits. Of over a dozen nerve
conduits, currently, FDA-approved three are made of col-
lagen type I: NeuraGen, NeuroMatrix, and NeuroFlex [22].

The first semipermeable type I collagen nerve guidance
conduit approved by the FDA was NeuraGen® (Integra Life
Sciences Corporation, Plainsboro, NJ, USA). A medical
study on peripheral nerve reconstruction reported the
clinical experience of using this implant, in which patients
tolerated splinting and exercise without negative clinical
repercussions. In another research, this conduit was com-
pared with direct suture repair, in patients with complete
traumatic nerve injuries. Results showed that patients who
were treated with NeuraGen® had less postoperative pain
than those treated with direct suture repair. The main
conclusion was that nerve repair using the NeuraGen® is a
quite effective method of joining severed nerves [23]. As
collagen-based nerve repair conduits still lack good me-
chanical stability, the possibility to reinforce them with
CNTs seems appealing; in fact, this might improve their
electrical conductivity, thus exhibiting good viability of
neuronal cells as has been demonstrated in similar bio-
materials [24].

4. Carbon Nanomaterials for Nerve
Tissue Regeneration

Nanosized materials and nanoscale technologies seem to
challenge many traditional paradigms in Materials Science.
Since the discovery of CNTs by Sumio lijima in 1991, sci-
entific literature on the physical and chemical properties of
nanomaterials, especially carbon-based nanomaterials
(CBNs), has grown significantly and so has the use of CBNs
in nerve regeneration applications (Figure 1).

CBNs offer unequal advantages, like high electrical
conductivity, high surface-volume ratio, powerful me-
chanical strength, and chemical stability [25]. CBNs are held
in high esteem in the biomedical materials community, and
constant efforts have been made to integrate them into
existing materials and devices like cellular sensors, tissue
scaffold reinforcements, and drug delivery systems [26].
Fullerenes, graphene and carbon nanotubes (CNTs) are the
most studied CBNG; they have attracted significant attention
regarding their unique optical, electronic, mechanical,
thermal, and chemical properties [27].

4.1. Fullerenes. Fullerenes are CBNs of great importance in
biomedical research. Since their discovery in 1985, it was
evident that this polyaromatic, symmetrical, and hollow
spherical cage Cgy molecule was meant to find a number of
versatile applications in antiviral therapies [28], energy
production, flat panel displays, semiconductors, environ-
mental technologies, cosmetics [29], and food industry [30].
Ceo has been recently used as an in vitro vehicle for ther-
apeutic astrocyte delivery to neural lesions [31]. PCL and Cq
were electrospun into 200nm diameter nanofibers that
showed good cell attachment and promising potential as
drug delivery devices (Figure 2) [31].

4.2. Graphene. Graphene is a polycyclic aromatic molecule
that is composed of a two-dimensional sheet of sp>-bonded
carbon atoms. This dimensional feature grants graphene and
its derivative graphene oxide (GO) with high elasticity,
conductivity, remarkable mechanical strength, rapid het-
erogeneous electron transfer, and high surface area [26].
Graphene is considered a versatile building block for
functional nanoelectronics, energy storage, and production
[33] as well as antibacterial [34], biosensing [35], and an-
ticancer therapies [11].

Different amounts of layers grant the graphene with
different properties, going from one-layered graphene to
multilayered graphene structures [36], and interaction be-
tween these graphene-based nanomaterials and neurons
have been recently explored [35]. In a recent study by
Pampaloni and coworkers, it is shown that single-layer
graphene (SGL) can tune astrocytes excitability and in-
creases neuronal firing by altering membrane-associated
tunctions in vitro. The authors hypothesize that graphene
restricts the mobility of K" ions in close proximity to the SGL
surface, but only when SLG is deposited on electrically
insulating substrates. In this fashion, graphene properties
might affect neuronal information processing (Figure 3)
[35].

4.3. Carbon Nanotubes (CNTs). Carbon nanotubes (CNTs)
are most widely used in nerve regeneration CBN to date [22].
Different from other CBNs, CNTs exhibit tunable physical
(length, diameter, single-walled SWCNTs, vs multiwalled
MWCNTs, chirality) [38] and chemical properties (surface
functionalization and high electrochemical surface area)
[26]. CNTs can be envisioned as cylinders made of rolled-up
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FIGURE 2: (a) Representation of Cg, fullerene [32]. (b) SEM images of PCL-fullerene nanoscaffolds fabricated by electrospinning. (c—e)
Immunocytochemical micrographs of astrocytes cultures on the scaffolds and labeled with antiglial fibrillary acidic protein antibody

(antiGFAP, green) and Hoechst dyes (blue, scale bar: 50 ym). (f) Magnification images of cells pointed with an arrow in (c) (scale bar: 25 ym)
[31].
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FIGURE 3: (a) Molecular representation of graphene [37]. (b) AFM topography of single-layer graphene (SGL, scale bar: 5 ym). (c) Scanning
electron micrograph depicting hippocampal neuron morphology cultured onto SLG (scale bar: 10 yum). (d) Fluorescent microscopy images
showing dissociated hippocampal networks labelled with class IIT S-tubulin (for neurons) in red and GFAP (for astrocytes) in green (scale
bar: 100 ym). (e) Sketch of the local amount of K+ depletion in the space between the cell membrane and the SLG surface (membrane/surface
cleft) due to graphene trapping as function of cleft thickness. The light green region shows the extrapolated K+ depletion values (red line)
within the range of the estimated cleft dimensions (40-100 nm). See Reference [35] for more details.

graphene layers with diameters in the nanometer scale
(Figure 4). CN'Ts possess an extended conjugated sp” carbon
network that renders a 7r-electron system which extends over
the nanostructure originating either highly conducting
CNTs or semiconducting ones; this also provides tunable
band gaps compatible with neural activity [9]. The following
section addresses the specific use of CNTs in neural re-
generation and stimulation in deeper detail.

5. CNTs for Neural Regeneration
and Stimulation

CNTs are generating an attractive approach in the treatment
of neural pathologies and nerve tissue damaged. On top of
their aforementioned capabilities, CNTs show morpholog-
ical similarity to neurites, and small CNT bundles have
dimensions similar to those of dendrites (the branched
extensions of neuron cells), enhancing possibilities for not
only probing, repairing, stimulating, or reconfiguring neural
networks [9] but also gaining insights into basic mechanisms
of neuronal functions [10]. Success on the application of

CTNs is strongly connected to the ability to control the
interaction between them and the neurons’ changes in ionic
conductance and synaptic transmission, this being a perk
when incorporated into electrodes and conductive probes
[1, 40]. In the following sections, we provide a compre-
hensive view of the use of CNTs in neural regeneration and
stimulation.

5.1. Improving CNTs Neurocompatibility. CNTs are syn-
thesized through a number of treatments that renders them
positive or negative charged and be further modified to
incorporate various functional groups via covalent [41] and
noncovalent pathways [42].

Incorporation of hydrophilic polymers such as poly-
ethylene glycol (PEG) increases CNT solubility in aqueous
solution, and increasing their biocompatibility and facili-
tating the fabrication of CNT-based medical materials and
common use polymers such as poly-ethyleneimine (PEI)
and poly-L-ornithine (PLO) have been reported to promote
neural attachment and subsequent neurite outgrowth; these
noncovalent functionalization examples represent a valuable
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FIGURE 4: Representation of a typical (A) single-walled carbon nanotube (SWCNT) and a multiwalled carbon nanotube (MWCNT)

(adapted from reference [39]).

resource when manufacturing the coating for neural in-
terface devices [43, 44]. Use of CNTs decorated with these
poly-cations generally promotes neuron growth, and this is
most likely due to an enhanced electrostatic interaction
between the CNTs and the plasma membrane of neural cells
that has a negative charge [45]. Recent biofunctionalization
approaches [46] appear as promising alternatives for in-
creasing CNTs water solubility and further neuron growth
stimulation and cell membrane incorporation.

5.2. CNTs Application Strategies. The literature reports on
two possible strategies to control neural cell functions
through biofunctionalized CNTs. One is through the ad-
dition of soluble stand-alone CNTs directly to neuronal cell
culture medium, while the other one involves CNTs surface
modification for further attachment substrates such as
scaffolds. The first strategy requires a direct application of
the CNTs to the nerve tissue allowing the carbon structures
to interact directly with nerve culture and to expand or
disperse within the cells.

The second strategy employs CNTs as modifiers
(either surface or bulk) of other materials to enhance
their neurofunctionality as part of multicomposite
scaffolds, implantable devices cell guiding matrices, and
enhancing activity of other components such as the

therapeutic drugs (small molecules), proteins (neuro-
trophic factors or extracellular matrix (ECM) compo-
nents), and nucleic acids (siRNA, miRNA, pDNA, etc.)
[43].

Properties like roughness, charge, polarity, and chem-
istry of CNT scaffolds, can alter the affinity of neurons linked
to CNT-containing surfaces. Direct interactions between
neurites and CNTs act as an exoskeleton, with more
membrane/material tight junction formation. Greater sur-
face area of CNT significantly results in stronger charge
injection capacity and lesser interfacial impedance as they
help in electrochemical coupling via electron transfer be-
tween CNTs and neurites [5, 44, 47, 48].

5.3. Neural Response Mechanisms to CNTs. CNTs have
demonstrated to play an important role mediating inter-
actions between neurons and their environment. When used
as a scaffold, CNTs act not only as a reservoir of adsorbed
proteins, but also play a dynamic role in boosting neuronal
electrical performance. Observed discontinuous and tight
contacts between MWCNT or SWNT bundles and neuronal
membranes favor the hypothesis of a direct electrical cou-
pling (Figure 5). The work of Cellot et al. demonstrate that
meshwork of MWCNTs outside neurons is in intimate
contact with a small area of the neuritic membranes, this
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FIGURE 5: Interaction between MWCNTs and neurons. (a) Transmission electron micrographs (TEM) sections of neurons grown on
MWCNTs showing functional synaptic contacts (rectangular box). (b) Arrows indicate MWCNT-membrane contacts on this TEM section
from (a). (¢, d) High-magnification micrographs from a section consecutive to those of (b) illustrating how MWCNTs ‘pinch’ neuronal

membranes [10].

report constitutes the very first attempt at linking electrical
phenomena in nanomaterials to neuron excitability [10].
Hippocampal neurons cultured on MWCNTs were
studied by Fabbro et al. [49] demonstrating an increase in
expression of paxillin, this membrane protein is involved in
focal adhesions-mediated intracellular signaling pathways,
demonstrating that electrophysiological cues provided by
CNTs can be translated into specific neuronal signals.
However, more detailed mechanistic studies between the
neuronal tissue and CNTs interface are still required to
engineer further applications of CBNs [5, 48, 50]. Some
recent applications are presented in the following section.

5.4. Selected Applications. CNTs have been incorporated in
the design and manufacturing of several biomedical tech-
nologies. A number of comprehensive reviews on the use of
CNTs for neuron regeneration can be found in the literature
[7, 15, 22, 51]. This section aims to present recent examples
of CNT-based materials used as scaffolds (hard printed or in
the form of hydrogels) for neuron culture and conduits for
nerve reconstruction. Most of the following subsections
detail CNT-based materials applied to peripheral nerve
studies; nevertheless, the first example is remarkable as
it shows a rare example of CNT-mediated cortical
regeneration.



5.4.1. Transparent CNT-Based Substrates for Cortical
Functional Regeneration. Pampaloni and coworkers have
recently reported on the preparation of optically transparent
CNT-based substrate (tCNTs) consisting of MWCNT car-
pets grown on fused silica substrates [52]. tCNTs not only
favor dissociated primary neurons network formation and
function (Figure 6(a)) but also boost the spontaneous
synaptic activity of hippocampal neurons. In this report,
tCNTs were used to support the growth of intact or lesioned
entorhinal-hippocampal complex organotypic cultures
(EHCs: 3D explants of the CNS in which the overall
functional and anatomical neuronal connections are pre-
served [53]), finding that the CNT-based material induces
the sprouting of functionally active fibers crossing lesioned
areas (Figures 6(b) and 6(c)).

5.4.2. 3D Printing Nanoconductive MWCNT Scaffolds for
Nerve Regeneration. Aminated MWCNTs have been re-
cently been incorporated in a poly(ethylene glycol) dia-
crylate (PEGDA) matrix [54]. This report shows how CNTs
can be easily incorporated in emerging 3D printing tech-
nologies to render scaffolds that support differentiation and
growth of neural cells while having microelectroporous
characteristics, and the manufacturing process is depicted in
Figure 7.

In this study on MWCNT-PEGDA scaffolds, concen-
tration of CNTs was evaluated, finding that proliferation at
0.02% of amine-containing MWCNT was the highest after
four days of culture, whereas the highest proliferation of
neural stem cells (NSCs) in all the concentration groups
occurred in the 0.1% amine-containing MWCNT scaffolds.
This proliferation was obtained until day seven, and the
researchers believe that this delay was caused by the ad-
aptation process of the NSCs to the substrate. Higher
concentrations of MWCNTs in the printed scaffolds showed
a higher positive charge which could promote a better de-
velopment and greater nerve cell growth [54].

5.4.3. CNT-Interfaced Glass Fiber Scaffold for Regeneration of
Transected Sciatic Nerve. Peripheral nerve injuries are
common in clinical settings, yet the possibility of the nerve to
regenerate spontaneously will vary according to the severity
of the injury, which will be limited if the injury is too severe.
The study by Ahn et al. addresses this issue by fabricating a
phosphate glass microfiber (PGF) scaffold that incorporates
aminated CNT [55].

The researchers performed a surface coupling of ami-
nated CNTs to aligned PGF bundles and used the resulting
fibers as interfacing material for neuron physical guidance.
In vivo cell guidance studies were performed after wrapping
the CNT-PGF substrate around poly(l/d-lactic acid)
(PLDLA) electrospun nanofibers. The nerve guidance device
was made in the shape of a cylindrical tube (as shown in
Figure 8) and tested in a rat sciatic injury model [55],
exhibiting good neural interaction, cell viability, and
physicochemical integrity. Finally, the implant displays ef-
fectiveness in restoring motor functions, indicating that the
muscle in the animal was functionally improved as a result of
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the CNT interfacing, as the scaffold-crossing axons rein-
nervated into the gastrocnemius muscles [55].

5.4.4. Polysaccharide/CNT Hydrogel Hybrid as Neuronal
Growth Substrates. Hydrogels are attracting much attention
in biomedical applications given their molecular-scale control
over mechanical and bioresponsive properties [56]. Most
hydrogels still lack good mechanical strength and electrical
conductivity, thus limiting their biomedical applications, but
CNT hydrogels hybrids have emerged as candidates to
overcome this. These composite hydrogels have rapidly
gained attention in developing regenerative therapies for
skeletal muscles and cardiac and neural cells [57].

A recent study by Wu et al. explores the potential of
chitin-based composite hydrogels incorporating MWCNTs
[58]. These hybrid hydrogels originated from a chitin/NaOH/
urea aqueous solution blended with modified MWCNTs.
Hydrogel bulk consisted on bundles of chitin nanofibers and
carbon nanostructures that were stabilized through inter-
molecular forces like hydrogen bonding and electrostatic and
hydrophobic interactions (Figure 9), that also contribute to
refrain CNT release from the hydrogel scaffold. The resulting
hydrogels showed improvements in thermal stability, a better
hemocompatibility, good mechanical properties, while
slowing down biodegradability rates, and the swelling ratio
compared to control chitin hydrogels [58]. On top of these
improvements, in vitro evaluation of Schwann cells was
performed, resulting in a successful proliferation of the
neuronal cells with little cytotoxicity and neurotoxicity, dis-
playing a promising potential as neuronal growth substrates
for peripheral nerve regeneration [58].

5.4.5. Nerve Guide Conduits Based on Protein/CNT
Composites. The study presented by Mottaghitalab et al.
introduced a clever nerve guide conduit (NGC) design that
merged the mechanical advantages of the naturally occur-
ring proteins silk fibroin (SF) and SWCNTs for use in nerve
grafts. The resulting conduit showed stable chemical,
physical, and electroconductivity properties due to its
uniformity; plus the addition of fibronectin containing
nanofibers (FN) through a electrospinning process rendered
an addition extracellular matrix guidance for neuron growth
and migration (Figure 10). FN conferred the SF/SWNTs
NGCs conduits bioactivity allowing the growth and adhe-
sion of U373 cell lines. NGCs were studied in vivo,
implanted to 10mm left sciatic nerve defects in rats,
resulting in nerve regeneration in the proximal regions of the
implants after five weeks. In both SE/SWNT and SF/SWNT/
FN NGCs, more myelinated axons were present as well as
higher nerve conduction velocities, indicating a functional
recovery for the injured nerves [59].

6. Biocompatibility and Neurotoxicity of CNTs

Academic communities and regulatory agencies have grown
in concern about the adverse effects of CNT-based materials
and nanomaterials in general. Factors such as particle
concentration, exposure route (injection, ingestion, and
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FIGURE 6: (a) Fluorescent micrographs of dissociated primary cells networks grown on glass control substrates (top) and on tCNTs
substrates (bottom) (fB-tubulin III, red: neurons; GFAP, green: astrocytes; DAPI, blue: cell nuclei). (b) tCNTs induce the sprouting of
functionally active fibers crossing lesioned areas in entorhinal-hippocampal complex organotypic cultures (EHCs). (a) Entorhinal cortex/
dentate gyrus (EC/DG) intercommunication ability through the perforant pathway (PP) transection in intact and lesioned EHC using a
stimulation electrode inserted into the EC superficial layer. (c) Representative confocal images showing the sprouting of SMI32-positive

axon fibers (in green) crossing the gap area [52].

inhalation [60]), particle size, particle distribution, particle
agglomeration, and surface adsorbability and attachment are
pivotal to comprehend the huge variability in the nano-
toxicity studies of CNTs [61].

Most of these studies CNTs have been developed on
stand-alone CNTs (i.e., suspended in physiological circu-
lating fluids) generating accumulation-related adverse re-
actions in the tissues [62]. Nonetheless, when CNTs are
firmly surface-immobilized (by either covalent or non-
covalent approaches), it seems that there is no or there is
little cytotoxicity [61]; that is the case of devices commonly
inserted in the CNS/PNS directly in contact with neurons.
Therefore, CNTs show in general good compatibility in vivo
with neuronal tissues.

The most cautious way to use CNT would be to prevent
them from entering the organism freely [60]. Examples
like the one discussed in Section 5.4.4 or other CNT-
hydrogel systems [63] comprise the trapping of free CNTs
within the hydrogel network, thus limiting standalone
CNTs release.

As long as CNTs remain firmly attached to a surface or
their release is hampered, collateral diseases (such as car-
diopulmonary diseases, inflammation and fibrosis, among
others [64, 65]) can be prevented. Then factors like super-
ficial load, distribution of the functional groups of the CN'Ts,
and manufacture methods [65, 66] and their relation to
toxicological responses can be discussed, as we describe in
the following section.
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6.1. CNTs Neurotoxicity Related to Manufacturing and
Functionalisation. As previously mentioned, CNT can be
manufactured by different methods (arc discharge, chemical
vapor deposition, and laser ablation of graphite among
others) which generate a wide spectrum of CNT lengths,
number of walls, chiralities, and most importantly impu-
rities. Despite the fact that a number of studies highlight
toxic effects in cells upon exposure to stand-alone CNTs,
these adverse effects are largely due to heavy metal nano-
particles (Fe, Co, Ni, Y) produced during their synthesis
[67].

Further functionalization steps tend to remove these
metals and also to reduce CNTs” tendency to bundle, thus
improving further biodistribution and lowering inflammatory

responses compared to pristine CNTs [67-70]. Table 1 shows
some toxicity-related effects as consequence of different CNTs
solubilizing and functionalisation treatments in biological
tissues with special emphasis on neuron related reports
[67, 92].

On top of the chemical nature of impurities in CNTs,
the number of walls, length, and chirality also influence
their toxicity and behavior at biointerfaces [93, 94].
Depending on these physical characteristics, their cell
interaction mechanism can be altered and generate dif-
ferent immunological responses [95, 96]. Several studies
have shown a lower immune response as CNT length
decreases, since short CNT can cross cell membranes more
easily, whereas longer CNTs remain bundled in the
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FIGURE 10: (a) Schematic representation of rolling up protocol for nerve guide conduit (NGC) containing SF/SWNT/EN. (1) Porous SF/
SWNT substrates. (2) Aligned FN containing nanofibers prepared by electrospinning on substrate. (3) Rolling up the complex. (4) Tubular
NGC with internal aligned nanofibers coated by porous Silk/SWNT substrate. (b) Implanted SE/SWNT/EN. conduit in left sciatic nerve
defects in a rat model after 5 weeks implantation. (c) Cross sections of regenerated nerves taken from SF/SWNT/FN nerve conduit after 5
weeks. Wide arrows: myelinated axon. Narrow arrows: Schwann cells (adapted from reference [59]).
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TaBLE 1: Toxicity study of various carbon nanotubes solubilization and functionalisation schemes of biological interest.

Small molecules as solubilizing agents Toxicity Reference
Tetrahydrofuran Tumorigen, mutagen [71]
Dichlorocarbene Harmful [71]
Anthracene Possible tumor promoter [72]
Pyrene Carcinogenic, mutagenic [73]
Zn-porphyrin Unknown, likely safe [74]
Phenylethyl alcohol Topical irritant [75]
n-octyl-B-d-glucoside Unknown [76]
n-decanoyl-N-methylglucamide Unknown [76]
Triaminopyrimidine Unknown [77]
Lysophosphatidylcholine Unknown [77]
Barbituric acid Not pharmacologically active [78]
Sodium cholate Unknown [76]
Taurine Safe up to ~28.57 mg/mL [79]
Thiolated organosilane Unknown [80]
Macromolecules as solubilizing agents Toxicity Reference
Chitosan Mostly safe [81]
Helical amylase Unknown [82]
Poly(phenyleneethynylene) Possible antimicrobial properties [83]
Poly(aminobenzene sulfonic acid) Hazardous to blood, nervous system, liver [84]
PAA Severely irritating and corrosive [85]
PEG Acute oral and dermal [84]
Sulfonated polyaniline Unknown [86]
Functionalisation approach Toxicity Reference
MWCNT-NH;" Weak transient inflammatory response on glial cells [87]
13C enriched SWCNTs + Tween-80 1% Moderate (mouse lungs and liver), biodistribution study [88]
PEG-modified SWCNTs Mostly safe (spinal cord injury) [89]
[""'In]DTPA-MWCNTs Not determined (blood-brain barrier in vitro model) [90]
PEG-oligodeoxynucleotide (CpG) Mostly safe (glioma tumor model) [91]

PEG: polyethylene glycol; PAA: poly(acrylic acid); DTPA: diethylenetriaminepentaacetic acid.

extracellular space [97] often generating reactive oxygen
species (ROS), thus triggering oxidative stress response on
cells [93].

6.2. Neuron Interaction Mechanisms. So far, it is understood
that there are two possible mechanisms that CNTs can
present to enter neurons or potential host cells: active
transport through endocytosis/phagocytosis and passive
transport or simple diffusion (also known as nano-
penetration) [92].

Both mechanisms are presented in Figure 11, where the
absorption of CNTs using the deformation of the plasma
membrane to form a vesicle that internalizes into the cy-
toplasm is resented [98, 99]. Phagocytosis is a process similar
to endocytosis but is characterized by its specialized exog-
enous material of greater size as bacteria or microorganisms.
Both mechanisms are dependent on energy (ATP) and
temperature [100, 101].

Nanopenetration is a passive mechanism that allows the
CNT to cross the membrane without the need to generate a
vesicle, and it can be compared with the simple diffusion
that some substances of interest for the membrane present
[102]. The results of several studies of both mechanisms
suggest that they can generate different immune reactions,
as they activate a number of transport routes at the same
time and also DNA damage can be involved at some point
[102].

A number of studies have tested how a number of
small and macromolecules can travel across the blood-
brain barrier (BBB) [103]; in fact, CNTs are no exception
to this. When ">C-enriched SWCNTs were administered
to mice, it was found they accumulate in the animal’s
brain, but showing little or no acute toxicity while also
accumulating in liver, lung, and spleen, organs where
CNTs persistence may lead to long-term toxicity effects
[88].

MWCNTs are also able to cross the BBB as the work of
Kafa et al. demonstrated. In this study, radiolabeled
MWCNTs were intravenously administered to a murine
model in order to study the molecular mechanism mediating
CNTs crossing the BBB, finding that micropinocytosis is the
prevalent internalization mechanism, and therefore trans-
cellular uptake is hypothesized as the primary mechanism
behind the BBB crossing [90].

Gastrointestinal administration of SWCNTs can lead to
accumulation across the BBB, it also known that SWCNTs
tend to accumulate in neurons’ lysosomes. Yang et al. took
advantage of these observations to treat Alzheimer’s disease
model mice by delivering acetylcholine using the CNTs
[104]. This study based the release of cargo based on a pH
change in neuron lysosomes, but it has been demonstrated
that CNTs can be enzymatically degraded by peroxidases in
immune cells, glia cells, and the extracellular space as well
[67]; therefore, lessening concerns about their use in neuron
therapies.
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FIGURE 11: Schematics showing endocytosis and nanopenetration
mechanisms of stand-alone CNTs [92].

7. Concluding Remarks and Future Perspectives

This review has examined how CBNs have been recently
applied to nervous tissue regeneration. Research on nervous
system repair continues to use CNTs in the pursue of novel
therapies for treating nerve damage and neurodegenerative
pathologies. It was found that most of the literature reports
on neuronal applications of CNTs happen to take place on
nervous cell lines or PNS; therefore, more research focused
on CNS regeneration should be developed despite its
complexity.

Even though initial safety concerns about stand-alone
CNTs toxicity limited their use in neuronal applications,
more and more studies show how these issues can be
bypassed by controlling CNTs firm attachment to a sub-
strate. Further nanotoxicological and pharmacokinetic
studies are required, but it is highly advised for these reports
to include extensive details of CNTs physical and chemical
characterization of the CBN; its impurities and surface
characteristics in order to systematically homogenize the,
quite contradictory, outcome results. In this regard, more
studies should be carried out on the relation between toxicity
and shape, size, functional groups, and release of CNT when
integrated into devices.

As more control over CNT behavior is gained, the better
comprehension of their interactions with neurons will be
gained. This will facilitate a more efficient CNT incorporation
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a part of devices like nerve conduits, sensors, and micro and
nanoelectromechanical systems (NEMS and MEMS). It is
likely that future studies involving neuronal application of
CNTs explore the benefits of combining different forms of
CBNs, allowing for sensors and micro and nano-
electromechanical systems (NEMS and MEMS) with in-
creased functionality and levels of complexity.

Current advances on additive manufacturing technol-
ogies like 3D printing will allow for increasing complexity of
CNT based materials, this will provide improved compat-
ibility and functionality of CNT-containing system when
designed to match the intricacies of the CNS. Additive
manufacturing technologies will also allow for the precise
and reproducible merging of CNTs with biologically relevant
cues like proteins and biodegradable biopolymers, thus
improving the application of CNTs in the commission of
nervous regeneration.
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In recent years, the effective purification of PEGylated therapeutic proteins from reaction media has received particular attention.
Although several techniques have been used, affinity-based strategies have been scarcely explored despite the fact that, after
PEGylation, marked changes in the molecular affinity parameters of the modified molecules are observed. With this in mind,
future contributions in the bioseparation of these polymer-protein conjugates are expected to exploit affinity in chromatographic
and nonchromatographic techniques which will surely derive in the integration of different operations. However, this will only
occur as novel ligands which are simultaneously found. As it will be mentioned, these novel ligands may be screened or designed.
In both cases, computer-aided tools will support their identification or development. Additionally, ligand discovery by high-
throughput screening (HTS) is believed to become a fast, economic, and informative technology that will aid in the mass
production of ligands along with genetic engineering and related technologies. Therefore, besides analyzing the state of the art in
affinity separation strategies for PEGylated molecules, this review proposes a basic guideline for the selection of adequate ligands
to provide information and prospective on the future of affinity operations in solving this particular bioengineering problem.

1. Introduction

The chemical or physical attachment of polyethylene glycol
(PEG) to a molecule or a therapeutic protein is defined as
PEGylation [1-3]. Among the benefits that have been asso-
ciated to this strategy at a general therapeutic level are the
increase in protein solubility, size, and thermal and me-
chanical stability [4], which confer proteolysis resistance and a
reduction in renal clearance, immunogenicity, and toxicity
[5]. In 2017, the global market of PEGylated therapeutic
proteins was valued at US$ 10, 388 million with an estimated
compound annual growth rate (GAGR) of 6.9% from 2018 to
2025 [6]. To date, there are more than 12 FDA-cleared PEG-
modified drugs and about 30 more in research and/or clinical
trials [7].

The PEG used in PEGylation can be linear or branched
with diverse sizes, depending on the size of the biomol-
ecule to be modified [7]. Polymer molecular weights of 40
to 60 kDa are preferred [2]. To do so, PEG is functionalized

with different chemical groups (i.e., amino, hydroxyl,
imidazole, histidine, thiol, disulfide, carboxylic, hydro-
phobic, or electrostatic residues) [8]. Depending on the
kind of reaction used, PEGylation can be classified into
noncovalent or covalent, and the last one is subdivided
into random or site-specific [9]. Noncovalent PEGylation
exploits hydrophobic or ionic interactions to form coor-
dination complexes between the protein and the polymer
[9]; however, these are scarcely used because the PEG
coating can be easily removed [10]. On the contrary, co-
valent techniques involve the formation of fixed chemical
bonds which can be site-specific in some cases. PEG-
carboxylates, PEG-carbonates, or PEG activated with
N-hydroxysuccinimide are examples of agents that lead to
random or unspecific PEGylations [9]. Among the strategy
examples to obtain site-specific conjugation, we can find
N-terminal thiol bridging or enzymatic PEGylations [9].
Although a site-specific modification is always preferred, it
can be expensive, it is not always feasible, or it may require
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a high expertise and development time [11]. Furthermore,
if the molecule presents several of these target-specific
sites, the reaction tends to produce PEGylated species that
vary in modification degree (number of attached chains)
and positional isomerism [11] as it occurs with random
PEGylation. In this context, the mono-PEGylated conju-
gate is usually the most adequate isomer regarding the
desired properties and biological activity for its thera-
peutic function. Thus, the recovery and purification of the
right conjugate with the desired yield and purity result in a
sophisticated and resource-consuming procedure.

Current separation methods to purify the mono-
PEGylated conjugates can be classified into two main
groups: chromatographic and nonchromatographic tech-
niques [12]. Within the nonchromatographic techniques,
ultrafiltration has been applied in the recovery of PEGylated
ovalbumin, bovine serum albumin, a-lactalbumin, and ri-
bonuclease A (RNase A) [13], with the disadvantages of
obtaining low recoveries and the high cost of the mem-
branes. On their part, aqueous two-phase systems (ATPS)
have demonstrated to be a promising technique in the
fractionation of PEGylated proteins in PEG-phosphate
systems [14, 15], but until now, the operation has not been
carried out at pilot or industrial scales. Polyacrylamide gel
electrophoresis (PAGE) is used mainly for the character-
ization or analysis of the modified molecules, requiring the
use of an additional step to remove the dyes used in the
staining of the proteins [12].

On the contrary, chromatographic techniques are still
the preferred method for PEGylated conjugate purifica-
tion. Size exclusion chromatography (SEC) has been ef-
fective to remove low molecular weight impurities and
nonreacted proteins, nevertheless SEC has been unable to
distinguish between conjugates and positional isomers
causing poor resolution, high buffer consumption, large
sample dilution, and long processing times [16, 17]. Ion
exchange chromatography (IEX) takes advantage of pro-
tein charge modification due to PEG shielding, that is to
say, the covering of the protein surface and the loss of a
positive charge for each linked PEG chain [18]. However,
the negative aspects of this methodology are low dynamic
binding capacity of proteins with long PEG chains [19],
short support lifetimes, and low column loads. On its part,
reverse phase chromatography (RPC) has been applied for
the analysis of PEG-conjugates in HPLC systems more
than in preparative levels because the high temperatures
and the use of organic solvents in the mobile phase cause
protein denaturation [16]. Hydrophobic interaction
chromatography (HIC) has been successfully implemented
for the recovery of modified proteins with different degrees
of PEGylation, but in this method, free PEG is also linked
to the stationary phase, and there is a lack of predictive
understanding of molecule retention which makes HIC
not suitable for its use at large scales [20].

One of the discussed aspects of protein PEGylation is
the change in the affinity parameters of the protein after
its reaction. In this sense, affinity-based separations
might be an effective and attractive option in the puri-
fication of protein-polymer conjugates considering the
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high selectivity that characterizes the interactions in-
volved. This review analyzes different studies about the
effects of PEGylation on the affinity of the modified
molecules and presents current reports on affinity-based
purification strategies for these conjugates. Distinctive
tools in the screening/design and production of novel
ligands are also referred. Future trends and challenges in
the bioseparations of PEGylated proteins by affinity
methods are elucidated, and a guide procedure to select
the adequate ligand and operation for the purification of a
PEG-modified protein is proposed.

2. Effects of PEGylation on Protein Affinity

As it has been mentioned, PEGylation has been used as a
strategy to reduce the immunogenicity of some therapeutic
biomolecules, proteins, or antibodies and to diminish dose
frequency in patients [4]. In general terms, the affinity of
PEGylated proteins towards biological agents is affected and
is expected to change depending on the extent of the
PEGylation procedure, [21] but there is still a lack of un-
derstanding on how this occurs. In this aspect, some reports
have registered a decrement on the affinity of the PEGylated
enzyme towards its biological counterpart. For instance,
native ribonuclease A (RNase A) had a dissociation constant
(kq) of 7.6x10"® M, while modified RNase A with 4 and 9
PEG molecules had k4 of 1.3x107M and 1.2x10°M,
respectively [22]. Chapman [4] concluded from his research
with antibodies that affinity is reduced in random PEGy-
lation more severely employing amine-reactive chemistries
and in the cases when two or more attached PEG molecules
per antibody molecule are found. He also reports a 50%
inhibition of the Fc (fragment crystallizable) receptor
binding in the antibody when 25% of the available amines
were modified by random PEGylation. Furthermore, Fc
activity was more affected than the antigenic binding ac-
tivity. This report describes, as well, that, in site-specific
PEGylation of complete antibodies or antibody fragments,
the affinity binding is retained. However, it also suggests that
binding loss may be caused by ionic interference rather than
affinity interference [4]. In summary, Chapman states that
the changes in affinity vary in every case depending on the
protein size, surface density, length of the PEG chains, and of
course the PEGylation strategy used [4]. All these factors
have an accumulative effect, and the closer the modification
site is to the binding or active site, the most severe is the
effect in its affinity. In those cases in which affinity loss
occurs during the PEGylation of some drugs, the negative
effect may be compensated through the application of the
multivalence concept (the binding of more than one bio-
molecule to a macroligand) as it has been observed in the
conjugation of PEGylated ligands to nanoparticles [23].

3. Current Advances in the Purification of
PEGylated Proteins through
Affinity Procedures

Affinity-based bioseparations are techniques that exploit a
biological recognition phenomenon, which is reversible and
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specific, to achieve the separation of one or several of the
desired biomolecules from their contaminants [24]. Such
procedures require operations such as chromatography,
precipitation, membrane-based purifications, and two-phase
extractions. [24] These can also be grouped as affinity
nonchromatographic and chromatographic techniques. The
essential steps in a protein affinity-based bioseparation
(regardless of the operation type) are (1) the capture of the
protein with the ligand (which can be free or linked to a
particular matrix), (2) washing or separation of the con-
taminants of the mixture, and (3) elution or recovery of the
target protein [25].

Even when affinity bioseparations have been highly
demanded for the isolation of pharmaceutical proteins, their
use in polymer-protein conjugates recovery has been poorly
studied. The change in affinity properties has been mainly
addressed in chromatographic techniques mostly because
chromatography will continue to be the preferred method
for biopharmaceutical purification because of its high-res-
olution capabilities [26].

Affinity chromatography (AC) is a selective and pow-
erful purification operation which is based on a highly
specific biological interaction between a target and a ligand
[27-30]. The advantages attributed to AC are high selectivity
and specificity, high sample concentration, high level of
purification (greater than 1,000-fold), scalability [31], con-
servation of biological activity using gentle operations, and
time saving. Until now, the applications of affinity chro-
matography for the purification of PEGylated proteins after
a PEGylation reaction are scarce. There are only two works
dealing to some extent with affinity chromatography of
PEG-modified proteins. In one of these works, the purifi-
cation of 20 kDa mono-PEGylated lysozyme with heparin
affinity chromatography was optimized through an exper-
imental design [32], and the elution curves for the operation
were later simulated [33]. The other studies deal with the
PEGylation of ligands in AC supports or resins, with the aim
of improving their stability using as model concanavalin and
protein A [34, 35].

Regarding possible ligands for PEGylated proteins, the
discovery of induced immunogenicity in patients and ani-
mals administered with PEG-protein conjugates was the
antecedent for the identification and isolation of anti-PEG
antibodies [36]. The existing anti-PEG antibodies are of IgG
and IgM isotypes, and several of them are available com-
mercially (Table 1). However, much has been questioned
regarding their specificity [37], but in current studies, in-
teresting conclusions have been obtained. One of them is
that none of the monoclonal or polyclonal anti-PEG anti-
bodies are totally methoxy or backbone-specific, so these
show relative specificities. For example, the anti-PEG an-
tibodies inducted by HO-PEG-proteins target the backbone
but not the hydroxyl end-group [38, 39]. In those antibodies
raised against metoxi-PEG (mPEG)-proteins, the affinity
depends on the hydrophobicity of their end-groups and the
backbone lengths of the polymers, so anti-mPEGs presented
a few hundreds of times more affinity for 10 kDa mPEG than
for mTEG (tri(ethylene glycol) monomethyl ether) [38]. The
reported applications using anti-PEG antibodies enclose

diagnosis, analysis, and quantification of both PEG and
PEGylated proteins. Only in one work, the anti-PEG anti-
body PEG B-47 (rabbit IgG1 monoclonal antibody) was used
as part of an immunoaffinity purification, and the antibody
was bound to streptavidin-coated magnetic beads for the
capture of the MK-2662 peptide PEGylated with 40kDa
branched PEG at C-terminus [40]. The captured peptide was
digested and injected in 2D-HPLC followed by a triple-
quadrupole mass spectrometer detector [40]. However, in
this work, the peptide is destroyed making the application
fundamentally analytic, which is not recommended if
peptide recovery is wanted. In the same way, our research
group is attempting to use anti-PEG antibodies as selective
ligands in PEG-protein downstream processes but from a
preparative perspective.

Approaches on using affinity chromatography for
carrying out PEGylation reactions with better effectiveness
(denominated affinity on-column PEGylation or solid-
phase PEGylation) have also been performed. This
methodology consists on integrating the reaction and
purification operations in a single step with the goal of
doing a more site-specific PEGylation and protecting the
active or binding site in enzymes or proteins from PEG
alteration [41]. The protein is adsorbed onto the affinity
matrix, and then PEGylation is performed during protein
retention [42]. Table 2 shows examples in which solid-
phase PEGylation with affinity chromatography has been
applied to important therapeutic proteins. On-column
PEGylation ensures the catalytic activity after the PEG-
modification, especially in proteins with modifiable amino
acids in the binding site as it happens with the presence of
lysines, which can be attacked during N-terminal PEGy-
lation [8]. As consequence, protein biological activity is
more conserved than in random PEGylation. Table 2
displays, for the most part, relative bioactivities greater
than 50%, whereas in unplanned PEG conjugations, the
achieved bioactivity is only 40% or even null. In general,
solid-phase PEGylation has improved yields for the mono-
PEGylated protein in comparison to liquid-phase PEGy-
lation [44, 46]. Furthermore, on-column PEGylation
represents an attractive integration of operations obtain-
ing a desirable product with less downstream steps [47] in
less time and with guaranteed biological activity. Never-
theless, this is not always true since in some cases, affinity
changes between the nonmodified and the mono-PEGy-
lated product are not enough to resolve both proteins in
the elution step of the AC [44, 45]. Also, when multiple
conjugates are formed due to the high number of modi-
fiable amino acids in the protein surface [42], a second
purification chromatography (SEC or IEX) could be
mandatory.

In general, the affinity property for the isolation of
PEGylated proteins has only been exploited with chro-
matography in a small number of works. The integration
of PEGylation and chromatography is a common ap-
proach with the aim of improving PEGylation yields and
reducing isomer appearance. However, the use and study
of preparative affinity chromatography needs to be
encouraged.
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TaBLE 1: Commercial anti-PEG antibodies and recommended applications.
Antibody Isotype Class Source Company Specificity Suggested applications
B-47 G Monoclonal Rabbit RabMAb® Metoxi-PEG of conjugates ELISA, WB, THC
PEG-2-128 M Monoclonal Rabbit RabMADB® PEG backbone ELISA, WB
RM105 G Monoclonal Rabbit RabMAb® Metoxi-PEG ICC, W8, ELISﬁ; THC, flow Cyt,
5D6-3 G1 Monoclonal Mouse RabMAb® PEG backbone ELISA, WB
PA5-32247 G Polyclonal Rabbit  ermo Fisher PEG WB
Scientific®
09F02 G3  Monoclonal Mouse Lifespan BioSciences® PEG ELISA
TH.E PEG M Monoclonal Mouse Lifespan BioSciences® PEG bac.kbone and ELISA, IHC, IP, WB
antibody conjugates
Ell Gl  Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA
33 Gl  Monoclonal Mouse Lifespan BioSciences® PEG bac'kbone and ELISA, WB, flow Cyt
conjugates
6.3 Gl  Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA, WB, flow Cyt
15-2b G2 Monoclonal Mouse Lifespan BioSciences® Metoxi-PEG ELISA, WB, flow Cyt
r33G G3  Monoclonal Rat Lifespan BioSciences® PEG backbone ELISA
AGP3 M Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA, WB, flow Cyt, IHC
rAGP6 M Monoclonal Mouse Lifespan BioSciences® PEG backbone ELISA, WB
PEGPAB-01 G Polyclonal Rabbit Lifespan BioSciences® PEG WB

ELISA: enzyme-linked immunosorbent assay, WB: western blot, IHC: immunohistochemistry, ICC: immunocytochemistry, and IP: immunoprecipitation.

TaBLE 2: Affinity solid-phase PEGylation of some important proteins.

Mono- Formation of multi- Relative
Protein Affinity support ~ Used PEG reagent PEGylated bioactivity” Reference
. PEGylated
yield (%) (%)
L-Asparagine .
. 5kDa cyanuric b
L-Asparaginase Sephazcl)gse CL- chloride mPEG — No 50.2 [43]
Procion Red 6kDa cyanuric
Catalase Sephaz(})gse CL- chloride mPEG — No 46.5 [43]
Recombinant fibroblast Heparin 20kDa mPEG d
growth factor 2 (FGF-2) Sepharose butyraldehyde 283 No 1054 [44]
Recombinant human .
keratynocite growth factor SHe};: arrln 12)0 k?aldm}}: EdG 40 No 89.61 [45]
1 (RhKGEF-1) epharose utyraldehyde
. . 24 Succinimidyl 5kDa > 40 Yes (di-PEG) in 5kDa > 83°
gls—}tlaglggli?nrico(rgl;ull:;nt S I\LI r_IDIZFF carbonate mPEG (5,10, 10kDa>30 PEGylation with 5 and 10kDa> 81 [42]
aphyloranase firoa cpharose 20kDa) 20kDa > 28 10kDa 20kDa > 75

*Kept bioactivity after PEGylation respect to bioactivity of the unmodified protein. Bioactivity was measured in a different way for each protein. "Measured
absorbance at 500 nm of ammonia with Nessler’s method. “Spectrophotometrical measure of the decrease in absorbance of H,O, at 240 nm. c'Mitogenic
activity measured by NIH3T3 cell proliferation assay. “In vitro bioactivity was measured as the diameter of the halo around the well in Petri dishes with the

fibrinogen powder.

4. Future Trends and Perspectives in the Affinity
Purification of PEGylated Proteins

Future advances in the affinity purification of PEGylated
proteins will be highlighted in two main pathways. One
being the search or generation of novel ligands for PEG-
modified proteins and the second one centered in the de-
velopment of nonchromatographic affinity strategies. Re-
garding the first aspect, there are still very few known ligands
for PEGylated proteins (basically heparin and anti-PEG or
anti-PEGylated protein antibodies). This leads to promote
the search or design of novel ligands at high production

levels. The strategies to look for novel ligands will be
addressed in the next section of this review.

Regarding the need of nonchromatographic affinity
techniques, the unit operations considered until now are
aqueous two-phase systems (ATPS), affinity-membrane
separations, affinity precipitation, and magnetic strategies
(Figure 1). ATPS are a promising liquid-liquid recovery
operation for their simplicity, economy, having low en-
ergy consumption, high scalability potential, and pres-
ervation of the biological activity [48-50]. Affinity ATPS
have been used to separate a great variety of proteins,
molecules, and cells [51, 52], but there is an opportunity
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area for PEG-modified proteins. In affinity-ATPS, the
preferred systems have been PEG-dextran systems using
antibodies, enzymes, or binding molecules as affinity el-
ements. Affinity ATPS may be constructed for the puri-
fication of PEGylated proteins using the already known
ligands for them.

It should be mentioned that by themselves, some indi-
vidual PEGylated proteins (mono-PEGylated RNase A and
a-lactalbumin) have showed preference for the top-phase (or
PEG-rich phase) in PEG-phosphate systems [15, 53], but the
use of affinity ligands may increase the recovery of these
proteins in the PEG-rich phase. Incorporation of anti-
PEGylated protein antibodies as ligands of PEG-modified
proteins could favor the partitioning of these conjugates
toward a determined phase. Reports about partitioning of
antibodies in PEG-phosphate systems have shown that the
polymers with low molecular weights favor the antibody
partitioning in the PEG-rich phase unlike of systems using
large PEGs in which antibodies are found in the salt-rich
phase (Kp < 1). However, in this last case, the use of neutral
salts like NaCl modifies the recovery of antibodies to the
upper phase minimizing the polymer exclusion effects [54].
In PEG-dextran systems, antibodies partition to the bottom
dextran-rich phase, but the use of some ligands for the
antibody or modified PEGs [55] has enabled the partition of
these antibodies to the top PEG-rich phase. With this in
mind, further studies should be performed on the partition
of those antibodies intended to be used for the primary
recovery of PEGylated proteins to identify those systems in
which these conjugates could be recovered. As it has been
seen with most antibody partitioning studies, similar results

could be expected leading to a good application for these
purposes.

Affinity filtration, on its part, retains a protein that
normally would pass through the membrane pores with the
use of an affinity ligand. Its advantage is the specificity
combined with the speed and the high-volume processing
capacity of the membranes [56]. During the last few decades,
affinity membranes have been coupled with chromato-
graphic equipment giving place to membrane affinity
chromatography (MAC) and to monolithic supports. MAC
offers less risk of fouling or clogging and faster separations at
semipreparative level [57].

Another alternative for the purification of PEGylated
proteins is affinity precipitation. This technique can be
defined as the specific and scalable solid-liquid separation of
an insoluble substance (precipitate) induced by chemical or
physical changes [58]. Temperature, pH, and salt concen-
tration are factors involved in precipitate formation. For
PEG-proteins, three different formats of affinity precipita-
tion can be proposed: simple one-ligand, mixed-ligand and
macroligand, or indirect precipitation. One and mixed-li-
gand formats can be categorized as primary or direct pre-
cipitation [58], where a unique and selective ligand (e.g.,
anti-PEGylated protein antibody) is used for capturing
PEGylated proteins (Figure 2(a)). Mixed-ligand formats
require a mixture of two ligands (e.g., anti-PEGylated
protein and native protein antibodies) to fractionate the
PEGylation reaction with different sedimentary velocities.
Here, the separation is characterized basically for the ability
of a first ligand to recognize only PEGylated proteins and a
second ligand that recognizes the native unreacted protein
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(Figure 2(b)). To be successful, the fractionation according
with the size of the complexes could be achieved through
gradual precipitation. In the third format, macroligands,
which are bifunctional agents formed by a first molecule and
the ligand, in which the first molecule can be a biomolecule
(e.g., protein A, tags, and carrier proteins) binding one or
several ligands (Figure 2(c)); stimuli-responsive polymers
belong to this group and are well represented by acrylamide
copolymers [59]. Application of stimuli-responsive poly-
mers would have to be evaluated in the case of PEG-proteins
due to the interactions between the polymers and the
protein.

Magnetic affinity separations are characterized as simple,
fast, gentle, versatile, scalable, and automated processes
[60, 61]. For proteins, there are two modes of affinity
magnetic separations: direct and indirect. In the direct
method, the ligand must be coupled to the magnetic particle
to capture the target protein; in the indirect method, the
ligand and magnetic particles are added separately, leaving
the ligand the function to interfere in the union of the target
and the magnetic particle [60]. Nowadays, magnetic parti-
cles and separators are available commercially; the particles
are sold with functional groups, in activated forms or with
the embedded ligands, which make their procurement and
use relatively easy. The application of the presented affinity
nonchromatographic separation for PEGylated proteins will
be conditioned by overcoming some hurdles such as
abundance, recycling, and stability of the ligand in the
purification media, so as the use of an efficient methodology
for conjugate tracking and characterization.

The use of nanoparticles may be interesting in affinity-
based separations of PEGylated proteins because of the
multivalency and high avidity that nanoparticles present [23].
Through this route, PEGylated angiotensin II receptor type 1
has been bound to multivalent nanoparticle counterbalancing
the affinity loss (up to 600-fold affinity decrease) caused by

PEG-modification [62]. Ligands for PEG-proteins such as
anti-PEGylated protein antibodies or those developed in the
future might be immobilized firstly on nanoparticles
(Figure 3) and in this way, improve the affinity capacity of the
nonchromatographic technique and affinity loss and recov-
erability of the ligand.

A general trend in bioseparations is the design of simple
one-stage operations commonly called process integration
[63]. Many of the described nonchromatographic options can
be combined with each other or with chromatography (as in
MAC) in a unique purification stage and increase the efficiency
of the individual operations until reaching the observed
performance of chromatographic techniques. This integration
is not restricted only to separation stages but also to pro-
duction as it is visualized in “solid-phase PEGylation.” Fol-
lowing the trend of process integration, affinity magnetic
ATPS or so-called magnetic extraction phases (MEP) are not
far away from being considered for the recovery of PEGylated
proteins as well. Works dealing with this alternative for a
mixture of lysozyme and ovalbumin have already been assayed
[64]. In this work, a cationic magnetic adsorbent and a
nonionic surfactant (Triton X-114) are added to the protein
mixture. The magnetic adsorbent captured lysozyme, and a
biphasic system is later formed heating at 30°C and excluding
the magnetic particles to the lower surfactant-rich phase. The
top-phase is eliminated, and lysozyme was eluted and sepa-
rated of the magnetic particles increasing temperature again.
The purity (>80%) and yield (74%) of the lysozyme are then
comparable to those where only the magnetic cation exchange
was performed [64]. In this context, this integral approach
results interesting if applied to PEGylated proteins since
modified and native proteins may be separated from the re-
action media in a first phase elimination to later elute each
protein isomer, varying the process conditions. Another ap-
propriate combination might be affinity ATPS and precipi-
tation, in which selective recognition of PEGylated proteins
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with a macroligand would be partitioned to the upper phase in
a PEG-salt or PEG-dextran system [25] and later performing
the separation of this phase to have a precipitation induced by
a mild change in the system.

As conclusion, trends point to the development of
nonchromatographic affinity techniques and their integra-
tion in the recovery of proteins modified with PEG, in-
cluding the use of multiple ligands or macroligands.

5. Guidelines in the Selection and
Development of Affinity Purification
Strategies for PEGylated Proteins

When a protein affinity purification method is needed and
the experience in downstream processing is limited, a
common query is how to choose the best strategy to do
this. This same doubt is not foreign to PEGylated protein
purification. Considering that the ligand and unit oper-
ation selections must be based firstly on getting a fast,
economic, and practical purification process, one starting
point to choose the best strategy is to know if the
PEGylation procedure for a protein has already been re-
ported and if it keeps part of the required biological ac-
tivity. Although this can seem redundant, for novel
PEGylated proteins, it constitutes a way of knowing if a
joint PEGylation-separation process is feasible or if it
should focus solely on its purification. If the PEGylation
strategy and activity of the protein have been widely
studied, the procedure will focus exclusively on purifica-
tion. On the contrary, PEGylation and purification should
be treated at the same time with the aim to achieve ef-
fectiveness in both processes, and this last might lead to the
use of solid-phase PEGylation. This is recommended es-
pecially when the protein possesses in its binding site
amino acids susceptible to alteration under a particular

PEGylation chemistry. One alternative for overcoming this
is engineered mutations, as long as the knowledge and
costs allow it.

Following the line in which a PEGylation tactic has been
preset, a second question is how much protein needs to be
purified. The response steers to decide between a non-
chromatographic or chromatographic technique since
nonchromatographic operations are oriented to obtain large
amounts of protein at low costs although resolution and
purity may be somewhat compromised [65]. However, the
decision on what technique should be used is closely related
to how abundant and expensive is the ligand and if the ligand
is commercially available. So, for costly and/or low-pro-
duction ligands, AC is a suitable alternative, especially if the
recovery of the ligand has not been addressed. Storage,
sterilization feasibility, and stability are other factors re-
garding the ligand that can influence the decision [27]. In
this point, other questions related to the ligand must be
tulfilled (Figure 4). The first question in ligand selection
involves having evidence of the existence of any ligands for
the protein. It may be an antibody or even the target of its
biological function. When the ligand is very expensive,
unknown, scarce, or not isolated, one first trial is the use of
pre-existing affinity chromatographic supports. This alter-
native can be cheap, rapidly developed, powerful, and
functional if there is any evidence or suspected affinity in-
teraction between the support and the target molecule. A
clear example of this application is the purification of mono-
PEGylated lysozyme with heparin chromatography which
can be regarded as an example of novel applications of
existing supports for protein purification [32]. Among the
most common affinity supports that can be tried to purify
proteins are Heparin Sepharose, Lectin Sepharose, Blue
Sepharose, Gelatin Sepharose, Lysine Sepharose, Streptavi-
din Sepharose, Protein A Sepharose, and IMAC Sepharose.
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If no separation in those pre-existing affinity chromato-
graphic supports is detected, the next alternative is to localize
a ligand. The identification of a potential ligand can be
reached through two main strategies: searching for natural
ligands and to design them.

In the first approach, traditional experimental searching
involves genetic engineering, antibody production plat-
forms, and high-throughput screening (HTS). On its part,
antibody production can be done by exploiting the tradi-
tional method of the hybridoma technology, which consists
in the creation of a hybrid cell combining a B cell of the
spleen of an immunized animal with its antigen and a
myeloma cell, with high reproduction of the new cell
[66, 67]. However, one drawback of this option is time
consumption. On the contrary, a nontested technology yet is
phage display, cloning genes of Fab antibody regions in a
vector, which transforms a bacterium using a bacteriophage
[66, 68]. On their part, aptamers, which are oligonucleotides
of ribonucleic acid (RNA) or single-strand deoxyribonucleic
acid (ssDNA) with three-dimensional structure, also rep-
resent viable ligands with high thermal stability and low
immunogenicity, capable to be bound with high specificity

to proteins [69]. The aptamers have the advantage of being
synthetized in great quantities with accuracy at large scale in
less time and recognizing a wide spectrum of molecules or
biomolecules in comparison with antibodies [69]. In fact,
their implementation for the capture of proteins, specifically
plasma-derived factors VII, H, and IX, in chromatography
has already started [70]. Mutation of ligand gene sequences,
alteration of the epitope, or affinity site in antibodies are
another options. When the designated ligands are based on
mimicking a natural binding, those are called biomimetic
affinity ligands [25]; these may be created by chemical,
enzymatic, or combined synthesis of their posteriori design
and prediction. However, it is essential to have in mind the
time investment, cost, and low yields that these synthesis
methods may present depending on the nature availability
and complexity of these compounds or raw materials.

On the contrary, high-throughput screening techniques
(HTST) seem to be a safer and direct choice for screening
ligands. This approach, emerged around the end of the
1990’s, gained importance in drug discovery inside the
pharmaceutical industry [71]. It is based on the assaying of a
larger number of candidate compounds (10,000 or even
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100,000) against specific targets. [72] Putative compounds
are taken from existing libraries of natural molecules or
biomolecules. Their benefits include fast testing, low cost,
and high-quality data [71]. Some of these characteristics are
relative because workstations and automated devices are
expensive, and maintenance is mandatory.

As it can be appreciated in Figure 4, when natural ligands
are not located and the tridimensional structure and se-
quence of the protein are known, mimetic ligands may be
chemically synthetized, biosynthesized, or chemo-bio-
synthetized. The design of ligands implies the synthesis of a
novel chemical or biochemical ligand (in silico), not pre-
viously known. Ligand design can be helped by computa-
tional tools as it is described as follows.

Ligand definition can be assisted by computer-aided
screening (CAS), computer-aided drug design (CADD),
[73] and/or high-throughput screening techniques
(HTST). CAS or CADD tests several molecules or bio-
molecules as possible ligands with tools such as molecular
docking (MDK), molecular dynamics (MD), and quan-
titative structure-activity relationship (QSAR). MDK is a
method emerged in the 1980’s, which attempts to find
interactions between molecules [74] as putative ligands
and predicts the binding affinity changing their orien-
tation [75]. The used software for MDK is Auto Dock,
Dock, Gold, V Life MDS, and Flex X. On its part, MD
simulation is a predictive computational method which
allows to understand the structure, folding, conforma-
tions, and behavior in biological systems of a specific
biomolecule, involving iterative numerical calculations of
forces that consider molecules as a set of atoms connected
by strings (bounds) governed under classical laws of
motion [76]. There are several free and commercial
packages used for MD like GROMACS, GROMOS,
AMBER, NAMD, CHARMM, COSMOS, and ORAC [77].
MD assists MDK with putative structures of the ligand or
target and the estimation of the binding free energies.
However, it is also important to mention the limitations
when these two modelling tools are considered in ligand
design. For example, the need of training and the long
time that simulations can take (i.e., weeks or even months
in some cases) but setting aside those aspects predicted
binding constants are not always accurate since multiple
factors (temperature, pH, and environment) can impact
the quality of simulations and allosterism can occur in
some ligand-target interactions [77]. QSAR has been
more widely employed in medical chemistry, and it
generates a model that describes the activity as a function
of several descriptors of the molecule structure [78].
These descriptors can be constitutional (i.e., molecular
weight, atoms number, and bond type), electrostatic,
topological (number of bonds, valence electrons, and
atom connectivity data), or geometrical [78, 79]. In all
these computer-aided tools, experimental execution will
be the best way to confirm the obtained results by sim-
ulation. Due to the strengths and weaknesses cited for
each specific tool in the screening or ligand development,
some authors agree to make an integration, for example,
an initial CAS or CADD followed by other experimental

options like HTS [73]. Reiterative selection processes are
suggested too like the case of CAS/CADD-HTS-CAS/
CADD processes. The success of these tools in ligand
definition will depend heavily on having the right ex-
perience in the field as well as the resources for invest-
ment [27]. It should be mentioned that related results
might be lengthy and costly as much as experimental
searching. As mentioned previously, the synthesis or
biosynthesis of these proposed ligands must go hand-in-
hand with organic chemistry synthesis or biochemical
synthesis.

In this same line, after the selection of the ligand (in-
dependently of its search or design), and in correlation with
the protein abundance and requirements, the choice of the
purification operation should be performed. As it has been
said, when ligands and proteins are in high amounts,
nonchromatographic affinity techniques are recommended.
However, there is not yet a guide to select a specific oper-
ation between these, so the best option must be selected
through experimentation by trial-and-error.

Another consideration is the immobilization method of
the ligands when these require to be fixed to a support (i.e.,
resin, membrane, or particles). At first, the available
chemical groups in the affinity ligand must be checked to
perform the immobilization as well as to know the chemistry
in the support or beads even if these have been previously
activated for a particular function and application condi-
tions. The omission of these considerations might result on a
decrease in target binding, ligand degradation, or presence
of unspecific interactions with contaminants. For PEGylated
proteins, hydrophobic, or ionic groups could entail non-
specific interactions. Tentative analysis using docking al-
gorithms can also predict these situations.

Immobilization methods can be classified basically
into two branches: covalent and noncovalent methods.
The first offers a chemical stable and durable bond be-
tween the support and the ligand avoiding leakage of this
last during the normal operation. Covalent methods are
performed between immobilized ligands with amine
groups and supports having N'N-carbonyldiimidazole,
cyanogen bromide, N-hydroxysuccinimide, or tresyl/tosyl
chloride and between sulfhydryl groups with supports
having divinylsulfone, epoxy, bromoacetyl, yodoacetyl,
maleimide, and tosyl chloride groups [29, 80]. The as-
sociated drawbacks of these covalent immobilizations are
improper orientation or steric hindrance because these are
not site-directed. However, there are also covalent site-
directed attachments, which increase the functionality of
the ligands [81]. Inside this group, we can find metal-
carrying supports (e.g., iminodiacetic or nitrilotriacetic
acids) or attachment via protein bridges. In antibodies, the
carbohydrate residues are oxidized with periodate and
then bound to hydrazine or amine-activated supports,
which might be the most efficient option of those de-
scribed. However, care must be taken in doing this since
overoxidizing promotes denaturing, and oligosaccharide
moieties can result damaged in the purified ligands [82].
On their part, noncovalent immobilization tactics rely on
a physical and temporal adsorption of the ligand with the
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support, and the ligand can be retained under conditions
of elution of the target. Modified avidin/streptavidin,
protein A or G supports are used for this purpose. A
disadvantage is that a large amount of ligand can be
needed due to loss [80].

In brief, the guide proposed here for the operation se-
lection of an affinity-based-strategy for the recovery and/or
purification of PEG-modified proteins is founded in the
previous knowledge of the protein properties, its PEGylation
process, the availability of known ligands, and previously
described immobilization methods. Also, multidisciplinary
support (computational techniques, genetic engineering,
and organic/biochemical synthesis) is suggested, but eco-
nomic resources, experience, and time are critical factors in
the decision about its use and involvement degree.

6. Conclusion

The recovery and purification of PEGylated proteins
continue to be a challenge, despite the fact that several
techniques have been studied and employed. Although
affinity loss has been reported in many cases after
PEGylation reactions, the change in this property of the
modified proteins can be exploited for their purification.
In this context, affinity-based strategies are envisioned as
the future of the recovery and purification of PEG-
modified proteins due to their selectivity and specificity.
So far, affinity chromatography has been the unique af-
finity-based bioseparation tested for PEGylated proteins.
Selection and abundance of the ligand and the type of
technique will be key points in the successful imple-
mentation of affinity separations for PEG-protein con-
jugates. Until now, only two potential ligands have been
identified for PEGylated proteins: anti-PEG antibodies
and heparin. Therefore, the search or design of novel
ligands is fundamental for the growth of this area. At this
point, high-throughput screening and several computer-
aided tools (i.e., molecular docking, molecular dynamics,
and quantitative structure-activity relationship) could be
very useful. In the same way, large-scale production of
ligands can be promoted through phage display, aptamer
production, and genetic engineering along with tradi-
tional chemical organic synthesis and biosynthesis.
Nonchromatographic affinity techniques like precipita-
tion, aqueous two-phase systems, and membrane and
magnetic separations are expected to emerge in this
context with integrated operations that will surely im-
prove the yields of the desired PEGylated protein con-
jugate, saving resources and reducing processing times.
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PEGylated or polyethylene glycol-modified proteins have been used as therapeutic agents in different diseases. However, the major
drawback in their procurement is the purification process to separate unreacted proteins and the PEGylated species. Several efforts
have been done to separate PEGylation reactions by chromatography using different stationary phases and modified supports. In this
context, this study presents the use of chromatographic monoliths modified with polyethylene glycol (PEG) to separate PEGylated
Ribonuclease A (RNase A). To do this, Convective Interaction Media (CIM) Ethylenediamine (EDA) monolithic disks were PEGylated
using three PEG molecular weights (1, 10, and 20kDa). The PEGylated monoliths were used to separate PEGylated RNase A
modified, as well, with three PEG molecular weights (5, 20, and 40 kDa) by hydrophobic interaction chromatography. Performance
results showed that Bovine Serum Albumin (BSA) can bind to PEGylated monoliths and the amount of bound BSA increases when
ammonium sulfate concentration and flow rate increase. Furthermore, when PEGylated RNase A was loaded into the PEGylated
monoliths, PEG-PEG interactions predominated in the separation of the different PEGylated species (i.e., mono and di-PEGylated).
It was also observed that the molecular weight of grafted PEG chains to the monolith impacts strongly in the operation resolution.
Interestingly, it was possible to separate, for the first time, isomers of 40kDa PEGylated RNase A by hydrophobic interaction
chromatography. This technology, based on PEGylated monoliths, represents a new methodology to efficiently separate proteins and
PEGylated proteins. Besides, it could be used to separate other PEGylated molecules of biopharmaceutical or biotechnological interest.

1. Introduction

During the last decades, several proteins have been used to
treat different diseases where their high biological activity
and high specificity have been demonstrated. However, some
of these kinds of proteins have unfavorable properties such
as low solubility, instability, and rapid clearance by the
human body [1]. In this context, PEGylation has been one
of the most successful strategies to overcome these draw-
backs [2]. PEGylation is the covalent attachment of an acti-
vated polyethylene glycol (PEG) molecule to a protein [3].
This modification forms a steric barrier against proteolytic
enzymes or antibodies, increases thermal stability, reduces
immune response, and also increases the molecular size of
the protein that enhances the circulation and clearance times
in the human body [4, 5]. The first commercial PEGylated
protein, for human consumption, was launched 30 years ago

and since then several PEGylated drugs have been approved
by the FDA [2].

In a common PEGylation reaction, several conjugates
with different PEG chains attached to them are obtained.
With this, the reaction mixture contains unreacted protein,
mono-PEGylated and di-PEGylated proteins (sometimes
even poly-PEGylated conjugates), and unreacted PEG [4,
6]. However, the PEGylated species have different effective-
ness and activity levels and, the desired conjugate is usually
the mono-PEGylated protein, which presents a higher bio-
logical activity and the best pharmacokinetic properties. The
di-PEGylated protein or those conjugates with higher
PEGylation degrees are less biologically active mainly
because the active site becomes hindered by the PEG chains
[6, 7]. For this reason, it is highly desirable to separate the
mono-PEGylated protein from the other species.
Nonetheless, its separation is a hard issue and an interesting
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engineering problem because the physical and chemical
properties are similar to those of the undesired products. In
this context, chromatographic methods have represented the
most attractive and effective alternative for their separation
since it can exploit the different properties altered during
the PEGylation reaction [4].

The chromatographic methods that have been used to
separate mono-PEGylated proteins are hydrophobic interac-
tion (HIC), anion exchange (AEX), size exclusion (SEC), and
cation exchange (CEX) chromatographies [4, 6, 8]. Our
research group has been working extensively in the separation
of PEGylated proteins. In 2009 Cisneros-Ruiz et al. [9] sepa-
rated PEGylated from unPEGylated Ribonuclease A (RNase
A) using activated CH sepharose 4B media; in 2014
Hernandez-Martinez and Aguilar [6] used PEG-modified
Sepharose 6B supports with 550, 2000, and 5000 g mol ' PEGs
to separate the same PEGylated enzyme finding that the PEG-
PEG interactions between the PEGylated support and the
PEGylated proteins promoted their separation; in 2016
Mayolo-Deloisa et al. [4] analyzed the separation of PEGylated
RNase A, -lactoglobulin, and lysozyme by HIC between con-
ventional (toyopearl butyl 650C and butyl sepharose) and
monolithic (CIM C4 A) supports, they found that monolithic
supports are a suitable alternative to traditional chromato-
graphic media for the separation of PEGylated proteins.

The last two mentioned works present a guideline for a
new idea: to combine the advantages of a chromatographic
PEGylated support with the features of a monolithic one:
PEGylated monoliths. Chromatographic monoliths, consid-
ered 4™ generation chromatographic materials, consist of a
single piece of highly open porous material. Monoliths can be
used in all chromatographic modes. This kind of chromato-
graphic supports can be operated at high convective flow rates
since they possess small micropores and mesopores that allow
low backpressures at high eluent flow rates [10]. These advan-
tages have been used to purify oligonucleotides, proteins,
PEGylated proteins, and other biotechnological products [11].
Another crucial advantage of monoliths is their tunable chem-
ical, physical, and biological properties since they can present
different chemical groups that can be functionalized with an
extensive range of molecules to create supports with novel
ligands [12]. In their work, Almedia et al. [13] modified mon-
oliths with two ligands (lysine and cadaverine) for the recu-
peration of minicircle DNA. In this work, monoliths with
ethylenediamine (EDA) groups were PEGylated using differ-
ent PEG molecular weights. The PEGylated monoliths were
used to separate PEGylated RNase A, a therapeutic protein
with anticancer properties [14]. With this, it is possible to
establish the basis of a new efficient platform to separate dif-
ferent PEGylated proteins for multiple applications.

2. Materials and Methods

2.1. Materials. Ribonuclease A, bovine serum albumin
(BSA), sodium cyanoborohydride, hydrochloride acid, and
Tris(hydroxymethyl)-aminomethane were bought from
Sigma-Aldrich (St. Louis, MO, USA). Ammonium sulfate,
dibasic potassium phosphate (K,HPO,), and monobasic
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potassium phosphate (KH,PO,) were purchased from
J. T. Baker (Center Valley, PA, USA). Methoxy poly(ethylene
glycol) propionaldehyde of nominal molecular masses of 1.0,
10.0, and 20.0kDa came from JenKem Technologies (Allen,
TX). CIM EDA disk monoliths were purchased from BIA
Separations (Ajdovscina, Slovenia). Methanol of HPLC grade
was purchased from Honeywell Burdick and Jackson (Morris
Plains, NJ, USA). All other chemicals used were all at least of
analytical grade.

2.2. Chromatographic Monolith PEGylation. CIM EDA disks
(column volume, CV 0.34mL) were PEGylated using three
PEG molecular weights (1.0, 10.0, and 20.0kDa) through
reductive amination. To modify the monoliths, a syringe
pump (Fusion 200, Chemyx Inc.) system was employed. The
monoliths were washed with 10.0mL of MilliQ (MQ) water
at 1.0mL/min, then equilibrated with 5.0mL of a methanol
solution at 10.0%, 20.0%, 50.0%, 75.0%, and 100.0% v/v at pH
6.0 using the same flow rate. Afterwards, 20.0 mL of methanol
100.0% v/v at pH 6.0 with 250.0 mM sodium cyanoborohydride
and methoxy poly(ethylene glycol) propionaldehyde (mPEG)
using a molar ratio 5:1 (amine:aldehyde active sites) [15]
were passed through the disk at 0.1 mL/min during 24 hours.
The monoliths were then washed with 5.0 mL of methanol pH
6.0 solutions at 100.0%, 75.0%, 50.0%, 20.0%, and 10.0 % v/v,
5.0mL of water and 5.0mL of ethanol 20.0% v/v at 1.0mL/
min consecutively. The experiments were carried out at room
temperature, and the PEGylated monoliths were stored at 4°C
until their use.

2.3. Monolith PEGylation Yield Calculation. The yield (or
extent) of monolith PEGylation was determined by measuring
free amine groups on the support using the same syringe
pump system as mentioned before. Free amine groups were
quantified using the method described by Noel et al., adapted to
monoliths [16]. Briefly, the PEGylated monoliths were washed
with 5.0 mL of MQ water and conditioned with 5.0 mL of MQ
water at pH 3.0 at 1.0 mL/min. After this, 5.0 mL of a 50.0 mM
orange II solution prepared with MQ water at pH 3.0 was
pumped through the monoliths at 0.16 mL/min submerged
in a water bath at 40°C. Then, the modified monoliths were
air-dried. The unbound orange II molecules were removed,
25.0mL of MQ water at pH 3.0 were pumped using a 1.0mL/
min flowrate. The bonded molecules were eluted using 90.0 mL
of MQ water at pH 12.0 at 2.0 mL/min, collecting the fraction
volume. The PEGylated monoliths were washed with 5.0mL
of MQ water and with an ethanol solution at 20.0% v/v. The
pH of the collected volume was adjusted by the addition of
250.0uL of 1.0M HCI and the absorbance at 484nm was
measured using a microplate spectrophotometer (Biotek, VT,
USA). The orange II concentration was determined with a
calibration curve previously prepared (¢ = 22.19mM 'cm ™).
The molar modification percentage was calculated according
to the following equation:

Total amino ligands (ymol) — Free amino ligands (p#mol)

%Modification = * 100.

Total amino ligands (pmol)

(1)
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2.4. Adsorption Experiments. Because of the nature of the
monolithic supports, the adsorption experiments on the
PEGylated monoliths were performed only in dynamic
mode. To do this, BSA was used as a protein model as used
and preferred in similar experiments reported elsewhere
[6, 17]. The breakthrough curves were obtained connecting
the PEGylated monoliths to an Akta Avant chromatography
system (GE Healthcare, Uppsala, Sweden) and equilibrated
with buffer B composed by 20.0mM Tris-HCI pH 8.2 with
1.5 or 2.0M of ammonium sulfate (AS). Protein solutions
at different concentrations (1.0, 2.0, and 3.0mg BSA/mL
prepared en buffer B with 1.5 or 2.0 M AS) were loaded using
a 50.0 mL superloop (GE Healthcare, Uppsala, Sweden) until
the monoliths were saturated. The protein bonded was eluted
with 20.0mM Tris-HCI pH 8.2 buffer. The dynamic binding
capacity (DBC) was obtained from the breakthrough curves for
each PEGylated monolith as the amount of protein bonded per
column volume when the outlet protein concentration reached
10% of the feed protein concentration. The 10% breakthrough
(DBC,,,,) was calculated using the following equation:

1 (U

DBC, gy, = VCJO (Cr = Cyup)dtv, (2)
where V. is the column volume in mL, V, is the volume in
mL applied at 10% breakthrough, Cy is the feed protein con-
centration in mg/mL and C,, is the outlet protein concentra-
tion in mg/mL. All experiments were carried out by triplicate
and, the presented values correspond to the average of these
results with their corresponding standard errors.

2.5. PEGylated RNase A Preparation. The PEGylation reactions
were made according to the methodology reported by Mayolo-
Deloisa et al. [4]. Briefly, 5.5mL of an RNase A solution at a
concentration of 3.0 mg/mL in a 100.0 mM sodium phosphate
buffer at pH 5.1+100.0mM of NaBH,CN were added to a
vial containing 82.5mg of mPEG with molecular weights of
5.0, 20.0, and 40.0 kDa. The reaction mixtures were stirred for
17 hours at 4°C, stopped by freezing at —20°C, and stored at
this condition until their use.

2.6. Purification of PEGylated RNase A Conjugates by SEC. To
obtain the PEGylated protein standards, the previously
prepared PEGylation reactions were separated by SEC using
an Akta Prime Plus chromatography system (GE Healthcare,
Uppsala, Sweden) equipped with a 5mL injection loop, and
an XK 2670 column packed with Superose 12 (70.0 x 2.6 cm,
CV 320.0mL). The mobile phase, a 10.0mM sodium
phosphate buffer at pH 7.2+150.0mM potassium chloride
was used to perform the isocratic elution at 1.0 mL/min. The
fractions that presented absorbance at 280 nm were collected
and concentrated using an Amicon chamber with a Diaflo
ultrafiltration membrane of 3.0kDa (Amicon Inc, MA, USA).
The identity of each of the PEGylated and unreacted species
has been previously confirmed and reported. Finally, the
PEGylated protein was lyophilized and stored at —4°C [6].
These lyophilized PEGylated proteins were used as standards
to carry out separation studies and peak identification in the
PEGylated monoliths assays.

2.7. Separation of PEGylated RNase A through PEGylated

Monoliths. The PEGylated monoliths were connected to an
Akta Avant System, equipped with a 0.1 mL injection loop.
The experiments were performed at room temperature, using a
flow rate equal to 1.0 mL/min. Buffer A, composed of 20.0 mM
Tris-HCI pH 8.2 and phase B formed by phase A with 3.0 M
of AS (due to low hydrophobicity of RNase A) were used in
hydrophobic interaction mode.

The chromatographic runs were done using the following
program: equilibration with phase B (10.0 CVs), injection
(0.1mL of PEGylation reaction without dilution), washing
with phase B (3.0 CVs) and then immediately a step gradient
was employed, 50% phase B (20.0CVs), 20% phase B
(17.5CVs) and 0.0% phase B (20.0 CVs). The column eluent
was monitored at 215nm and also conductivity was measured
throughout each run. All experiments were carried out by
triplicate under the same conditions to allow performance
comparison.

2.8. SDS-PAGE Analysis. As it will be mentioned later, two
partially resolved peaks were observed for the 40.0kDa
PEGylated RNase A purification with the 20.0 kDa PEGylated
monolith. To assess their identity, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was
performed according to the method reported by Mejia-
Manzano et al. [18] using a 12.0% (w/v) Mini-PROTEAN
precast gel (BIO-RAD, CA, USA). The desalted fractions
containing the obtained peaks were mixed with 6x loading
buffer and heated for 10 min at 99°C. The gel was silver-stained
to detect proteins and a barium-iodine complex was used to
visualize mPEG as it has been reported elsewhere [18].

2.9. A Combination of PEGylated Monoliths to Improve

Separation. To improve the separation of PEGylated RNase
A, two and three monoliths were placed consecutively
into the Akta Avant System in different orders. The use of
consecutive monoliths is possible since the housing provided
by BIA Separations can hold up to three monolithic disks. The
PEGylated monolith configurations tried were: 10-20, 20-10,
1-10-20, and 20-10-1kDa. The runs were performed using a
flow rate of 2.0 mL/min and, the chromatographic program
was the same as the previously described.

3. Results and Discussion

3.1. PEGylation Yield of Modified Monoliths. The separation
and purification of PEGylated proteins has been a concern in
different production schemes. In this work, monolithic disks
were PEGylated through reductive amination to separate
the different PEGylated RNase A species obtained after its
conjugation reaction. Since EDA monoliths have primary
amines and mPEG is activated with aldehyde groups, it is
possible to graft the polymeric chains to the support using
sodium cyanoborohydride as a reducing agent and methanol
as protic solvent [19]. Besides, PEG is well soluble in methanol,
even more than in water [20] and the solution viscosity is
negligible at the PEG concentration used. The effectiveness
of the PEGylation reaction on the monoliths for each PEG
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TABLE 1: Molar modification percentage of EDA disk monoliths with PEG through reductive amination and dynamic binding capacity of the

PEGylated monoliths.
DBC,,,, (mg BSA/mL resin)
Flow rate
. 1 2
PEGsize  Monolith molar (mL/min)
(kDa) modification (%) Ammonium sulfate (M)
BSA
(mg/mL) 1.5 2 1.5 2
1 1.13+£0.05 2.67+0.03 1.72+0.05 3.21+£0.03
1 39.76 2 1.68+0.03 4.12+0.14 2.71+£0.18 5.08+0.05
3 2.75+0.02 5.09+0.15 3.51+0.18 6.85+0.21
1 0.80+0.02 2.72+0.01 1.19+0.04 2.92+0.03
10 62.18 2 1.33+£0.06 3.89+£0.04 1.92+0.08 4.52+0.04
3 1.56+£0.03 5.07£0.05 2.54+0.07 5.75+£0.03
1 0.93+£0.01 3.18+£0.02 1.10£0.02 3.02+0.13
20 52.24 2 1.90+0.01 5.16+£0.01 2.20+0.01 5.27+0.03
3 2.89+0.05 6.26+0.02 3.08+0.19 6.88+0.09

Data of DBC, ,, presented represents the mean of three runs and their standard error.

molecular weight was determined indirectly by measuring
the amount of unreacted primary amines using the orange II
dye. This dye has the advantage to attach to primary amines
via electrostatic charges under acidic conditions and can be
released under alkaline conditions [16]. Table 1 shows the
molar modification percentages of the PEGylated monoliths
with different PEG sizes under the same experimental
conditions. The amount of PEG molecules bound to the
monoliths presents a maximum when using mPEG of 10.0kDa
and later decreases. This behavior shows the influence of PEG
molecular weight in its linkage capability with the monolithic
surface. At low molecular weights of mPEG (i.e., 1.0kDa), the
interactions between PEG chains and the amine groups on the
monolithic surface are lower than those observed with the
10.0kDa mPEG. On counterpart, at a high molecular weight
of mPEG (i.e., 20.0kDa), the polymeric chains attached to
the support can probably change their structure to mushroom
conformation [21] allowing steric effects and PEG-PEG
interactions to hinder the contact between amine groups and
free PEG chains thus avoiding the formation of new bonds
between the polymer and the monolith. In this situation, the
PEG-PEG interactions between the 20 kDa mPEG chains are
more frequent due to its higher structural flexibility, allowing
different spatial configurations that enhance the interactions
between them [6]. Interestingly, the modification yield
behavior obtained in this work differs from the data reported
by Hernandez-Martinez and Aguilar [6], where conclusions
indicate that at higher PEG molecular weights, the modification
percentage decreases on traditional resin supports. This
different behavior could be associated with the different
support structures. The high porous structure of monoliths
allows better interactions between the mobile and stationary
phases. Therefore, even using larger mPEG molecules (e.g.,
10kDa), the modification yield is not compromised. Lastly,
since the modification percentage of PEGylated monoliths is
molar, which means that the 20.0kDa PEG chain has 20 times
more glycol groups than the 1.0kDa PEG chain, a difference
in its chromatographic behavior is expected.

3.2. Adsorption Capacity of PEGylated Monoliths. A relevant
parameter to determinate the performance of columns is their
dynamic binding capacity (DBC). In this work, the DBC in HIC
mode for each PEGylated monolith was determined using BSA
as model protein under different operative conditions: flow rate,
salt concentration, and feed protein concentration. Since the
EDA monolithic disk is a weak anionic support [8], it was not
possible to use it as a control in saturation curve experiments
under the same conditions. The breakthrough curves, which
show the rise of protein concentration in the effluent with time
until this value reaches the same concentration of the feed
[22], are presented in Figure 1. As seen, breakthrough curves
present the same shape independently of the mPEG molecular
weight attached to the monolith, this indicates that the protein
adsorption process is the same in all three cases. However, at a
high flow rate (i.e., 2.0 mL/min), the amount of BSA adsorbed by
the PEGylated monoliths increases. This could be related to the
transfer mechanism of the monolith: convective mass transfer.
This behavior is opposite to that reported by Herndndez-
Martinez and Aguilar [6] since they used PEGylated Sepharose
6B, a porous bead material with a diffusion mass transfer.

On the other hand, when a 2.0 M concentration of AS was
used, the PEGylated monoliths took more time to saturate
than at the 1.5M concentration, which means that the modi-
fied supports adsorb more BSA at higher AS concentrations.
This behavior is observed because, at a high AS concentration,
the hydrophobic regions of proteins become more exposed
and promote more interactions with the grafted PEG chains
in the monolith. When 1.5M AS concentration is used, those
hydrophobic regions are hindered even at high feed protein
concentration, therefore a plateau-like curve is reached in a
shorter time. Lastly, the polymer chain molecular weight
attached to the monolith influences more the saturation times
at 2.0 M SA. The hydrophobicity of PEG molecules increases
with its molecular weight [23]. Therefore, at higher molecular
weights, the hydrophobic interactions between the protein and
the PEGylated monolith increase resulting in more proteins
adsorbed into the support.
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FIGURE 1: Breakthrough curves of PEGylated monoliths using BSA. The two ammonium sulfate concentrations used were 1.5 and 2.0 M and
are represented by solid lines and dashed lines respectively. The color of the lines indicate the different BSA concentrations tested (blue lines,
1.0 mg/mL; red lines, 2.0 mg/mL and black lines, 3.0 mg/mL). Each column of graphs corresponds to each of the two Flow rates used (1.0 and
2.0mL/min). All presented curves are the mean of three replicates.



In this same line, DBC, ,, values for the PEGylated mon-
oliths were determined (Table 1) for each one of the break-
through curves shown in Figure 1. The DBC, ,, of PEGylated
monoliths increases with the rise of flow rate. This behavior
is contrary to that reported by Hernande-Martinez and
Aguilar [6] due to the difference in mass transfer mechanism.
The DBC,,, values in Table 1 are higher than those reported
by Hernindez-Martinez and Aguilar in their PEGylated
Sepharose 6B. The convective mass transfer in monoliths
plus the high available surface area from the monolithic
structure and the hydrophobicity of PEG molecules allow
better protein-support interactions and increase its adsorp-
tion capacity even at high flow rates. On the other hand, the
higher DBC values were observed at high AS and fed protein
concentration, which corresponds to the breakthrough
curves behavior. Finally, the molecular weight of the PEG
molecules grafted to the monolith showed a singular behav-
ior. The PEGylated monolith with PEG of 10.0kDa had the
lowest DBC values while those modified with mPEG of 1.0
and 20.0kDa showed, in general terms, similar values. This
tendency could be attributed to the structural flexibility of
the PEG chains since flexibility increases as the length does
[24]. The PEG of 10.0 kDa attached to the monolith can mod-
ify its lineal structure into different spatial configurations.
The different PEG configurations allow interactions hiding
some hydrophobic regions that cannot bind to proteins or
do so in a weaker way. A similar effect occurs with the
20.0kDa PEG, but in spite of this phenomenon, its length
allows adsorption of more proteins on its surface. For its
part, the chain of 1.0 kDa PEG avoids other spatial configu-
rations making its hydrophobic regions available for protein
binding. The higher DBC values obtained were 6.85 + 0.21
and 6.88 + 0.09mg/mL for the 1.0kDa and 20.0kDa
PEGylated monoliths, respectively, at 2.0 mL/min, an AS
concentration of 2.0 M and 3.0 mg/mL of BSA.

3.3. Capacity of PEGylated Monoliths to Separate PEGylated

Proteins. The performance of the PEGylated monoliths to
separate PEGylated proteins was evaluated using PEGylated
RNase A. RNase A was conjugated with three PEG molecular
weights to analyze the influence of the size of PEG chains
attached to the protein in the separation of PEGylation
reactions. As mentioned, DBC results indicated that at
2.0mL/min the adsorption process has better performance;
however, with PEGylated proteins, the amount of binding
protein was lower at this particular flow rate (data not
shown). Therefore, it was decided to use a volumetric flow
rate of 1.0mL/min in the subsequent experiments. Figure
2 shows the separation profiles of PEGylation reactions of
RNase A. An important point to mention is that in previous
reports, the PEGylation reaction is diluted in AS buffer before
column injection [4, 6, 17] since proteins bind to HIC ligands
at high salt concentrations and are eluted at low ones [25].
In this work, the reaction mixtures were not diluted in AS
buffer before injection. Despite this, the PEGylated proteins
were attached and separated using the PEGylated monoliths,
showing that PEG-PEG interactions govern in this kind of
chromatographic separation. In all cases, a small amount of
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FIGURE 2: Separation of PEGylated Ribonuclease A using PEGylated
monoliths. Chromatogram at 215 nm of Ribonuclease A PEGylation
reactions with different PEG molecular weights 5.0 (blue line),
20.0 (orange line) and 40.0kDa (green line) were separated using
PEGylated monoliths modified with different PEG molecular
weights 1.0, 10.0, and 20.0kDa. Each experiment was carried out
by triplicate. Conductivity was also measured and is presened in
the chromatograms (black dashed line). “mono-PEGylated protein,
**di-PEGylated protein.

the native protein binds weakly to the support, making its
retention time different from that of the PEGylated species.
On anion exchange chromatographic supports, protein
PEGylation reduces their binding strength [26]. However,
in PEGylated monoliths the effect is opposite because of
the PEG-PEG interactions between the PEGylated protein
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TABLE 2: Retention time and resolution factor (Rs) of PEGylated Ribonuclease A using PEGylated monoliths.

PEGylated Ribonuclease A

PEG MW in
PEGylated 5kDa 20kDa 40kDa
monolith Retention time (mL) Retention time (mL) Retention time (mL)
(kDa) . Rs . Rs Rs
Mono-PEG  Di-PEG Mono-PEG  Di-PEG Ist peak  2nd peak
1 12.35 13.46 0.62+0.03 14.95 16.7 0.94+0.02 NA NA NA+NA
10 12.83 14.19 0.95+0.02 154 16.72 1.10£0.04 NA NA NA+NA
20 12.92 14.35 1.02+0.01 15.94 17.17 1.04+0.01 17.05 17.6 0.76+0.01
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FIGURE 3: Separation and observation of 40.0 kDa PEGylated RNase A isomers using the 20.0 kDa PEGylated monolith. (a) Chromatogram at
215nm of 40.0 kDa PEGylated RNase A in the 20.0 kDa PEGylated monolith using a step gradient elution. Buffer A: Tris—-HCI 20.0 mM pH 8.2.
Buffer B: Buffer A +3.0 M ammonium sulphate. Loop 0.1 mL, Volumetric flow 1 mLmin™". (b) Silver staining for protein detection of SDS-PAGE
analysis of the chromatographic fractions. (c) I,-BaCl, staining for mPEG detection of SDS-PAGE analysis of chromatographic fractions.

and the PEGylated monolith. In the separation process,
the retention time (RT) of PEGylated RNase A depends
strongly on the PEG molecular weight attached to the protein
(Table 2), while the molecular weight of the PEG grafted
to the monolith only shifts RT lightly. This behavior has an
explanation in the fact that PEG molecules in the PEGylation
mixture (i.e., free and protein-bound PEG) are more than
the PEG molecules grafted to the monolith. Therefore, the
strength of PEG-PEG interactions between the PEGylated
species and the PEGylated monolith is very similar regardless
of the PEG molecular weight attached to the support. On the
other hand, when the molecular weight of the PEG attached
to the protein increases, RT increases too (Table 2) since the
amount of PEG-PEG interactions augments.

In terms of separation capacity, the resolution increases
as the molecular weight of the polymer attached to the mon-
olith increases (Figure 2 and Table 2). At high PEG molecular
weights in the monolith, PEG-PEG interactions of the di-PE-
Gylated species with the modified monolith are more extensive
than the interactions of the mono-PEGylated species.
Therefore, the di-PEGylated conjugate binds stronger in

comparison with the other one, allowing a better separation
between them.

Interestingly, when the 20.0 kDa PEGylated monolith was
used to separate 40.0 kDa PEGylated RNase A, two peaks were
obtained instead of one, which is usually expected (Figure 2).
RNase A has a molecular weight of 13.68kDa [27], therefore,
the formation of a di-PEGylated conjugate is unlikely with a
PEG of 40.0kDa because of the produced steric hindrance.
Once a PEG chain of this size is attached to the protein, it
hinders other amino acid residues from reaction with other
PEG molecules [1]. Hence, those two peaks could correspond
to isoforms of the 40.0kDa mono-PEGylated RNase A (i.e.,
conjugates with positional isomerism). To verify this point,
silver and I,-BaCl, staining of an SDS-PAGE gel of those peaks
were analyzed. Figure 3 shows that those two peaks have the
same profile and, due to their molecular weight, correspond
to mono-PEGylated species and not to di-PEGylated species.
The difference in retention times between the mono and the
di-PEGylated species increases when the PEG MW attached
to protein increases. For instance, with PEGylated RNase A of
5.0 and 20.0kDa, the retention time difference changes from



8 Advances in Polymer Technology
TABLE 3: Retention time and resolution factor (Rs) of PEGylated Ribonuclease A using combined PEGylated monoliths in series.
PEGylated Ribonuclease A
PEGyle}ted 5kDa 20kDa 40kDa
monoliths o . L
order (kDa) Retention time (mL) R Retention time (mL) Rs Retention time (mL) Rs
Mono-PEG  Di-PEG Mono-PEG  Di-PEG 1st peak 2nd peak
10-20 13.41 14.79 1.06+0.01 16.2 17.31 1.07+£0.02 17.30 17.73 0.67 £0.04
20-10 13.44 14.82 1.03+0.01 16.22 17.33 0.97+0.03 17.31 17.74 0.57+0.05
1-10-20 13.76 15.08 1.06+0.01 16.52 17.55 0.98+0.04 17.53 17.97 0.52+0.02
20-10-1 13.71 15.01 0.99+0.01 16.46 17.53 0.85+0.09 17.52 17.91 0.45+0.00
- 1250 1.11 to 1.75mL and, the retention time difference of both peaks
S J\/\/¥ — in Figure 3 (PEGylated RNase A with 40kDa) is only 0.55mL.
B s < L 200 E Therefore, it can be concluded that those peaks correspond to
2 T mg isomer species. Since proteins have several available reactive
b A 1150 g groups, the mPEG is probably binding to different residues on
; S 00 B the protein [1]. The isomer separation of PEGylated proteins
Z ~ 2 has been reported earlier using ion exchange chromatography
15 S [3, 8]. Nevertheless, to our knowledge, its separation by HIC
%_%J\/; has not been reported. PEGylation often results in a
. A 0 “charge-shielding effect” in which the PEG chains can reduce
0 > 10 15 20 some of the electrostatic interactions between a PEGylated
Volume (mL) protein and a stationary phase due to steric hindrance [3]. In
I JL 250 this work, a similar phenomenon occurs: “hydrophobici-
- e ty-shielding effect” where depending on the PEGylation site,
NN T JJ¥ 200 E the hydrophobic interactions could change due to a masking
2 o JL % effect of the hydrophobic or hydrophilic residues.
SN N 1150 3 The separation of PEGylated RNase A from conjugation
; TN £ reactions has been studied previously. Mayolo-Deloisa et al.
3 S {100 2 [4] separated PEGylated RNase A using a CIM C4 A mono-
=LA s g lithic disk, their best peak resolution was 1.16 and, in this
N ’JL 50 © work, the best resolution reached was of 1.1 £+ 0.04. On the
,\ J\/\ other hand, Herndndez-Martinez and Aguilar [6] also
0 5 10 15 30° achieved the separation of PEGylated RNase A conjugates
Volume (mL) using PEGylated sepharose 6B. However, their run-time and
work volumes were at least two times larger than the used in
G N S 4250 _ this work.
_A S o N
é’ 1200 2 3.4. Improving the PEGylated RNase A Separation. To achieve
2 \\\ 1150 = a better the separation between PEGylated species, two and
< Jk Y\ Ié three, of the previously described PEGylated monoliths,
g 4100 3 were placed serially in different configurations into the
~ [N é chromatographic system. Four combinations (10-20, 20-10,
- 130 1-10-20, and 20-10-1kDa) were tested. Table 3 shows the
N . . . o peak resolution and retention times obtained for the different
0 5 10 15 20 PEGylated species. The use of 2 or 3 sequential PEGylated

Volume (mL)

FIGURE 4: Comparison of PEGylated Ribonuclease A separation using
different PEGylated monoliths series configurations. Ribonuclease A
PEGylation reactions with PEG molecular weights of 5.0, 20.0, and
40.0kDa were separated using PEGylated monoliths modified with
PEGs of 1.0, 10.0, and 20.0kDa in seven different configurations:
1.0kDa (black line), 10.0kDa (red line), 20.0kDa (light blue line),
10.0-20.0kDa (yellow line), 20.0-10.0kDa (green line), 1.0-10.0-
20.0kDa (dark blue line), and 20.0-10.0-1.0kDa (brown line). Each
experiment was carried out by triplicate. Conductivity was also
measured and is presented in the chromatograms (gray dashed line).

monoliths allows the use of faster volumetric flow rates
without affecting the retention time and resolution. Two flow
rates (1.0 and 2.0 mL/min) were tested and, since this factor
did not affect the chromatographic profiles (data not shown), a
flow rate of 2.0 mL/min was used in the following experiments.
In all cases, the use of more than one PEGylated monolith
increased the retention time of the PEGylated species and this
parameter was not affected by the order in which the disks
were placed (Figure 4). When more than one modified support
is used, the interactions between PEGylated proteins and the
PEGylated supports are larger than those using a single disk.
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Using more than one PEGylated monolith, the peak res-
olution was improved slightly only for the 5.0kDa PEG-RNase
A reaction. This is attributed to the nonuniformity of the PEG
chain lengths due to the use of PEGylated monoliths with
different PEG molecular weights. For the case of 20.0 and
40.0kDa PEG-RNase A conjugates, the strength of the PEG-
PEG interactions is not the same through the support and
therefore, the proteins are eluted at different times inducing
broader peaks and diminishing their resolution as it can be
observed in Table 3 and Figure 4. Moreover, when the
PEGylated monoliths are placed in decreasing PEG molecular
weight order, the peak resolution falls. This phenomenon
occurs because when the PEGylated protein is released from
the 20.0kDa PEGylated monolith, the salt concentration is
not enough to bind the PEGylated protein to the 10.0kDa
PEGylated monolith and therefore, the PEG-RNase A species
passes through and the peak resolution decreases.

These last experiments evidence the capability of using
two or more monoliths at higher flow rates without observable
changes in the separation behavior. In our particular case, to
enhance the separation between the PEGylated RNase A spe-
cies or other PEGylated proteins of biotechnological interest,
it is necessary to use bigger PEGylated monoliths with the
same PEG molecular weight.

4. Conclusions

As has been mentioned, the separation and purification of
PEGylated proteins is a critical step in many production pro-
cesses. For this reason, different chromatographic supports
have been tested with varying results. In this work, a novel type
of support was created and studied: PEGylated monoliths. Due
to the chemistry of EDA disks, it was possible to PEGylate them
using mPEG propionaldehyde via reductive amination show-
ing that its modification degree depends on the length (molec-
ular weight) of the mPEG to be attached. This reaction could
be extrapolated to bigger monoliths with the same reactive
groups to increase their workflow and processing capacity.

PEGylated monoliths are a suitable option to separate dif-
ferent proteins through HIC because: (1) it is possible to use
them at high flow rates since their dynamic binding capacity
does not decrease; (2) these modified supports take advantage
of the hydrophobic PEG-PEG interactions between the
PEGylated protein and the PEGylated monolith that predom-
inate in the separation process; (3) sample preparation (dilu-
tion in a suitable buffer) is not necessary before injection,
which means that it is possible to process larger sample vol-
umes in less time and; (4) it is possible to separate PEGylated
protein isoforms when long PEG chains are attached to both
the monolith and the protein. On the other hand, in terms of
resolution capacity, PEGylated monoliths with large PEG
molecular weights allow a better separation of the PEGylated
species.

This strategy based on PEGylated monoliths has a great
potential to separate not only proteins or PEGylated proteins
but also other PEGylated molecules of biopharmaceutical or
biotechnological interest. Therefore, this represents a research
opportunity area that requires the optimization of the

monolith support PEGylation reactions to achieve better res-
olution capacities and to extrapolate its use to other molecules.
In this way, a new and more efficient platform to separate and
purify PEGylated proteins and other PEG conjugates can be
established.
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