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Nanomaterials have been widely studied for many years and
they have also generated an intense scientific interest due to a
wide variety of potential applications in biomedical, optical,
and electronic fields. Nanomaterials have drawn attention
based on the few properties they exhibit like their surface to
mass ratio and the reactivity of their surface. Also, the control
of composition, size, shape, and morphology of nanomater-
ials is an essential cornerstone for the development and
application of nanomaterials and nanoscale devices. The
selection of material depends on factors such as (i) required
size of nanoparticles, (ii) aqueous solubility and stability,
(iii) surface characteristics as charge and permeability, or
(iv) degree of biodegradability, biocompatibility, and toxicity.

This special issue holds 3 reviews and 10 original research
articles. Various nanomaterials including gold nanoparticles,
TiO2, ZnO, magnetic nanomaterials, graphene, heparin-
based nanoparticles, and polymer nanocomposites were used
to show their potential applications in multimodal imaging
contrast agents, cancer detection, drug delivery, cytotoxicity
and genotoxicity, biosensing, antibiofilm, protein binding,
and tumor destruction via heating (hyperthermia).

J. Morán-Martínez and coworkers reported the utiliza-
tion of coating with TiO2 nanoparticles for the improvement
of the characteristics of NiTi archwires and discussed their
effect on histopathological, cytotoxic, and genotoxic proper-
ties. They have used male rats in four groups with different
treatments, and the amount of TiO2 nanoparticles was chan-
ged gradually. Their results showed that cell viability in lym-
phocytes treated with TiO2 NPs did not cause genotoxicity.

In addition, the histopathological studies of hepatic and renal
tissue indicated the nuclear alterations and necrosis.

M. Oves and coworkers contributed with a review on the
exosomes for drug development against cancer and other
infectious diseases. They have focused on the studies reported
in the literature on the application of exosomes in tumor ther-
apy and infectious disease control. In particular, they have
highlighted the importance of exosomes in cancer biology
and infectious disease diagnoses and therapy and provide a
comprehensive account of exosome biogenesis, extraction,
molecular profiling, and application in drug delivery.

For the detection of human epidermal growth factor
receptor 2 (HER2) protein, E. Villegas-Serralta and coworkers
contributed a research article on the magnetic nanoparticles
coated by aminosilane and dextran various species and their
conjugation with the single-chain variable fragment antibod-
ies (scFvs). Their analyses concluded that aminosilane sur-
face coating enhanced the scFv conjugation efficiency over
twofold compared to that of the dextran-coated magnetite
NPs for the detection of HER2 proteins. The utilization of
magnetic fluid in hyperthermia was presented by H. Mamiya
and coworkers in their research article. Magnetic fluid
hyperthermia therapy is considered as a promising treat-
ment for cancers including unidentifiable metastatic cancers
that are scattered across the whole body. They mentioned
that the indicated allowable upper limit of field amplitude
for constant irradiation over the entire human body corre-
sponded to approximately 100Oe at a frequency of 25 kHz.
The limit corresponds to the value of 2.5× 106Oe·s−1 and is

Hindawi
Journal of Nanomaterials
Volume 2018, Article ID 3692420, 2 pages
https://doi.org/10.1155/2018/3692420

http://orcid.org/0000-0002-5436-1966
http://orcid.org/0000-0003-2431-1682
http://orcid.org/0000-0002-8633-7493
https://doi.org/10.1155/2018/3692420


significantly lower than the conventionally accepted criteria
of 6× 107Oe·s−1. In their research, they focused on the eval-
uating maximum performance of conventional magnetic
fluid hyperthermia cancer therapy below the aforementioned
limit using magnetic fluid. Their results showed that the
whole-body magnetic fluid hyperthermia treatment is still a
possible candidate for future cancer therapy.

M. M. Mahan and A. L. Doiron highlighted the role of
gold nanoparticles as X-ray, CT, and multimodal imaging
contrast agents in their review. Gold nanoparticles (AuNP)
have attracted interest recently for their use as CT CA due
to their high X-ray attenuation, simple surface chemistry,
and biocompatibility. They have summarized the current
state-of-the-art knowledge in the field of AuNP used as
X-ray and multimodal contrast agents based on their design
specification of particles that includes size, shape, surface
functionalization, composition, circulation time, and compo-
nent synergy. N. Volkova and coworkers also used gold
nanoparticles to study the effect of concentrations of gold
nanoparticles on the immunophenotype, synthesis collagen
type I, ability to direct differentiation, and spectroscopic char-
acteristics of bone marrow mesenchymal stem cells (MSCs).
They observed that lower concentration (1.5–9μg/ml) did
not lead to changes in the level of expression of CD 45, CD
90, and CD 73, thus safe for MSCs. However, at particular
concentrations of 6 and 9μg/ml of AuNPs, a decrease in
CD 44 cells by 6% and 9%, respectively, was observed.

Y. Zheng and coworkers contributed a research article on
the graphene nanoplatelets and their nanocomposites for
extracorporeal detoxification. They showed that the gra-
phene nanoplatelets (GNP) can be used as a low-cost alterna-
tive hemosorbents for rapid removal of a broad spectrum of
proinflammatory cytokine markers, with low cytotoxicity
towards the hepatic cell line HepG2. Y. Parcharoen and
coworkers also used the family of graphene especially gra-
phene oxide and hydroxyapatite composites electrodeposited
on TiO2 nanotube arrays, and their bacterial stress and oste-
oblast responses were presented.

N. A. Al-Shabib and coworkers reported in their research
article the biosynthesis of zinc oxide nanoparticle using
Ochradenus baccatus leaves and their antibiofilm activity,
protein binding studies, and in vivo toxicity and stress studies.
Their studies confirmed that ZnO nanoparticles demon-
strated significant biofilm inhibition in human and food-
borne pathogens at subinhibitory concentrations. In addition,
these nanoparticles demonstrated efficient binding with HSA
protein with no change in their structure. Interestingly,
in vivo toxicity evaluation confirmed that OB-ZnNPs pos-
sessed no serious toxic effect even at higher doses. Moreover,
they were found to have excellent antioxidant properties that
can be employed in the fields of food safety and medicine.

In summary, this special issue will provide a detailed
account of the present status of nanomaterials and highlights
the recent developments which cover the novel and important
aspects of these materials and their biological applications.
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For the EPD, different voltages and different times were used. Male rats were used in four groups (𝑛 = 3) with different treatments.
The blood sample was obtained for genotoxic analysis and liver and kidney organs were removed for histopathological analysis.The
amount of NPs TiO

2
deposited on the samples of the arches increases gradually in the times of 15 and 30 s. At all voltages, however,

at 45, 60, 75, and 90 s, there is an increase up to 25V. Cell viability in lymphocytes treated with TiO
2
NPs did not cause genotoxicity.

In the histopathological findings of hepatic and renal tissue, nuclear alterations and necrosis were observed. The objective of the
study was to improve the physical and biocompatibility characteristics of the NiTi arches for which the EPD is used.The technique
for the deposition of TiO

2
NPs was used, where this technique could be used as an economical and versatile way to perform

homogeneous depositions even on surfaces with the complexity of the NiTi alloy. As for genotoxicity and cytotoxicity, we continue
to have controversial results.

1. Introduction

In the recent practice of orthodontics, the use of Nickel-
Titanium (NiTi), Nickel-Titanium-Copper (NiTiCu), or
Titanium-Molybdenum (TiMo) alloys predominates due to
its elastic characteristics that facilitate the alignment and lev-
eling of the arches, improving the elasticity and flexibility [1].
The use of NiTi arches is widely accepted by the orthodontic

community and offers biomechanical benefits difficult to
match by some other materials on the market; however, a
negative aspect of these arches is the roughness which has the
ability to retain a greater amount of dental plaque because
it favors its adhesion [2]; principally constituted by aerobic
bacteria such as Streptococcus sanguinis and Streptococcus
mutans, this plaque propitiates the corrosion of metals and
alloys through the formation of organic acids during the
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glycolysis of sugars, reducing the pH [3]. Currently, the
search for improvement of existing materials in the field of
orthodontics has been a subject of study; for example, the
organically modified antibacterial silicates (ORMOSIL) such
as quaternary ammonium methacryloxy silicate (QAMS) is
added to the orthodontic acrylic resins in order to improve
antimicrobial activity and toughness [4], resin-based adhe-
sion materials contain Portland-type cement to provide ade-
quate shear bond strength (SBS) and a caries-preventive effect
[5], the incorporation of bioactive glass (BAG) into composite
resins (BAG-Bonds) showed the capacity for buffering acidic
oral conditions through the liberation of calcium in the
environment [6], and also themodification of the arches with
the application of nanomaterials, for example, nanoparticles
(NPs), is an interesting topic due to popularity carried in
recent times, and the advantages above the othermodification
techniques are low cost through the use of simple devices and
easy handling. Between the diverse types of nanomaterials
used in order to improve the arches’ characteristics, the
nanoparticles of TiO2 have benn shown to be cost-effective
[7] and they possess a unique photocatalytic property that
results in enhanced microbicide activity, principally against
bacterial strains of the plaque [8–10] besides their apparently
low toxicity and excellent biocompatibility [11, 12]; regardless,
there is still controversy about it being harmless [13, 14], since
TiO2 NPs have been related to the induction of cytotoxicity
and genotoxicity due to the production of reactive oxygen
species (ROS) in different cell types [15–17]; in addition, in
vivo studies have shown apparently nanoscale andmicroscale
toxicological effects associated with the size of the nanopar-
ticles of TiO2 [18, 19].

The efficacy of electrochemical methods such as elec-
trophoretic deposition (EPD) is an alternative, versatile, and
inexpensive procedure for depositing of these nanomaterials
[20] and is a very useful tool for the manufacture of films
of nanostructures, where thickness can be controlled varying
parameters such as voltage and time, principally with the
use of TiO2 NPs which have been already proven in the
literature; moreover, compared with other wet, dry, or plasma
deposition methods, attachment could be oriented more
effectively due its nondestructive depositing method that
does not affect the particle [21]. The efficiency of EPD in
the production of homogeneous and reliable films depends
to a great extent on the surface chemistry of the particles,
the behavior of surface-liquid interfaces under an electric
field, and the development of the particle-particle network
and particle-substrate network [22]; because of this, the good
quality of TiO2 NPs deposition on stainless steel bars [23]
found in the literature does not necessarily correspond to a
good deposition quality on other materials including NiTi
arches. In our research, we propose an adequate technique
for the correct deposition of TiO2 NPs on the surface of NiTi
arches, since the current bibliographic data in this type of
material is virtually nonexistent and themethodology is poor
described; for this reason, the objective of this study was to
evaluate the electrophoretic deposition (EPD) of TiO2 NPs
in arches as well as their histopathological, genotoxic, and
cytotoxic effects in Long-Evans rats.

2. Materials and Methods

2.1. Preparation of the NiTi Archwires. Conventional NiTi
archwires (0.017 × 0.025 inches) (Ah-Kim-Pech�, México)
were sandblasted with aluminum oxide (Zogear Blaster,
CHN) and subsequently etched with 10% oxalic acid at 80∘C
for 60min followed by immersion in an ultrasonic bath in
acetone for 3min and rinsed with distilled water, according
to Paoli et al. [22]. To optimize the adhesion of NPs, later the
archwires were cut into pieces of 16mm.

2.2. Suspension Design. A suspension was made for the
nanoparticle dispersion with a mixture of H2O and C2H5OH
(1 : 4) with a concentration of TiO2 NPs (CAS: 13463-67-7;
purity ≥ 99.5%; molecular weight: 79.87; particle size: 21 nm),
1% mass, and poly(diallyl dimethyl ammonium chloride)
(PDADMAC) 2% mass [24] (all chemicals were obtained
from Sigma-Aldrich Co., Ltd., St. Luis, MO, USA). The
stability of the suspension was obtained by magnetic stirring
(hotplate stirrer LMS-1003 Daihan Labtech Co., Ltd., Korea)
during 12 h before the EPD process.This was carried out with
two electrodes in a 500mL glass vessel; the NiTi archwires
were used as deposition substrates and a stainless steel sheet
was used as a counter electrode, separated by a distance of
20mm; both the working electrode and the counter electrode
were connected to direct current power supply (Enduro 300V,
Labnet International Inc., Woodbridge, NJ, USA). The NiTi
archwire samples were weighed on an analytical balance with
a sensitivity in 𝜇g (Denver Instruments apx-200) and then
divided into 6 groups which used a constant voltage (𝑉) of
5, 10, 15, 20, 25, and 30V, respectively, at different times (15,
30, 45, 60, 75, and 90 s); this was carried out in triplicate.
After the EPD the samples were allowed to dry for 24 h
at room temperature; the samples were observed under a
10x optical microscope (Labomed S1100, Germany) with an
AmScopeMD700 digitalmicroscope to determine the degree
of TiO2 NPs deposition. A new weighing of the samples was
performed to measure the amount (𝜇g) of TiO2 deposited.
The amount of TiO2 NPs deposited per area in the NiTi arcs
was calculated (𝜇g/mm2); the samples were left in a sterile
container with 2mL of PBS solution for 30 days to administer
them later to the experimental group (G3).

2.3. Determination of the Genotoxicity of TiO2 NPs

2.3.1. Animals. Our work was developed under the Official
Mexican Standard for use and handling of animals in exper-
imentation (SAGARPA in Mexico, NOM-062-ZOO, 1999).
The study was approved by the Bioethics Committee and
by the Internal Committee for the Care and Use of Labora-
tory Animals (CICUAL) of the Faculty of Medicine of the
Autonomous University of Coahuila (number CONBIOET-
ICA07CEI00320131015). All procedures with experimental
animals were supervised by a veterinarian certified by the
Secretary of Agriculture, Cattle Raising, Rural Development,
Fishing and Food (SAGARPA, key code: MR-0716-33-001-1).

Twelve adult male Long-Evans rats ranging in age from
10 to 12 weeks, with an average weight between 240 and
280 grams, were provided by the Bioterium of the Faculty
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of Medicine of the Autonomous University of Coahuila.
All animals were maintained under controlled conditions of
temperature at 25-26∘C in a 12 : 12 h light/dark cycle housed
in individual cages with water and food ad libitum.

2.3.2. Experimental Groups and Treatments. The rats were
divided into 4 groups; (𝑛 = 3) the control group (CG) were
given 1mL of xylocaine�: 2% injectable solution of lidocaine
without epinephrine intraperitoneally for 3 days, 1 dose daily;
the sacrifice was 24 h after last dose. Group 1 (G1) is given
5mg/kg body weight of TiO2 dissolved in 1mL xylocaine:
2% injectable solution of lidocaine without epinephrine
intraperitoneally for 3 days, 1 dose daily. The sacrifice was
at 48 h after last dose. Group 2 (G2) is given 5mg/kg body
weight of TiO2 dissolved in 1mL xylocaine: 2% injectable
solution of lidocaine without epinephrine intraperitoneally
for 3 days, 1 dose daily.The sacrifice was at 72 h after last dose.
Group 3 (G3) received a solution composed of PBS (2mL)
NPs of TiO2 plus the arcs NiTi (25V 90 s). This solution
remained at rest for 30 days prior to its administration
in the rats; this solution was administered by nasogastric
tube for 3 days, and the sacrifice was 72 h after last dose.
After the exposure time, the rats were sacrificed by the
veterinarian in charge through cervical dislocation; blood
samples were extracted by cardiac puncture; the organs (liver
and kidney) were removed and fixed in 10% neutral formalin
for subsequent histopathological analysis.

2.3.3. Comet Assay in Lymphocytes. DNA fragmentation
analysis of individual cells for peripheral blood lymphocytes
was performed based on the methodology of Singh et al.
[25] with some minor modifications. This allows the dif-
ferentiation and analysis of cells with fragmented DNA to
determine the percentage of fragmentation using specialized
software. From each treatment, 10 𝜇L of peripheral blood
suspended in 0.5% low melting point agarose was used on
slides pretreated with 0.5% normalmelting point agarose and
then covered with coverslips and the agarose was allowed to
solidify at 4∘C per 5min; the slides were placed in a Köplin
with lysis solution (2.5MNaCl, 0.1MEDTA, 10%DMSO, and
1% Triton X-100). At the end of the lysis, the samples were
taken to horizontal electrophoresis chamber and incubated
in electrophoresis buffer (NaOH 0.3M, 200mM EDTA) at
pH = 13.0 to 20min at 4∘C for the unwinding of DNA in
a dark room. The electrophoresis was completed with the
following specifications: 25V (1 V/cm), 300mA for 20min.
After switching off the electrophoresis power source, the
electrophoresis chamber slides were carefully removed and
rinsed with a neutralization buffer (0.4mol/L Tris-HCl, pH
7.5) for 5min.The excess of neutralization buffer was drained
off and placed in ethanol and then allowed to dry; once dried,
the slides were stored for later reading.

2.3.4. DNA Fragmentation Analysis. The DNA was stained
in phosphate-buffered saline (PBS) with fluorescent solution
of GelGreen� (Nucleic Acid Gel Stains, Biotium�, Fremont,
CA, USA). Comets lymphocytes were evaluated under flu-
orescence microscope, 40x and 100x (Labomed LX 400,

Germany). The images were taken with a fluorescence, 16-
megapixel digital camera (AmScope, Digital Camera Micro-
scope # MD700) and were converted into Bitmaps format
(∗.bmp) and analyzed in TriTek’s CometScore Freeware v1.5
software. ImageJ software V.1.8.0 was first used to remove
backgroundnoise from theDNA images obtained. Automatic
image processing software was used for analysis of the comet
assay. The software was able to calculate the amount of DNA
at specified location based on pixel intensity of images. DNA
in the tail was computed as follows:

DNA =
total comet tail intensity
total comet intensity

× 100. (1)

2.4. Histopathological Analysis. At the end of the experimen-
tal period, the rats were sacrificed by cervical dislocation;
blood samples were collected by cardiac puncture and dis-
section of the abdominal organs was performed and fixed
in 10% neutral formalin for subsequent histological analysis.
Representative samples of hepatic and renal tissue previously
fixed to be included in paraffin blocks were taken by conven-
tional histological technique, which were cut in a microtome
(Leitz 1512, Austria) at a thickness of 5 𝜇m and mounted on
slides stainedwith hematoxylin and eosin (H&E).The stained
sections were examined under light microscopy to make the
respective observations and to evaluate the morphological
changes comparing them with the control tissues.

2.5. Statistical Analysis. We performed Kruskal-Wallis test as
a nonparametric test and Dunn test as a post hoc test and
unidirectional ANOVA as a parametric test using Tukey as
a post hoc test. Measures of central tendency and standard
deviation were done. Statistical analysis was performed using
the Minitab 17 software for Windows.

3. Results

3.1. Deposition of Arches with TiO2. The EPD gives us the
possibility of generating different rate of amount of TiO2
NPs deposited per area of NiTi arch (Figure 2) by the
modulation of applied voltage and the time of deposition. In
our experiment, the amount of TiO2 NPs deposited on the
samples of the arches increases gradually at the times of 15
and 30 s at all voltages (Figures 1(a) and 1(b)); however, at 45,
60, 75, and 90 s, there is an increase up to 25V (Figures 1(c),
1(d), 1(e), and 1(f)). It was observed that the samples with
higher deposition of TiO2 NPs were 25V90 s and 30V90 s
(Figures 4(f) and 4(g)). However, in these samples, a large
number of fractures were observed in the continuity of the
coating; the best ratio between quantity and quality of the
coatings obtained by the deposition of TiO2 NPs in the
treated samples, finding the most homogeneous and fracture
free coating, was in the sample of 10V75 s (Figure 4(c)). In
the results, a constant increase in the amount of deposited
TiO2 from 15V to 25V in all the treated arches could be
observed; a variable behavior was found in voltages under
15V and greater than 25V. The correlation of the DEF of
the TiO2 NPs at times of 15 and 30 s, 45 and 60 s, 75 and
90 s was highly significant as observed in the correlation
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Figure 1: Deposition of TiO
2
NPs (𝜇g) voltage (V)/time (s). (a) 15, (b) 30, (c) 45, (d) 60, (e) 75, and (f) 90 seconds versus 10, 15, 20, 25, and

30V for each deposition. Results are shown in mean and standard error.

graphs (Figures 3(a)–3(c)). This indicates and corroborates
what was mentioned above, where, according to the voltage
intensity and elapsed time of the DEF, we observed this trend
of dependent association because of the voltage with the time
of application of voltage to which the arch was submitted.

In the microphotographs, we can see the different groups
of arcs with their voltages and their effects (Figure 4). In
the group of 5 volts (Figure 4(a)), it was observed that the
deposition is minimal; increasing the voltage shows a larger
deposition, considering the uniformity of the EPD at 10V 75 s
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(Figure 4(c)), the greater amount of deposition is obtained at
25V to 90 s (Figure 4(f)). The general behavior is that from
15V there is a sustained increase of NPs deposited up to 30V
where there is a decrease because it exceeds the value of the
critical cracking thickness (EAC).

3.2. Analysis of DNA Fragmentation by Exposure to
NPs of TiO2

3.2.1. DNAFragmentation in Lymphocytes. When the alkaline
comet test was performed, a stability was observed in the
DNA chain, since there was no significant migration on
this (Figure 5); treatment with TiO2 NPs did not cause
cytotoxicity at the concentration of 5mg/kg for 3 days, 1
daily dose, with the sacrifice being conducted after the last
dose at 48 h (G1). There was also no cytotoxicity at the
concentration of 5mg/kg for 3 days, 1 daily dose, with the
sacrifice being conducted after the last dose at 72 h (G2)
or in the PBS solution (2mL) in which previously treated
arches were submerged (25V 90 s) and left to rest for 30 days
and administered by nasogastric tube for 3 days and with a
sacrifice conducted after the last dose of 72 h (G3), suggesting
that there were no DNA breaks (see Figure 5(c)). Another
parameter delivered by the comet test is the percentage of
DNA contained in the comet tail. This parameter is the
subtraction of 100% of DNA minus the percentage of DNA
contained in the head of the comet. This parameter is the
percentage of fragmentation that the evaluated cell has; the
groupwith greater fragmentationwas group 1 (G1) which had
an average of 6.06 ± 1.49 percent.

3.3. Histopathological Findings. Figure 6 shows the
microphotographs with the observations found in liver
tissue samples. In the analysis of the samples corresponding
to the control group, which was administered only with
2% lidocaine for 3 days, no pathological data were found

(Figure 6(a)). In those corresponding to group 1, which
received 5mg/kg TiO2 for 3 days, being sacrificed 48 h after
the last dose, the presence of vacuoles included within the
hepatocyte cytoplasm was observed (Figure 6(b)). In the
case of group 2 samples, they received 5mg/kg of TiO2 for
three days and were sacrificed 72 h after the last dose; it is
observed that the hepatocytes present a foamy cytoplasm
and nucleus with granular chromatin (Figure 6(c)). Group 3,
which was given PBS solution for 3 days in which the TiO2
treated arches rested and were sacrificed 72 h after the last
dose, extensive areas of cell necrosis were observed with
destruction of hepatocytes (Figure 6(d)). Figure 7 shows
the representative microphotographs, corresponding to the
findings in renal tissue samples. In the analysis of the samples
from the control group, no pathological data were found.
In the samples corresponding to groups 1, 2, and 3, a slight
glomerular retraction and moderate vascular congestion
were observed.

4. Discussion

4.1. Electrophoretic Deposition. In the course of achieving the
final suspension design, 3 mixtures were used, a mixture of
H2O and NaCl without charging agent (data not shown), a
mixture of H2O and C2H5OH (1 : 4) and the polyethylen-
imine (PEI) charging agent (data not shown), and a mixture
of H2O and C2H5OH (1 : 4) and the poly(diallyl dimethyl
ammonium chloride) (PDADMAC) charging agent, which
proved to be the best combination to enhance the adhesion
effect of TiO2 NPs layers. It was observed that the mixture
of H2O and NaCl because of being a water-based solution
produces electrolysis even at low voltages and this causes
bubbles to be trapped causing “gaps” in the deposition of
the TiO2 NPs, coinciding with what was commented on
in [26–28]. Therefore, it was decided to use an ethanol-
based suspension instead of water in order to avoid harmful
hydrogen penetration at theworking electrode and a charging
agent was added to provide an additional surface charge for
the stabilization of suspended particles and electrophoretic
mobility during the deposition process [29, 30]. To the
mixtures based on H2O and C2H5OH (1 : 4) a charging agent
of PEI and PDADMAC were added, respectively, having the
best adhesion results with the PDADMAC charging agent,
coinciding with the results of Lau and Sorrell [29]. In the
researches conducted by González-Luna et al. and Wu et al.
[12, 31], they suggest a deposition in the range of 20–50V,
and Boccaccini et al. [32] suggest ranges from 10 to 50V; in
our study the voltage range was handled between 5 and 30V
with the largest amount of deposition in the 25V regardless
of time, unlike Paoli et al. [22] who suggest 20V as the
most optimal voltage and Hasegawa et al. [33] who suggest
40V. This study confirms what other authors observed when
the amount of deposited layers was modulated with the
deposition time and the voltage, although not necessarily
more time and voltagemean a better deposition. In our study,
with the combination of the voltage/time deposition, the
most homogeneous layers obtained without fractures were
with the samples of 10V/75 s. Samples under this voltage
show very little deposition and those superior to it show
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Figure 3: Time/voltage correlation. A voltage-dependent association tendency was observed with the time of voltage application. Notes: (a)
deposition, 15 and 30 s, (b) deposition, 45 and 60 s, and (c) deposition, 75 and 90 s.

greater deposition but with fractures, which increases the
time of deposition/voltage. After having a constant increase,
the samples treated at 30V have a decrease in the deposited
TiO2 NPs, as can be seen in the deposition’s interval graphs;
the possible explanation for this is that it exceeds the value of
the critical cracking thickness (CCT) as explained by Sadeghi
et al. [30].When the layer becomes thicker during the deposi-
tion process, there is an increase in the resistance because the
previously deposited layer is nonconductive, weakening the
electric force field and causing weak connections between the
particles along the final layer.Therefore, the accumulatedNPs
on that layer tend to have fractures that cause the detachment
of the NPs due to the accumulated excess. It was decided
not to perform any sintering technique after EPD because it
has been proven that the exposure of the NiTi archwires at
temperatures above 500∘C alters their mechanical properties
[34–36].

4.2. Comet Assay. Although administration of TiO2 NPs to
the experiment animals was intraperitoneally (G1 and G2)
and through nasogastric probe (G3), there was no significant
induction of DNA breaks in peripheral blood lymphocytes in
the results delivered by the comet assay; our negative results
were similar to those found in keratinocytes, irradiated with
TiO2 at 20, 40, and 60min, where there was no evidence of
type IV comet damage and the number of comets II and III
was approximately 30% [37] also in human diploid fibroblasts
and human bronchial epithelial cells that were exposed at
concentrations up to 50𝜇g/cm2 where the tail moment does
not exceed [15]. But, as mentioned above, there are studies
where positive results were found in the comet assays, for
example, in lymphocytes, which were treated with TiO2 at
concentrations up to 59.7 𝜇g/mL having a mean of olive

moment of 7.30± 0.81 [38], human bronchial cell cultures that
were treatedwith 1.77 g/cm2 TiO2NPs causing olivemoments
up to 90 [17], Rtg cells exposed for 4 h toTiO2NPs (50 𝜇g/mL)
in MEM cultures PBS, and H2O solution where there was
a percentage of DNA in tail of 32, 45, and 32, respectively
[39]. These inconsistent results may be due to the different
sizes and structures of the TiO2 NPs used in the studies
as suggested [40], making it difficult to compare the results
between the studies.

4.3. Pathophysiological Findings. The results of the present
study show the existence of cytotoxic potential of TiO2 NPs
after acute exposure by intraperitoneal injection (G2 and
G3) at a high dose as presented in our methodology and
coinciding with Singh et al. [25] with progressive damage
even after cessation of exposure, supporting the distribution
and accumulation data in liver and kidney [41]. In the case
of G3, the liver damage was a lot greater, represented by the
extensive areas of cellular necrosis. There was not enough
time to find fibrous septa (cirrhosis) in the liver parenchyma
as in the findings reported byUmbreit et al. [42]where central
fibrous septa were found after 7 days of exposure. In the case
of renal damage analysis, the findings were more discrete and
there was no significant difference in the cases exposed to
a controlled concentration compared to those that received
the PBS solution in which the deposited archwires rested.
In this case, contrary to the findings of Chen et al. [43],
what was observed in our study was a glomerular contraction
and not a glomerular inflammation. Our observations seem
to indicate that, after deposition of TiO2 NP, NiTi arcs
that exceed the CCT, for example, samples of 25V/90 s,
are susceptible to degradation of the coating in an aqueous
medium (PBS solution), when ingests are absorbed and TiO2
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Figure 4: Deposited arches. It is observed that, at higher voltage/deposition time, there are more deposited TiO
2
NPs, but there is also an

increase in surface fractures ((f) and (g)) (10x).

NPs enter the bloodstream producing a toxic effect on the
organs, with the first step being the liver parenchyma, which
results in extensive lesions such as those found in our study.
Other studies describe the ability of TiO2 NPs to produce an
inflammatory response and induce the production of ROS
(reactive oxygen species) inducing apoptosis, as observed in
our results [44], in addition to mentioning the relationship
between the size of the NPs and their toxicity, suggesting that
the smaller the size, the greater the metabolic activity and
toxicity. Regarding the intracellular mechanisms of damage
[45], when describing the importance of the internalization of
NPs of TiO2, when they accumulate in lysosomes, this leads
to their rupture and releases their content, such as cathepsin
B with the subsequent activation of caspases to apoptosis.

5. Conclusion

The aim in this study was to improve the physical and
biocompatibility characteristics of the NiTi arches; therefore

the EPD technique was conducted to deposit TiO2 NPs,
thus proving the success of the method as a low-cost and
versatile way of performing homogenous depositions even
on complex surfaces such as NiTi alloys; the quality of the
deposition was controlled with an adequate voltage, a precise
time, and an ideal charging agent.With regard to genotoxicity
and cytotoxicity, controversial results were still found, in
agreement with other authors of the related literature; for
example, our results in the comet assays suggest that there is
no genotoxicity in any of the experimental groups under the
conditions conducted.Nevertheless, in the cytotoxic findings,
cytotoxic potential in the TiO2 NPs was found, representing
progressive damage even after the cessation of exposition and
in some cases it was the G3 cellular necrosis. At the end, the
use of NiTi arches coated with TiO2 is not recommended to
be placed in the mouth until more experimental research is
done about friction resistance and degradation in the oral
environment, as well as testing of TiO2 NPs with long term
exposition in vivo.



8 Journal of Nanomaterials

(a) (b)

(c) (d)

Figure 5: Analysis of the cells with the CometScore𝑇𝑀 program for DNA measurement at the comet head, where GC, G1, G2, and G3 ((a),
(b), (c), and (d)) showed no significant migration (𝑃 > 0.05).
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Figure 6: Microphotograph of liver dyed with H&E at 40x. (a) Control group, showing sinusoids (∗) and hepatocyte cords (white arrow)
with nucleus and cytoplasm of typical morphological characteristics. (b) In rats of group 1, few vacuoles in the hepatocytes cytoplasm are
observed (yellow arrow). (c) In group 2, abundant intracytoplasmic vacuoles are observed (yellow arrow). (d) In group 3, tissue necrosis areas
with hepatocytes destruction are observed (red arrow).
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Figure 7: Microphotomicrograph of kidney dyed with H&E at 40x. (a) Control group with normal histopathological characteristics,
glomerulus (G), urinary space (∗), proximal convoluted tubule (white arrow), and distal tubules (yellow arrow) are observed. In 1, 2, and
3 experimental groups (microphotographs b, c, and d, resp.) glomerular retraction (black arrows), an increase of urinary space (∗), and mild
vascular congestion (red arrow) are observed.
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Educación Pública, México) for partial support for Roberto
Beltrán del Rı́o-Parra and José Alfredo Facio Umaña for the
stay at the Laboratory of the Dental Materials Department
of the Faculty of Dentistry of Niigata University (Niigata,
Japan).They acknowledge CoordinaciónGeneral de Estudios
de Posgrado e Investigación of Universidad Autónoma de
Coahuila and Consejo Estatal de Ciencia y Tecnologı́a del
Estado de Coahuila (Grant no. COAH-2016-C11-A02) for
partial support of the study.

References

[1] W. A. Brantley, “Orthodontic materials,” Scientific and Clinical
Aspects, pp. 78–100, 2000.
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Extracellular vesicles are small single lipidmembrane entity secreted by eukaryotic and prokaryotic cells and play an important role
in intercellular signaling and nutrient transport. The last few decades have witnessed a plethora of research on these vesicles owing
to their ability to answer many hidden facts at the supramolecular level. These extracellular vesicles have attracted the researchers
because they act as shuttle agents to transfer biomolecules/drugs between cells. Recently, studies have shown the application of
exosomes in tumor therapy and infectious disease control. The present review article shows the importance of exosomes in cancer
biology and infectious disease diagnoses and therapy and provides comprehensive account of exosomes biogenesis, extraction,
molecular profiling, and application in drug delivery.

1. Introduction

Extracellular vesicles are cell membrane-derived small entity.
In general, these are ubiquitously found in all organisms and
scattered in all types of biofluids. These are multifunctional
units that act as a carrier of cellular communication as well as
help in removing cellular garbage. Extracellular vesicle cargo
protein, lipid, nucleic acids, or RNA from mother cells to

distant tissue cells through the support of biofluids and trans-
fer the information [1]. Earlier, extracellular vesicles were
considered as an insignificant bioentity generated by the cell
during its lifetime. However, in the last few decades, extra-
cellular vesicles have generated significant interest among the
scientific community as they have been found to be associated
with many diseases. Recent research works demonstrate that
the extracellular vesicles have potential to act as naturally
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occurring drug-delivery vehicles and can find application in
several diseases including cancers. This is due to their innate
biocompatibility, unique capability for targeted delivery, and
ability to reach remotely located recipient cells. Number of
the findings demonstrated that membrane-derived vesicles
are important for diagnostic and therapeutic purposes for dif-
ferent diseases, including cancer, infectious diseases, cardio-
vascular diseases, neurodegenerative diseases, and pregnancy
[2]. Its application depends on the biogenesis and size of the
entities; it could be classified into exosomes, microvesicles,
apoptotic bodies, and oncosomes (Figure 1). Most of the exo-
somes are small size extracellular vesicles, ranging between 40
and 120 nm and are created by the fusion of an intracellular
multivesicular body with the cell membrane. However, less
than 40 nm vesicles were also detected by subdiffraction
imaging and fluorescent probe during a real-time study of ex-
osomes trafficking in living cells [3, 4]. Microvesicles are gen-
erated by normal cell and its size ranges from 100 to 1000 nm
and apoptotic bodies’ sizes up to 5 𝜇m are generated by apop-
totic cell. Similarly, oncosomes are the largest vesicles, their
size ranges from 1 to 5 𝜇m, and they are secreted by cancer
cells [1, 5].

Among all above-mentioned vesicles, exosomes have
attracted more interest among the researchers, owing to their
intriguing capabilities like mediating cell-to-cell communi-
cation. Intercellular communication is an important process
to maintain homeostasis in multicellular systems. The dys-
regulation of communication pathways have been associated
with the cancer development and progression [48].Therefore,
the development of novel anticancer treatments will strongly
depend on improving our understanding of the cellular inter-
actions between cancer cells and other cells. Cellular com-
munication takes place between cells through gap junctions,
adhesion molecules, and nanotubes; also, it can be via solu-
ble communication signals like growth factors, cytokines,
tumor, and non-tumor-derived hormones. To date, several
researches have showed a positive correlation between carcin-
ogenesis/metastasis/drug resistance/bacterial infection and
the concentration of exosomes [49, 50]. Logozzi et al. have
also quantified the exosomes of plasma of melanoma patient
and healthy donors by housekeeping proteins and caveolin-
1 marker and found significant higher exosome in plasma of
melanoma patient and concluded that exosomes have direct
relation in malignant progression [51]. Recently, VanDeun
et al. have developed a knowledge base EV-TRACK for en-
hancement of transparency and reproducibility of vesicles re-
search road map [52]. Based on these notions, we herein
present a brief review on the importance of exosomes in
drug delivery in both cancerous and noncancerous ailments.
Additionally, we have also discussed the basic function of
exosomes in the human body, molecular profiling, and its
characteristics.

2. Exosomes Uniqueness and Natural Existence

Initially, researchers observed human plasma fraction has
coagulant properties as “platelet dust,” and, later on, the
fraction was characterized as microparticles [53]. Trams et al.
made the first description of exosomes in 1981 [54]. Johnstone

and coauthors have also termed the extracellular vesicles as
exosomes. They had isolated exosomes from sheep reticulo-
cytes during reticulocytes maturation into erythrocytes [55].
Whenever cells enter apoptosis, irregular shaped apoptotic
vesicles are generated with size 50–5000 nm [56]. These vesi-
cles may contain histones, DNA, and RNAmolecules and are
immediately cleared by the immune system (macrophages)
in response to their apoptotic signaling [57]. In contrast,
microvesicles originate by budding and fission of the cellular
plasma membrane into extracellular space. These vesicles
are more homogeneously shaped, smaller than the apoptotic
bodies in size ranging from 50 to 1000 nm and rich in specific
proteins and lipids [58].Themajor population of extracellular
vesicles is identified as exosome by size less than 100 nm
in diameter. Most of the mammalian cells like neurons and
immune cells secrete exosomes and cancer cells also secrete
greater amounts of exosomes. Interestingly, Gram-negative
bacteria also produce outer membrane vesicles during nor-
mal growth, which contain bioactive proteins and it has
diverse biological functions. The bacterial outer membrane
vesicles are small ball-shaped structures with a size range
from 20 to 250 nm in diameter. Mayrand and Grenier
have described the formation, growth conditions, isolation,
composition, and biological activities of bacterial outermem-
brane vesicles [59]. Similarly, Kulp and Kuehn investigated
the natural sources, characteristics, biological functions, and
biogenesis of vesicles from bacteria and revealed the vesicle
secretion through the distal effect of membrane molecules
during environmental interaction [60]. Moreover, it has been
reported that bacteria can also secrete outer membrane vesi-
cles during their normal activities. Gram-negative bacteria
that are able to secrete outer membrane vesicles during
normal growth include E. coli, N. meningitis, Sh. flexneri, P.
aeruginosa, and H. pylori [61–64]. In addition, it has been
reported that fungi and eukaryotic parasite can also secrete
extracellular vesicles [65].

Exosomes are membrane-derived vesicles actively
secreted by mammalian cell particularly immune cells, such
as macrophages [66], dendritic cells, T cells [67, 68], and B
cells [69]. Exosomes are also secreted by mesenchymal stem
cells [70], epithelial [71] and endothelial cells [72], and cancer
cells [42]. Li et al. have reported the secretion of exosomes
from intestinal epithelial cells, fibroblasts, mastocytes, anti-
gen presenting cells, platelets, hepatocytes, and lymphocyte
[73]. In addition, exosomes have also been identified in differ-
ent body fluids, including human saliva, serum, breast milk
[74], CSF [75], urine [76], and semen [77].

3. Structure and Contents

In 2014, the International Society for Extracellular Vesicles
(ISEV) has reported the presence of exosomes-associated sur-
facemarkers and the absence of nonexosomal proteins for the
characterization of exosomes. The exosomes-associated sur-
face markers include Alix, TSG101, tetraspanins (CD9, CD63,
and CD81), flotillin 1, cell adhesion molecules (CAM), and
integrins [79]. Exosomes consist of a lipid bilayer membrane
and are characterized by a size of 50–100 nm in diameter,
and they have “cup” or “dish” shaped morphology when
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Figure 1: Different types of extracellular vesicles (EVs) produced by normal and diseased cells.

analyzed by electron microscopy and are enriched with
certain protein markers such as tetraspanins [42]. Moreover,
its presence is also determined by density gradient, it has
density ∼1.13–1.19 g/ml and membrane rich in lipids like
ceramide, cholesterol, and sphingolipids [80]. ExoCarta is an
exosomes database, which was created in 2008 to collect and
classify the identified exosomal proteins and RNAmolecules.
The resource is web-based (http://www.exocarta.org) and
freely available to the scientific community [81]. To this
date, they have identified 9769 proteins, 3408mRNAs, and
2838miRNAs by independent examinations in exosomes
from different species and tissues. In addition, the mem-
brane structure of Gram-negative envelope consists of two
membranous structures: the inner one (IM) and the outer
membrane (OM) and these two membranes are separated by
the periplasm.The outer layer of the OM is composed of lipo-
polysaccharide (LPS), whereas the inner layer and both layers
of the IM are composed of phospholipids. The periplasm is a
gel-like layer that contains a thin layer of peptidoglycan (4 nm
thick) [60]. Therefore, the secreted vesicles are composed of
lipopolysaccharide, periplasm, and phospholipids [82].

4. Biogenesis, Release, and Uptake

Membrane vesicles play diverse roles in cellular commu-
nications in both prokaryotic and eukaryotic cells, while
Gram-negative bacteria secrete outer membrane vesicles and
eukaryotic cells secret microvesicles for cellular contact.
Mechanisms of bacterial vesicle biogenesis and the patho-
physiological roles are still not defined clearly. However,
vesicles secreted by different types of cells may have several
similarities in the biogenesis and functions in different bio-
logical systems. Zhou et al. [83] have suggested that the bio-
genesis of Gram-negative bacteria derived vesicles could be
because of cell wall turnover during growth, which causes a
turgor on the outer membrane, eventually causing the outer
membrane to bulge and then bleb. It is excised and removed
from the peptidoglycan layer of the cell wall. Independent
experimental studies also demonstrated that membrane vesi-
cles are generated as a result of cell wall turnover in Gram-
negative bacteria [83, 84]. However, Wensink and Witholt

[85] have described a hypothesis for the biogenesis of Gram-
negative bacteria derived vesicles. They suggested that the
blebbing of outer membrane might occur in response to a
high rate outer membrane synthesis in comparison to pep-
tidoglycan.

On the other hand, the process of exosome biogenesis in
human samples has been clearly defined in several studies,
which includes four sequential stages: (1) initiation, (2) endo-
cytosis, (3) multivesicular bodies, and (4) exosomes secretion
[86]. Previous studies have suggested that exosomes are
derived from themultivesicular bodies sorting pathway. Exo-
somes originate by inward budding into large multivesicular
bodies in the cell cytoplasm, and then these bodies fuse
with the plasma membrane leading to exosome secretion
into the extracellular space. Moreover, either the endosomal-
sorting complex is required for transport signaling or the
sphingolipid ceramide pathway [87] regulates this process. In
response to vesicular accumulation, themultivesicular bodies
will be either sorted to be degraded by lysosome or released
into the extracellular space for exosome secretion through
the process of exocytosis. The exosomal cargo, including
proteins, lipids, and RNA/DNA molecules, is all packed into
the exosomes during this process; the exosomal contents may
vary according to the parent cell type. Previous studies have
reported that a number of proteins play a role in regulating
exosomes secretion pathway. Ostrowski et al. have shown that
Rab GTPase machinery can regulate exosome secretion, in
which Rab27a and Rab27b proteins can affect the size and
localization of multivesicular bodies [88]. Other studies have
demonstrated that the exosome secretion can be affected by
different factors. For instance, the secretion will be increased
in response to intracellular Ca+2 accumulation [89]. Another
factor that would affect the exosome release is the cellular
pH.When the pH of the microenvironment is low, exosomes
secretion and uptake by target cells increase as well. In a
recent study, it was observed that low pH conditions have
significant effect on the exosomes expression of the cancerous
cells. When prostate cancer cell lines were cultured at both
low pH and 7.4 pH, then exosomes were more predominant
at low pH cultured condition. Similarly, tumor-released
exosomes are able to transfer their content to target cells by

http://www.exocarta.org
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membrane-to-membrane fusion and this is much favored by
microenvironmental conditions such as low pH.The delivery
of exosomal cargo for uptake of their target cells can occur by
one of the following ways: (1) receptor-ligand interaction; (2)
direct fusion of exosomes with the plasma membrane of the
recipient cell, which leads to releasing the exosomal content
into the cellular cytoplasm; (3) endocytosis by phagocytosis.

5. Extraction of Exosomes

The abnormality in proteins/enzymes or nucleic acid func-
tion is an indication of cellular dysregulation or diseases.
Identification of such dysfunctions could significantly change
the outcome and condition of a patient.The biophysical char-
acterization/screening of exosomes in biofluids are an emerg-
ing area of research, as they contain information from the
mother cells. It has been demonstrated that the concentration
of exosomes is directly related to the health condition of a
person [90]. In such situations, the development of novel
methods for isolation,molecular profiling, and concentration
determination of exosomes would not only enhance the
knowledge at supramolecular level but also help in delineat-
ingmany hidden questions related to deadly diseases like can-
cer. For this purpose, several classical and modern methods
for extraction, isolation, and characterization from different
biomatrices are available. It must be noted that exosomes
isolationmethods to date only enable enrichment but not dis-
tinct separation of these extracellular vesicles subpopulations
[1]. Table 1 depicts some general approaches andmechanisms
used for the isolation of exosomes [6–13].

Recently, ultracentrifugation was used for exosomes iso-
lation in combinationwith the sucrose gradient and immune-
dependent isolation such as Magnetic Activated Cell Sorting
(MACS) [91]. Deun et al. have suggested a comparative eva-
luation of exosome isolation protocols: (i) OptiPrep� density
gradient centrifugation which outperforms ultracentrifuga-
tion and (ii) ExoQuick and total exosomes isolation and
precipitation in terms of purity, quantity, and purity and their
impact on downstream omics approach for biomarker devel-
opment [91].

Differential ultracentrifugation involves applying differ-
ent levels of centrifugal force on a solution containing exo-
somes such as biological fluids or conditioned cell culture
media [92]. Starting from low speed centrifugation, which is
necessary initially to remove cells and large cellular debris,
then, the resulting supernatant is centrifuged at 10,000–
20,000×g in order to remove large debris and intact organ-
elles. Lastly, the supernatant is again subjected to a high-speed
centrifugation (100,000–150,000×g) in order to achieve a
pellet exosomes.Therefore, this method precipitates not only
the exosomes but also other membrane vesicles, proteins,
and/or protein-RNA aggregates. In general, the density of
exosomes is different from the contaminants; it can be sepa-
rated by using sucrose density gradient with centrifugation.
This technology is more efficient than ultracentrifugation
while it is requiringmore centrifugation time up to 62 to 90 h
[52]. In addition to this, immune-affinity chromatography
and size exclusion chromatography are also normally used
for the extraction of exosomes. In the antibody-dependent

method, it is covalently attached to exosomal surfacemarkers
like TSG 101 or tetraspanins and nontarget particles remain
unbound. When the unbounded particles are removed then
washing the stationary phasewith a low pHbuffermay collect
the bounded particles. This process is efficient and pro-
vides pure exosomes compared to other size/density-depen-
dentmethods. Likewise, Kalra et al. have confirmedOptiPrep
density gradient method was more efficient to isolate exo-
somes without plasma proteins [94].

Size exclusion chromatography contains different size
components which separate solutions according to their size.
In addition, the SEC is using a gravity flow for separation,
to maintain the vesicle structure, integrity, and biological
activity of exosomes [12].This technology has high sensitivity
and excellent reproducibility, because it is using gravity flow
for separation which makes it time-consuming if it could be
combined with ultracentrifugation; then high isolation rate
can be achieved in less time [94]. Moreover, commercial kits
are also available for exosomal extraction process. Besides
these two techniques, polymer precipitation andmicrofluidic
technologies, are also effective methods to be used for exo-
somal isolation as an alternative to ultracentrifugation; these
methods were described in detail by Batrakova et al. [93].
ExoQuick-TC kit is the most common commercial polymer
precipitation-based method for exosomes extraction. This
method is employed to isolate viruses and other macro-
molecules by using polyethylene glycol (PEG). On the other
hand, microfluidic-based techniques use smaller volumes of
starting solution and provide more pure exosomal isolate
within a short time [95]. Moreover, these technologies have
been used for diagnostic purposes because of their low yield
and high sensitivity.Thismethod depended on one of the fol-
lowing techniques: (a) immunoaffinity, (b) sieving, and (c)
trapping exosomes, which was described by Batrakova et al.
[93].

6. Molecular Profiling of Exosomes

Molecular profiling of exosomes obtained from different
sources is an important step. Exosomes are characterized
according to their biochemical properties (size, protein, and
lipid content) using different methods [96] likeWestern Blot-
ting, transmission electron microscope (TEM), nanoparticle
tracking analysis (NTA) [9], dynamic light scattering (DLS),
mass spectrometry (MS), flow cytometry [95, 96], tunable
elastomeric pore sensing, [97] and microfluidics [98] but
these are not limited. The detection and profiling are often
hindered by the requirements of high purity and large sample
amount. To circumvent these issues, several new, sensitive,
and selective methodologies based on surface plasmon res-
onance (SPR), fluorescence fluctuation spectroscopy (FFS),
and so forth have been applied in several reports in Table 2
[14–19]. Among these, SPR is the most popular label-free,
real-time sensing technique [99]. Vogel and coworkers have
developed a label-free SPR based methodology for the detec-
tion of exosomes derived from breast cancer cell lines (MCF-
7, BT-474, and MDA-MB-231) [15]. They reported immuno-
sensor surface has the ability to identify various exosomes as
well as exosomal biomarkers [98, 100]. The molecular pro-
filing results of exosomes have indicated the selective and
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Table 1: Exosomes isolation methods and mechanisms with specificity and demerits.

Methods Steps Mechanism Specificity Demerit Ref.

Differential
centrifugation

(i) 300×g (10min)
(ii) 1000×g to 20000×g
(30min)
(iii) 100,000×g (60min)

Based on centrifugal
force

Common method to
isolate exosomes from

biological fluids

Yield lower when
sample is
viscous

[6]

Density gradient
(i) 30% sucrose gradient
(ii) Differential
centrifugation

Based on centrifugal
force and density

gradient

Separate low-density
exosomes from high
density contaminants

and vesicles

Sensitivity high with
centrifugation time [7]

Size exclusion
chromatography

(i) Sample applied on
column packed with
specific designed porous
beads that allow elation
only exosomes, without
centrifugal force

Based on porosity of
materials

Centrifugal force
sensitive vesicles
isolate this method
and specific beads

used for specific size.
multiple biological
samples can run
together in this

method

Long time taking
procedure [8]

Filtration

(i) Exosomes separate
from the high molecular
weight proteins and fatty
acids

Based on membrane
materials and porosity

Easily separate the
soluble molecules and
small particles from

exosomes

Exosomes attached
with membranes and
lost the yield and
original size

[9]

Polymer-based
precipitation

(i) Biological fluid
mixing with polymer
(ii) Incubation till
precipitation
(iii) Centrifugation at
low speed.
(vi) Resuspend in PBS

Based on polymer
materials and
precipitation

The advantages of
precipitation include
the mild effect on

isolated exosomes and
usage of neutral pH

Polymer-based
precipitation and
co-isolation of

contaminants, like
lipoproteins. In the
presence of polymer

material, not
compatible with

downstream analysis

[10, 11]

Immunological
separation

(i) Magnetic beads
bound to the specific
antibodies
Example: ELISA-based
separation method

Based on antibody
receptor interaction

Methods for
characterization and
quantification of
protein involve in

selective subtypes of
exosomes

Method is not
applicable for large

volumes
[7]

Isolation by sieving

(i) Sample sieving via a
membrane
(ii) Perform filtration
with pressure
(iii) electrophoresis

Based on sieving size
and pressure

Short separation time
with high purity of

exosomes
Low recovery rate [12]

Cell sorting

(i) Sample incubation
4 h with
magnetic beads
(ii) centrifugation
100,000×g (60min)

Based on centrifugal
and magnetic force

Short separation time
with high purity of

exosomes Expensive and hectic [13]

effective discrimination between the antigen generated by
three different types of cell lines. In previous studies, the same
research team has reported the molecular and dimensional
profiling of exosomes by using the FFS method [100, 101].
Another SPR based method has been reported recently to
determine the concentration of exosomes in solution [98].
Using surface functioned sensor with anti-CD63 antibodies,
the authors detected exosomes selectively obtained from
humanmast cells. By thismethod, totalmass (lipids, proteins,
and nucleotides) could also be determined using a small

sample volume. Despite the fact that exosome deformation
hindered the study, the authors reported high accuracy
(±50%) in concentration determination. An easy, efficient,
and novel label-free SPR imaging (SPRi) technique in
combination with antibody microarrays was reported for
the quantitative determination of exosomes in cell culture
supernatant (CCS) [102]. The study also showed a positive
association between exosome secretion andmetastatic poten-
tial in hepatocellular carcinoma cells (highly metastatic cell
line secreted more exosomes than poorly metastatic ones).
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Table 2: Recent reported methods for molecular profiling of exosomes.

Method Source Application Explanations Ref.
Combined colloidal gold
nanoplasmonics and
SPR

Serum Oncology Detection at molar level, Showed presence of
4-fold exosomes in MM patients than normal [14]

Microfluidic Plasma Cancer as well as
non-cancerous diseases Enhanced and minimal invasive detection, [15]

SPR Serum Oncology Quantification of the proportion of CREs
within the bulk exosome population [16]

NTA Whole blood sample Oncology
Enriched level of MDR-1, MDR-3,

endophilin-A2, and PABP4 in resistance
prostate cancer cells (DU145)

[17]

Metal Nanoparticle Serum Oncology Microsome and exosome detection, detection
of two surface markers on exosome [18]

Dual-wavelength SPR Synthetic Drug development Vesicles carrying marker CD63 link to not
greater than 10% of the vesicles in sample. [19]

Zhu et al. developed a label-free nanoplasmonic exosome
(nPLEX) assay for quantitative analysis of exosomes [105].
The method, which was based on transmission mode SPR
through functionalized nanohole arrays (Figure 2(a)), has the
ability to detect proteins present on the surface as well as in
the lysate of exosomes. They found that a large amount of
exosomes with an average diameter of 100 nmwas secreted by
the ovarian carcinoma cell lines. The selective identification
of ovarian carcinoma exosomes (detection of 12 potential exo-
somal markers within 30mins) dictates the potential of the
method for diagnostic purposes (Figure 2(b)).

Proteomic analyses have been used to identify and
decode the proteins associated with outer membrane vesi-
cles. Although bacterial outer membrane vesicles are more
abundant and easier to obtain than human vesicles, only
few proteomic profiling instances of native outer membrane
vesicles derived from bacterial strains have been reported
[78, 104–107]. Previous studies described the process of
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) of outer membranes and vesicle polypeptides
to identify their protein profiles [108]. In addition, exosomal
RNA and proteins were also identified using RT-PCR, nucleic
acid sequencing,WesternBlot, or ELISA [42]. Sambrook et al.
have also described the conventional agarose electrophoresis
in the presence of ethidiumbromide in order to detect nucleic
acids in samples of vesicles derived from bacterial strain [111].

7. Exosomes Role in Normal and Cancer Cells

A number of studies have demonstrated the tumor-derived
exosomes, which serve as biologic messengers for immune
suppression and other procancer activities [64, 110, 111].
Cancer-derived exosomes play diverse roles in the tumorige-
nesis, tumor growth, angiogenesis,metastasis, and drug resis-
tance [42]. During the process of tumorigenesis, normal cells
are transformed into cancerous cells and subsequently secrete
exosomes, which have the potential to transform the healthy
cells to cancerous cells. As an example, neoplastic transforma-
tion of adipose-derived stem cells (ASCs) could be induced in
response to prostate cancer cell-associated exosomes, which

deliver the oncogenic proteins andmRNAmolecules to recip-
ient cells and subsequently induce tumor formation [112].
Sometimes tumor-released exosomes, expressing a reporter-
gene, travel through the blood of xenografts ending within
the germ line that in turn expressed the exosomes-delivered
gene, thus supporting the idea of a key role of extracellular
vesicles in somato-to-germ-line transmission of nucleic acids.
In addition, it has been widely reported that tumor-derived
exosomes show promoting effect on tumor growth. During
tumor formation, exosome containing cell survive because it
has the ability to inhibit apoptosis and promote proliferation
and metastasis [113]. Similarly, in human tumor cell line
derived exosomes may induce tumor-like transformation of
human mesenchymal stem cells, supporting a key role of
exosomes in tumor metastasis [114]. Consequently, angio-
genic factors are usually present in tumor-derived exosomes,
which is necessary for angiogenesis and tumor proliferation
[115]. Exosomes also contain factors required for metastasis,
thus enhancing migration and invasiveness of cancerous
cells [116–118]. Moreover, exosomes also play a role in the
development of drug resistance via differentmechanisms. For
example, cancer cell-derived exosomes transmit multidrug
resistance (MD) associated proteins andmiRNAs to recipient
cells leading to the development of resistance [119]. Another
mechanism by which exosomes induce resistance is an
exosomal drug efflux, in which drugs can be affixed from
the cancerous cells by exosomes [120]. During cancer ther-
apy development of intrinsic resistance against drugs hap-
pens due to acidic microenvironment and chemo resistance
impairment in drug delivery. In addition to these, several
studies have shown the relationship between exosome and
immune system function [121].They suggested that exosomes
can interact through signaling and the exosome comes from
immune cells. While melanoma cell releases extracellular
vesicles expressing FasL that efficiently induces Fas-mediated
apoptosis in target T cells, suggesting the role of tumor
exosomes in tumor immune escape. Extracellular vesicles
released by human colon cancer cells express that both FasL
and Trail are able to induce cell death of target T cells through
the specific pathways and that exosomes expressing these
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Figure 2: Scanning electron microscopy image of (a) nPLEX sensor with periodic nanoholes in the range from 200 to 450 nm in diameter,
and here (2b) exosome captured by functionalized nPLEX. (2c) EpCAM, CD24, CA19-9, CLDN3, CA-125, MUC18, EGFR, and HER2, a list
of putative ovarian cancer markers; CD41 and CD45 for immune host cell markers and D2-40 a mesothelial marker for exosomes profiled
left in nPLEX sensor and their parental ovarian cell lines filled in right for flow cytometer, according to Im et al. [78].

two molecules are detectable in the plasma of colon cancer
patients and entirely functional in inducing T cell death
[122]. In mammalian cells, exosomes have pro- and anti-
inflammatory properties depending on the type of cell origin
[80]. For example, NK cells release exosomes expressing
functional molecules associated with NK-cell function and
the same exosomes are detectable in the plasma of healthy
humans, suggesting a key role of NK-released exosomes in
the control of our body homeostasis [114, 123]. However, sim-
ilar findings have been reported with single cell eukaryotic-
derived vesicles. Zhang et al. have demonstrated that exo-
somes are involved in cell-to-cell contact during immune
responses for tumorigenesis, infectious diseases, allergies,
and autoimmune diseases [42], for example, during myocar-
dial infractions in the presence of clusterin in exosomes
obtained from pericardial fluids of patients [124]. Currently,

there are two main groups of exosomes that are involved in
infectious biological: (1) single-celled eukaryotic exosomes
and (2) exosomes derived from infected cells. The eukary-
otic single-celled pathogens such as the pathogenic fungus
Cryptococcus neoformans and the protozoan parasites Leish-
mania major and donovani [125] secrete exosomes, which
may influence the host immune system. The second group is
exosomes released by mammalian cells infected with patho-
genic bacteria, prion protein, and viruses [126, 127]. Previous
studies have reported that bacteria can secrete outer mem-
brane vesicles; fungi and eukaryotic parasite can also secrete
extracellular vesicles [128]. Pathogen-derived exosomes carry
specific virulence factors like proteins or RNA molecules,
which can either spread or limit the infection depending
on the pathogen and its target cells, Table 3 [20–27]. Fur-
thermore, the potential roles of pathogen-derived vesicles
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Table 3: Examples of infectious disease where pathogen-derived exosomes play a role in pathogenesis.

Disease causing agents Name of disease Exosomes role Ref.
Leishmania spp. Leishmaniasis Spread virulence factors [20]

HIV AIDS CD4+ T cells transinfection and delivery of
Nef to by stander cells [21]

Prion protein Transmissible spongiform
encephalopathies Virulent factors delivery to normal cells [22]

Cryptococcus neoformans Cryptococcosis Virulence factors spread and polysaccharide
capsule formation [23]

Histoplasma capsulatum Ascomycota opportunistic fungal
pathogens

Spread virulence factor in intracellular and
extracellular space and promote virulence
and provide stress response and fungal

growth

[24]

C. Albicans, Oral, vaginal, and systemic
infections

Help in growth, Spread virulence and
enhance pathogenicity

[25]C. parapsilosis Candidiasis
S. schenckii RTI
S. cerevisiae Rarely pathogenic

Trypanosoma cruzi Surface antigens spread during
pathogenicity with membrane vesicles [26]

HCV Chronic HCV v RNA transfer in normal cells [27]

in infection biology are illustrated in Table 3 [20]. However,
during infection pathogen derived vesicles formation ismuch
less recognized about the molecules involved in exosomes
biogenesis and secretion. In mammalian cells, the molecules
that are involved in exosomes biogenesis and secretion
include ESCRTprotein [27], ceramide [87], Rab27 [88], Rab11
[89], and Rab35 [129]. Although a similar subset of these pro-
teins (ESCRTs, Rab11, and Rab27) has been identified in and
Leishmania exosomes [125], their role in single-celled eukary-
otic exosome biogenesis and release is not clear yet. In
another experimental study, Silverman et al. have suggested
that HSP100 plays an important role in packaging of proteins
into Leishmania exosomes [135]. Interestingly, exosome has
been associated with prion related disease. Berrone et al. ob-
served pathological prion protein from the blood of animals
with a prion related disease only associated with exosomes
and this was in turn associated with plasma infectivity as well
[136].

8. Exosomes from Bacteria and Its Function

The outer membrane vesicles associated proteins have signif-
icant biological activities as mentioned in previous studies
[132, 133]. In addition, the outer membrane vesicles can
mediate the secretion of both soluble and insoluble com-
pounds (such as bacterial lipids andmembrane proteins). For
instance, then it allows the secretion of adhesion molecules
of pathogenic bacteria. Adhesins are insoluble proteins that
mediate coaggregation and these proteins are important for
host tissues colonization. Another type of insoluble molecule
like quinolone was secreted in outer membrane vesicles by
Pseudomonas as a signal molecule, which is important for
cellular communication [134]. Moreover, the bacterial exo-
somes are also mediating the secretion of soluble proteins in
a protective complex, in which soluble molecules are part of

the lumen or attached to their surface.The surface-associated
soluble proteins and the periplasmic molecules within the
vesicle lumen are resistant against extracellular degradations
by proteases. This complexity provides the ability of mem-
brane vesicles to protect the secreted proteins and to allow less
stable molecules, to reach further destinations during their
transport [135]. Kadurugamuwa and Beveridge [137] have
proposed two mechanisms for delivering the soluble content
of membrane vesicles to its target site. The content could be
delivered either through spontaneous lysis of outer mem-
brane vesicles and consequently content diffuses or attach-
ment of vesicles to their target followed by proximal lysis,
internalization, or fusion to deliver the content.

The outer membrane vesicles secreted by bacterial strain
might contribute significantly to bacterial survival and viru-
lence factor existence. For instance, membrane vesicles could
act as a defense and resistance mechanism against both inter-
nal or external damaging agents, and thus the vesicles can
eliminate these toxicants instantly [136]. In addition, vesicles
are loadedwith lytic enzymes and receptors, which are impor-
tant for bacterial nutrient acquisition [137]. Moreover, theses
vesicles are also important for nucleation and mediating
the interactions of biofilm [138]. All the above-mentioned
survival-related functions are important to enable the patho-
genic organism to survive inside the host and eventually cause
diseases. In addition, it also contains virulence factors such
as an active toxin, which can be delivered into host cells
by different mechanisms [139, 140].

9. Exosomes-Mediated Drug Delivery

Recently, evidences of natural exosomes-mediated drug de-
livery are increasing for cancer and infectious disease treat-
ment [70, 141, 142]. In current opinion, two approaches are
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considered to develop drug carriers for in vivo drug-delivery
system based on cell-derived membrane vesicles which in-
clude the following: (1) modification and engineering of
natural cell membrane vesicles primedwith therapeutic com-
pounds to target certain cell types and (2) using the essential
characteristics of membrane vesicles in order to design
nanoscaled drug vehicles [141]. Lately, exosomes have gained
considerable interests for being used as a vehicle for either
cell-derived materials or therapeutic drug-delivery systems.
Exosomes are ideal candidates for drug delivery because they
are bioavailable vehicles, which are known to be well toler-
ated, bioactive, specific to their target cells, and resistant to
metabolic processes and have the ability to easily penetrate
through impermeable biological barriers like blood-brain
barrier (BBB). Increased evidence suggested that the natural
membrane vesicles have more advantages than the synthetic
nanoscaled drug systems due to their natural specificity to
their target cells [143], their natural stability in blood, and
their ability to tolerate the patient’s immune response. How-
ever, exosomal purification is difficult because mammalian
cells usually release small quantities of exosomes; thus exo-
some-mimetic nanoscaled vesiclesweredevelopedwhen over-
production is needed [38].

10. Exosomes as Carrier for
Therapeutic Agents

There are so many approaches that can be used in order to
load exosomal carriers with therapeutic agents and all were
described in detail by Batrakova et al. [93]. There are advan-
tages and disadvantages for each approach, and also this may
be restricted to the type of drug, the targeted disease, and the
conditions required for a specific type of exosomal cargo.The
first one is ex vitro loading of näıve exosomes that are purified
from parental donor cells and then incorporated with a ther-
apeutic agent. The other approach is by loading parental cells
with a drug, which is subsequently released in the exosomes.
The final approach is by transfecting or infecting donor
cells with drug-encoding DNA, which is eventually released
in exosomes.

Therefore, exosomes serve as effective vehicles for many
molecules that would be otherwise rapidly degraded before
approaching their target like drugs, proteins, andmicroRNA/
silent interferingRNA (siRNA).Alvarez-Erviti et al. have pro-
vided the first demonstration of biotechnological exploitation
of cell membrane vesicles [29]. The authors showed a suc-
cessful in vivo delivery with low or no toxicity or immuno-
genicity of exosomes-mediated siRNA to the mouse brain
through injection of targeted exosomes. In order to ensure
a successful delivery of the injected exosomes to their target
cells in vivo and to avoid the exosomal removal of tissues
of drug clearance, a novel targeting strategy was suggested.
Therefore, exosomal surface protein lamp2b was used to
display a targeting peptide to bind (AchR) receptor present
on neurons and the vascular endothelium of the blood-
brain barrier (BBB). The BBB was the major obstacle in the
macromolecular drug delivery to the CNS [144]. On the other
hand, artificial cell membrane vesicles mimic is also an alter-
native approach to obtain membrane vesicles and subse-
quently provides a controlled and clean drug-delivery system.

Currently, specific lipid and protein compositions are used
in liposomal drug formulations to create CMV mimics that
have similar properties of the natural ones [145]. Gao et al.
have presented a novel strategy to generate neutrophil cell
membrane-derived nanovesicles to target inflamed vascu-
lature and significantly reduce acute lung inflammation by
using nitrogen cavitation. Nitrogen cavitation was described
in this study [148], which is a novel approach to fracture cells
with no chemicals or long-term physical stress that could dis-
rupt the biological functions of cellular membrane antigens.

11. Therapeutic Application

11.1. As Anticancer Drug Delivery. Recently, in vitro and in
vivo experimental findings have shown that extracellular
vesicles can be used as vehicles for several therapeutic agents
for cancer treatment [147]. Previous clinical studies have
been conducted in order to assess the efficacy of dendritic
cell-derived exosomes (dexosomes) as cancer vaccines. The
authors obtained promising results in phase 1 clinical trial fol-
lowing vaccination of metastatic melanoma patients [28] and
in patientswith advanced non-small cell lung cancer [29]. In a
recent study, the effect of exosome-delivered siRNA on target
cancer cells was observed. These experimental findings have
shown that exosome-mediated siRNA can induce posttran-
scriptional gene silencing and apoptotic cell death of targeted
cancer cells [30]. Smyth et al. have found that tumor-derived
exosomes have been used as an effective vehicle for drug
delivery [31].Moreover, experimental studies have shown that
exosomes can be used as carriers for therapeutic agents with
low molecular weight [35, 149]. Other studies have demon-
strated that when exosomes or exosome-memetic nanovesi-
cles loaded with various chemotherapeutic agents, Dox or
PTX, they were able to target tumor cells in mice and signifi-
cantly inhibit tumor growth without observing any side
effects [38, 150, 151]. Jang et al. [28] have found that bothDox-
loaded exosomes andDox-loadednanovesicles demonstrated
similar antitumor activity, but Dox-loaded liposomes were
not efficient in diminishing tumor growth. Similarly, mes-
enchymal stromal cells (MSCs) are an efficientmass producer
of exosomes, which makes them ideal for drug delivery [61].
Pascucci et al. [33] have shown that MSCs have the ability to
pack and then release drug such as Paclitaxel through their
microvesicles, suggesting that MSCs can be used for drug-
delivery system development with high specificity and more
detail is provided in Table 4 [28–38]. Moreover, there are
recently published papers showing and commenting on the
ability of exosomes in delivering photodynamic drugs, possi-
bly useful in the therapeutics of tumors.

11.2. Exosome Removal as CancerTherapy. Cancer cells ubiq-
uitously secret exosomes, which transport oncoproteins and
other immune suppressive molecules in order to promote
tumorigenesis as well as metastasis. Therefore, several attrac-
tive therapeutic strategies have been suggested for targeting
their cancer activities. Previous studies have suggested the
removal of exosomes from the circulation as a strategy to
attenuate the exosomal metastatic effect. Researchers have
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Table 5: Novel strategies/devices of exosomal removal for cancer and infectious disease therapy.

Mechanism of exosomal removal Disease Effect Ref.
Extracorporeal hemofiltration of
exosomes Hepatitis C Minimize viral titers in patients [39]

Exosome enervation by Dimethyl
amiloride (DMA) in mice Colorectal cancer

Restore the cyclophosphamide (CTX)
anti-tumor effect through the inhibition of

MDSC functions
[40]

Extracorporeal filtration of exosomes
(The Hemopurifier)

Advanced stage of cancer
patients To remove exosomes from the blood [41]

Adjunct therapeutic method
HER2osome Breast cancer

Decrease the tumor secreted HER2
containing exosomes in circulation and
afterward impede HER2 positive breast

cancer progression

[42]

Table 6: Exosomes used for infectious diseases treatment.

Exosomal cargo Secreting cell Biological activity Ref.
Exosomes pulsed with Toxoplasma
gondii antigens Dendritic cells A defensive immune response against

Toxoplasma gondii infection [43, 44]

Exosomes pulsed with Leishmania
major antigens Dendritic cells A defensive immune response against L. major

infection [45]

Exosomes containing M.
tuberculosis antigens

Macrophage infected with M.
Tuberculosis

Tuberculosis vaccine, activate innate/acquired
immune responses [46]

shRNA against HCV
replication-loaded exosomes Transfected into several cell types Decrease in HCV infection of liver cells [47]

suggested a wide range of methods to inhibit exosome pro-
duction, which involve targeting microtubules assembly and
stability and endosomal-sorting pathway and by using inhi-
bitors of the proton pump [67, 88]. Marleau et al. have sug-
gested a novelmechanism involving the use of extracorporeal
hemofiltration of exosomes from circulation in order tomini-
mize viral titers in patients [157]. Further, more information
regarding exosomes removal from cancer and infected cells is
listed in Table 5 [39–42].

11.3. Exosomes as Cancer Diagnostic Biomarkers. Depending
on the type of tumor and location, exosomes can be isolated
from almost all body fluids, including human saliva, serum,
breast milk, CSF, urine, and semen [74–77]. Exosomes are
novel sources of biomarkers because they contain bioactive
molecules, which can help to assess the pathological state of
the originated cells [40]. In addition, exosomes can be used
to predict or monitor a patient’s response to the given treat-
ment. More importantly, exosomes provide noninvasive and
continuous access to the required information to be used for
tumor progression assessment [40]. It has been documented
that the level of exosomes increased in some cancer patients
in comparison to healthy individuals and has been correlated
with poor prognosis [41]. Recent studies have shown that
most of the circulating microRNAs detectable serum and
saliva are concentrated in tumor-derived exosomes [152].
Extensive studies have shown that tumor-derived exosomes
from either tumor cells or extracellular fluids of cancer
patients can be used as biomarkers because they have a
unique molecular signature on their biocontents (proteins,
DNA/RNA molecules) [153–155]. A list of exosomes isolated

from biofluids of cancer patients used as biomarkers were
prepared with details in previous studies [33, 40].

12. Exosomes Used for
Infectious Disease Treatment

Bukong et al. have provided a novel mechanistic strategy
for HCV transmission that can compromise immune-based
therapies for HCV infection and thus suggested potential
therapeutic strategies in order to block exosome-mediated
transmission of HCV infection [132]. The clinical application
of extracellular vesicles is discussed in detail: (i) therapeutic
application and both (ii) diagnosis and therapy together [156].
Exosomes are recognized as a novel therapeutic tool for anti-
tumor therapy, immune-modulation regenerative therapy,
pathogen vaccination, and drug delivery but there is still a
need for high level cooperation between researchers and ex-
pert clinicians for approval from recognized authorities [157].
Table 6 illustrates a number of studies that provided evidence
for exosomes used for infectious disease treatment [43–47].

13. Benefits and Future Prospects

Exosomes are cell-derived membrane vesicles secreted by
different cell types and present in body fluids. Proteomic pro-
filing of EVs demonstrated that these vesicles play a valuable
role in cellular communications and they act as natural vehi-
cles for cell signaling proteins and genetic molecules. These
findings indicated that it is possible to explore the vesicles
as novel drug-delivery systems for many therapeutic agents
that targeted different diseases such as cancers, infectious
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diseases, and cardiovascular disease. European Cooperation
in Science and Technology and International Society for
Extracellular Vesicles (ISEV) are also constructing a network
on Microvesicles and Exosomes in Health and Disease (ME-
HaD) for ensuring the safety aspect and future application of
exosomes in drugs.

In some cases exosomes not only are an ideal vehicle
for therapeutic agents but also have been used as diagnostic
and prognostic indicators for various cancers. Further studies
of exosomes in the pathogenesis of cancer will open new
avenues to explore novel diagnostic and therapeutic strate-
gies. Isolation of vesicles of specific size and properties from
the bacterial cells and application in drug delivery will be
most fascinating research area in future because they will be
cheaper and safe from cancers cell exosomes. Yield optimiza-
tion and purification still require a single technique which
is not available, and hopefully in future research will help in
developing a single step device for development, purification,
and characterization. Furthermore, the findings discussed
in this review demonstrated that membrane-derived vesicles
play a valuable role in infection biology. This applies to all
organisms with different range of complexity from prions to
eukaryotic pathogens. Further studies are needed to inves-
tigate more pathogens-derived exosomes that play a role in
infection transmission and pathogenesis and to explore other
novel therapeutic strategies to block exosome-mediated in-
fection transmission. Further studies are also needed to
explore novel bacterial species that are able to secrete outer
membrane vesicles during their normal growth.More investi-
gations are also needed to study the biogenesis of membrane
vesicles in Gram-negative bacteria, which will help to gener-
ate more ideal outer membrane vesicles and improve human
health. It is also important to study the mechanism of outer
membrane vesiculation and to identify the essential envelop
compositions that may play a role in vesicles generation.
Therefore, a novel antibiotic could be designed to target these
virulence components, which will help to inhibit bacterial
growth and pathogens.

Novel insights for exosome-mediated drug-delivery sys-
temswere illustrated, which is important for the development
of novel therapeutics and vaccines. In addition, there is an
urgent need to develop advanced technologies to generate
more controllable and homogenous membrane vesicles to be
used for drug development. Finally, the findings discussed
in this article showed the therapeutic effects of exosomes
when loaded with drugs for the targeted diseases. The newly
discovered drug-loaded exosomes should go for further
animal testing and clinical trials to make the formulations
ready in the market for clinical applications and to improve
the therapeutic index of established drugs.

14. Conclusion

Taken together, these findings have shown that there is a
relation between exosomes and cancer or infection biology,
which is important for the development of novel therapeutics
and vaccines. Exosomes are ideal candidates for drug deliv-
ery and further studies are needed to explore novel strate-
gies of exosome-mediated therapies particularly for cancer

and infectious diseases. We have also discussed the major
obstacles of exosome-mediated drug development and the
most common methods used for exosomes generation and
purification.We also confer the need for developing advanced
technologies to generate more ideal and controllable exo-
somes for drug-delivery systems.
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[30] M. Çağdaş, A. D. Sezer, and S. Bucak, “Liposomes as potential
drug carrier systems for drug delivery,”Application of Nanotech-
nology in Drug Delivery, 2014.

[31] T. Smyth, M. Kullberg, N. Malik, P. Smith-Jones, M. W. Graner,
and T. J. Anchordoquy, “Biodistribution and delivery efficiency
of unmodified tumor-derived exosomes,” Journal of Controlled
Release, vol. 199, pp. 145–155, 2015.

[32] T. Yang, P. Martin, B. Fogarty et al., “Exosome delivered anti-
cancer drugs across the blood-brain barrier for brain cancer
therapy in Danio Rerio,” Pharmaceutical Research, vol. 32, no.
6, pp. 2003–2014, 2015.
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Considerable effort has been focused on improving the control of size, shape, and surface modifications to detect proteins. The
purpose of this study was to compare the efficiencies of aminosilane-coated magnetite (As-M) nanoparticles (NPs), dextran-coated
magnetite nanoparticles (Dx-M), and bare nanoparticles for conjugating single-chain variable fragment antibodies (scFvs) with the
aim of detecting the human epidermal growth factor receptor 2 (HER2) protein. Dx-M and As-M NPs were characterized using
scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction, and Raman spectroscopy. Dx-M and As-M
were conjugated with a monoclonal scFv for active targeting of the HER2 antigen. Aminosilane surface coating enhanced the scFv
conjugation efficiency over twofold compared to that of the dextran-coated magnetite NPs for the detection of HER2 proteins.

1. Introduction

The development of nanomaterials has been widely touted as
a revolutionary paradigm shift for biological applications. In
recent years, considerable effort has been focused on improv-
ing the control of size, shape, and surface modifications to
gain better behavior as well as improved functionalization.
Magnetic nanoparticles (NPs) have become widely studied
due to the rapid increase in the number of applications in the
biomedical field, such as magnetic resonance imaging [1],
hyperthermia [2], drug delivery [3, 4], gene therapy [5, 6],
protein immobilization [7, 8], and immunoassay [9]. Among
other applications ofmagnetic NPs, for the immunoassay, the
conjugation of NPs with antibodies is the critical step and
severely limited by low efficiency of antibodies grafted on the
NP surface.

Although there has been significant work done on the
conjugation of chemically synthesized magnetite NPs to
antibodies [10–15] there have been relatively few studies

comparing the influence of antibody immobilizationmethod
in effectiveness of antigen detection. The conjugation of
the proteins with magnetic NPs can be done via physical
adsorption using polymer coatings, such as dextran, and
by covalent immobilization using amino derivatives, such
as aminosilane [3]. Dextran is a natural polysaccharide that
confers exceptionally high colloidal stability toNPs [16]. 3-(2-
aminoethylamino) propyltrimethoxysilane (APTES) is the
most frequently used compound to produce the aminosilane
coating to enhance protein adhesion [17–20]. Both dextran
and aminosilane have been used for the surface modification
of NPs to immobilize antibodies and to improve the disper-
sion of magnetite NPs. Despite the influence on dispersion
stability of the NPs, the type of coating has a remarkable
influence on the effectiveness of antibody immobilization.

The effectiveness of conjugation has an impact on the de-
tection of bioanalytes, such as cancer biomarkers. Overex-
pression of human epidermal growth factor receptor 2 (HER2)
is common to several types of human carcinomas [21–23], is
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involved in cell growth, and is a recognized biomarker for
breast cancer therapy [24–27].The aimof this study is to com-
pare aminosilane-coatedmagnetite (As-M)NPs and dextran-
coated magnetite (Dx-M) NPs conjugated with recom-
binant single-chain variable fragment antibodies (scFvs)
to Her2 (anti-HER2) through an adapted enzyme-linked
immunosorbent assay (ELISA) in order to choose the most
efficient scFv immobilizing agent.

2. Materials and Methods

2.1. Synthesis of Magnetite NPs. Magnetite NPs were synthe-
sized by alkaline coprecipitation of two equivalents of ferric
chloride (FeCl

3
⋅6H
2
O; Mallinckrodt) and one equivalent

of ferrous sulfate (FeSO
4
⋅7H
2
O; J.T.Baker) in 30% ammo-

nium hydroxide solution (NH
4
OH; J.T.Baker) with stirring.

The obtained precipitate was centrifuged at 6,000 rpm and
washed several times with distilled water until a pH ∼ 7
was reached. Finally, the precipitate was dried at 80∘C for 24
hours.

2.1.1. scFv Conjugation on Dx-M NPs. For the preparation of
Dx-M NPs, dextran (molecular weight 20,000Da) was dis-
solved in distilled water. FeCl

3
(0.01M) and FeSO

4
(0.005M)

were dispersed in 0.05% dextran solution. Synthesis of the
NPs was done as previously described. The products were
separated with a magnet and washed several times with
deionized water. Dx-M was resuspended in phosphate buffer
solution (pH 7.4). Then, 500𝜇L of Dx-M suspension and
500 𝜇L of scFvs were mixed by stirring gently and incubated
in a cold room at 4∘C for 24 hours. The products were
collected with a magnet and washed with buffer.

2.1.2. scFv Conjugation on As-M NPs. The obtained mag-
netite powder (200mg) was dispersed in 150mL of ethanol
and sonicated for 15 minutes, before the addition of
3-(2-aminoethylamino) propyltrimethoxysilane (AEPTMS,
Sigma-Aldrich). After ultrasonic agitation for 30min, the
suspended NPs were collected by magnetic decantation. The
precipitated product (As-M) was washed with ethanol five
times and dried at 80∘C for 24 hours. The As-M NPs were
resuspended in 1.0mL of 2% glutaraldehyde aqueous solution
with stirring for 4 hours at room temperature. Then, a
mixture of 500 𝜇L of As-M and 500 𝜇L of scFvs was added
and incubated in a cold room at 4∘C for 24 hours to allow
conjugation to take place. Finally, the solution was dialyzed
with phosphate buffered saline (PBS).

2.2. Characterization of NPs. The bare magnetite sample was
analyzed in PANalytical X’Pert MRD PRO device with a
Cu-k𝛼 source (𝜆 = 1.5406 Å) operating at 40 kV and 30mA
and at a scanning rate of 0.1∘ 2𝜃s−1 from 10 to 80∘ 2𝜃.
Distances between peaks were compared to the International
Centre for Diffraction Data JCDPS, number 5-0664. The
average diffracting crystallite size of the prepared NPs was
calculated using Scherrer’s equation from the most intense
peak. Scanning electron microscopy (SEM) was performed
using a JEOL JSM6010LV/PLUS SEM to determine the

particle size and morphology of the magnetite nanoparticles.
For particle size analysis, the image processing software
Scandium was used and 100 particles were analyzed to cal-
culate the mean diameter ± standard deviation (SD). SEM
images were made with an accelerating voltage of 20 kV
and a working distance of 4 10mm. Energy dispersive X-
ray spectroscopy (EDS) using an Inca apparatus (Oxford
Instruments, Oxford, UK) was done for elemental analysis or
chemical characterization of the samples. TEM data was also
provided to confirm the chemically well-defined magnetite
nanoparticles. Hydrodynamic diameters and zeta potentials
were analyzed using a dynamic light scattering (DLS) (Nan-
otracWave,Microtrac) operating at 25∘C in a scattering angle
of 180∘; samples were suspended in Triton 2%, pH 7, and
sonicated 5minutes prior tomeasurement. Fourier transform
infrared spectra (FTIR) were recorded using a spectrome-
ter (Nicolet 6700/Thermo Electron) to identify functional
groups present in the surface-modified magnetite nanoparti-
cles. Infrared spectra with attenuated total reflection (ATR)
were recorded with a resolution of 4 cm−1 and the scan
range was set from 4000 to 600 cm−1. Raman spectra were
recorded in a WiTec system model Alpha 300 RA equipped
with a 785 nm laser source. Raman spectroscopy was used
to measure bands of -S-S-, -N-C-N-, and -C-S-, which are
likely to be found in proteins (scFvs). These groups are rich
in 𝜋-electron and, thus, have larger polarizability and totally
symmetric vibrational modes that are Raman active but may
not be infrared (IR) active and show no IR bands [28].
Because of these differences and considering that water, the
natural medium for proteins is a weak Raman scatter; Raman
was the method chosen for characterization of antibody-
NP conjugate. In addition, for proteins, studies focused on
investigating Raman spectra of proteins and the successful
design of NP probes has allowed advances in immunoassays
[29].

2.3. ELISA. Aliquots (50 𝜇L) of the homogenized suspen-
sions (scFv-Dx-M, scFv-As-M, and Dx-M) were deposited
on the bottom of wells in a 96well microplate. Next, a
permanent magnet was used to immobilize the conjugates
at the bottom. The plates were blocked with PBS containing
5% bovine serum albumin (BSA). Successively, anti-HA
antibody and horseradish peroxidase (HRP; GE Healthcare
Life Sciences) were added and incubated at 37∘C for 1 hour.
Unbound anti-HA was discarded by washing. All washing
steps were performed with 200𝜇L of PBS–0.05% Tween
20. Finally, 50𝜇L of 2,2-Azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS, Roche) was added and incubated for
15 minutes at room temperature and the absorbance was
read at 𝜆 = 405 nm in a Benchmark Plus device (Bio-Rad,
Hercules, CA, USA). Each independent experiment was run
in triplicate.

2.4. Statistical Analyses. Data are presented as the mean ±
standard deviation (SD). Differences between groups were
assessed by one-way analysis of variance (ANOVA) followed
by Tukey’s Multiple Comparison Analysis test. Values were
determined as significant when 𝑃 < 0.05.
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Figure 1: XRD pattern for the magnetite (Fe
3
O
4
) nanoparticles.

3. Results and Discussion

The X-ray diffraction (XRD) pattern of uncoated magnetite
is shown in Figure 1, with the peaks corresponding to the
planes for (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4
0); peaks are matched in position and in relative intensity to
the inverse spinel structure of magnetite pattern according
to JCPDS 5-0664. The average size of the crystallite was cal-
culated by the Scherrer equation [30–33], in which peak
width is inversely proportional to crystallite size.The average
crystallite size was 10.1 nm, which is consistent with the size
of superparamagnetic particles [34].

SEM revealed the morphological properties of the pre-
pared samples (Figure 2). Monodisperse magnetite NPs were
successfully synthesized.While a number of suitablemethods
have been developed for the synthesis of magnetic NPs,
the coprecipitation method yielded magnetite NPs with a
relatively uniform and spherical morphology with narrow
particle size distribution (8 ± 5 nm) according to SEM
measurements. The mean diameter of both coated particles
was around 20 nm. Furthermore, the EDS spectrum revealed
Fe and O in bare magnetite samples; Fe, O, and C in Dx-
M samples; and Fe, O, and Si in As-M samples, consistent
with the presence of aminosilane-modified NPs. In all the
samples, the carbon signal appeared due to the preparation
of the sample; however in Dx-M sample the signal was more
intense.

Representative TEM image with corresponding size dis-
tribution of magnetite nanoparticles is shown in Figure 3.
Well-defined nearly spherically shaped nanoparticles were
indeed obtained.Their average size, determined from the sta-
tistical sample of over one hundred nanoparticles, was found
to be 9.0 nm, while standard deviation of 2.3 nm indicated
a reasonably narrow size distribution. Moreover, notice the
accurate agreement between the average diameter assessed
from both XRD and TEM data confirming the presence of
monodomain nanoparticles.

Figure 4 shows the hydrodynamic size of M, As-M, and
Dx-M samples.The particle size, its distribution, and the sur-
face charge of Fe

3
O
4
are very important parameters not only

for modifying Fe
3
O
4
nanoparticles, but also for biomedical

applications.The coating of the nanoparticles can be evaluat-
ed by measuring the zeta potential. The results of the mean
hydrodynamic diameter, polydispersity index (PDI), and zeta
potential of the surface-modified magnetite nanoparticles

Table 1: Hydrodynamic diameter, polydispersity index, and zeta
potential of M, As-M, and Dx-M.

Sample HD, nm SD ZP, mV
M 4.97 1.64 −1.10
As-M 11.48 5.68 −23.10
Dx-M 7.47 2.31 −8.56
Abbreviations. M: magnetite nanoparticles; Dx-M: dextran-modified mag-
netite nanoparticles; As-M: AEPTMS-modified magnetite nanoparticles;
HD: hydrodynamic diameter; SD: standard deviation; ZP: zeta potential.

developed in this study are listed in Table 1. The smallest
hydrodynamic diameter of about 4.97±1.64 nmwas obtained
for bare magnetite nanoparticles. The mean particles size of
As-M and Dx-M was found to be11.48 ± 5.68, and 7.47 ±
2.31 nm, respectively, suggesting that the AEPTMS coating
did induce a significant increase of the mean particles size
(𝑃 < 0.05). Contrastingly, the coating with dextran did not
induced a significant increase of the particles diameter (𝑃 <
0.05). The zeta potential value obtained for M was slightly
negative (−1.10mV); this explains why magnetite nanoparti-
cles do not remain suspended for a long period of time. A zeta
potential of −23.10mV was observed for magnetite nanopar-
ticles coated with AEPTMS. Thus, the use of AEPTMS as a
coating also contributed to an increase in colloidal stability.
The zeta potential of Dx-M nanoparticles was −8.56mV,
which suggested that the nanoparticles weremainly stabilized
by steric repulsion.

The FTIR-ATR comparative spectra of bare and coated
Fe
3
O
4
nanoparticles, as well as the coating molecules, are

displayed in Figure 5. The samples that contain magnetite
(M, Dx-M, and As-M) clearly reveal the presence of strong
IR absorption band between 500 and 600 cm−1 character-
istic to the Fe-O vibration. IR spectra of pure AEPTMS
are shown in Figure 5(b) while the IR spectra of As-M
are shown in Figure 5(c). The IR spectrum of AEPTMS
exhibits absorptions at 2890 cm−1 and 1059 cm−1, which are
characteristic peaks of the stretching vibration of C-H and
Si-O, respectively. In the spectrum for As-M the peaks for
the functional group N-H and silane binding are marked.
A displacement of the Si-O peak is observed in the As-
M NPs. The peak found at 1383 cm−1 attributed to the
stretching vibrations of C-N bond, along with the band at
3360 cm−1 attributed to the H-N-H bending mode of free
amino groups, indicates that the AEPTMS has been grafted
onto the nanoparticles’ surface. In the same way, Figures 5(d)
and 5(e) give the IR absorption spectra of pure dextran and
Dx-M, respectively.The very broad band at 3380 cm−1 in both
Dx and Dx-M can be attributed to the stretching vibration of
O-H. The absorption bands at 2924 cm−1 can be ascribed to
the asymmetrical stretching vibration of C-H and the band
at 1008 cm−1 belongs to stretching vibrations of C-O-C bond
and glycosidic bridge. Regardless of the Fe-O band found in
Dx-M, very few differences can be found in the IR spectra of
Dx and Dx-Mwhich indicates that dextran coating occurs by
physical adsorption.

Nevertheless, to further evaluate the antibody Raman
spectroscopy was conducted. Raman spectra of the obtained
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Figure 2: SEM image and EDS analysis of (a) uncoated magnetite nanoparticles, (b) DX-M nanoparticles, and (c) As-M nanoparticles.
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Figure 3: TEM image of bare magnetite nanoparticles with image with corresponding size distribution.
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Figure 4: Particle size distribution of (a) magnetite, (b) AEPTMS-coated magnetite, and (c) dextran-coated magnetite.
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Figure 5: FTIR spectra of (a) magnetite, (b) AEPTMS, (c) aminosilane-coated magnetite, (d) dextran, and (e) dextran-coated magnetite.

materials are shown in Figure 6. According to the literature,
the modes present at 207, 392, and 470 cm−1 (Figure 6(a))
correspond to magnetite [35] and the band at near 1300 cm−1
is also attributable at magnetite [36, 37]. In the other sam-
ples, the spectral bands seen below 800 cm−1 are primar-
ily attributed to presence of magnetite [38] (Figures 6(b),
6(c), 6(e), and 6(f)). The Raman spectrum for the Dx-M
included the typical signals for the dextran and weak bands
typical of magnetite. For the Raman spectroscopy of the
Dx-M, the surface modification of dextran-coated magnetite
manifested in the electronic and vibrational properties of
the magnetite and resulted in the lowering of the energy
(Figure 6(b)). For aminosilane treated surfaces (Figure 6(c)),
the characteristic bands at 1117 cm−1 corresponded to Si-O-
C, 1348 cm−1 could be attributed to Csp3 bound with or
without heteroatoms, 1575 cm−1 was associated with bound
Csp2, and 3300 cm−1 was related to an amine group. The
results were consistent with the presence of aminosilane on
the surface of the magnetite NPs. Raman spectroscopy of
the antibody (Ab) soluble scFv (Figure 6(d)) was obtained.
The test solution contained 1 𝜇g/mL scFv diluted in PBS.
The Raman spectra scFv is typical of proteins [38, 39] with
bands associated with disulfide bonds (-S-S-, 544 cm−1),
polypeptide backbone (C𝛼-C, 940 cm−1), aromatic amino
acids (phenylalanine, tryptophan, and tyrosine, bands from
1000 to 1205 cm−1), C-H deformation (1325 and 1452 cm−1),
and amide III (1267 cm−1). The immobilization of the anti-
bodies in both conjugates Dx-M and As-M were consistent
with the Raman spectra of Dx-M-Ab (Figure 6(e)) and As-
M-Ab (Figure 6(f)); both exhibited bands characteristic of
the scFvs. The Raman spectrum for the Dx-M-Ab conjugates
included the typical signals for the dextran and weak bands

typical of proteins (amide I and phenylalanine aromatic ring
near at 1600 cm−1). The Raman band at ≈1550 cm−1 arises
from an indole ring vibration that is contributed mainly by
Trp in Dx-M-Ab and As-M-Ab samples [20].

The conjugated product was verified by ELISA using
a magnetic separator (Figure 7). Fifty microliters of the
homogenized suspensions (scFv-Dx-M, scFv-As-M, and Dx-
M) were used for ELISA using a magnet to immobilize the
conjugates (Figure 7) using HRP-conjugated anti-HA. The
ABTS assay is a colorimetric assay based on the ABTS cation
radical formation. The radical formation is catalyzed by the
reduction of HRP in the presence of H

2
O
2
. Employing this

assay, we are able to compare the absorbance generating
from the Dx-M-Ab and As-M-Ab conjugates and Dx-M
nonconjugate scFv (as the negative control) against a sec-
ondary anti-HA antibody. The 2-fold difference in ELISA
absorbance between scFv-AsM conjugates and scFv-DxM
was indicative of successful conjugation (Figure 8). Based on
the results of the evaluation of the ability of anti-HER2 scFv-
magnetite conjugate in binding anddetecting the studied pro-
tein, the chemical modification with aminosilane remarkably
improved the protein detection. In addition, the success of
binding to HER2 by As-M confirmed the existence of stable
chemical bonding between the NPs and antibody. This was
not evident in the Dx-Mmaterial whose modification occurs
primarily by physical adsorption. However, a considerable
difference was observed with respect to the first coating. The
results allowed us to infer that, despite the washes performed
on the aminosilane coating, the continuous antibody coupled
to the nanoparticles and was recognized by the secondary
anti-HA antibody. The results indicate that this coating is
suitable for this type of material bioconjugate.
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Figure 6: Comparative Raman spectra of (a) magnetite, (b) dextran-coated magnetite, (c) aminosilane-coated magnetite, (d) scFv antibody,
(e) scFv conjugated with dextran-coated magnetite, and (f) scFv conjugated with aminosilane-coated magnetite.

4. Conclusions

In this study, well-defined magnetite nanoparticles with a
narrow size distribution and coated with AEPTMS and dex-
tran were successfully obtained. Furthermore, zeta potential
measurements show that the magnetite nanoparticles coated
with AEPTMS or dextran are stable in aqueous suspension at
pH 7 which makes these nanomaterials suitable for biomed-
ical applications. Surface-modified magnetite nanoparticles
containing antibodies were prepared and their antigen recog-
nition ability toward HER2 as a model biomarker was
performed. We successfully used this nanomaterial to study
how coating changes the efficiency of antibody conjugation
and, consequently, how it also affects protein detection in

the magnetic bead ELISA. As-M NPs were more efficient in
scFv immobilization thanDx-MNPs conjugatedwith recom-
binant scFv anti-Her2. This strategy provides an alternative
approach to controlling surface functionalization with a view
to preparing high-efficiency receptor for specific proteins.
The immunoconjugate was proven to have a biomarker-
targeting activity. Such As-M might be very useful for
biomagnetically targeted detection in several types of human
carcinoma.
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Acknowledgments

The authors thank Karla Jacqueline Licona, for her help in
preparing the manuscript, and Professor Carlos Rodriguez
from UTCJ, for providing the SEM-EDS facilities.

References

[1] S. Shabestari Khiabani, M. Farshbaf, A. Akbarzadeh, and S.
Davaran, “Magnetic nanoparticles: preparationmethods, appli-
cations in cancer diagnosis and cancer therapy,” Artificial Cells,
Nanomedicine and Biotechnology, vol. 45, no. 1, pp. 6–17, 2017.

[2] K. Adhikary and M. Banerjee, “A thermofluid analysis of the
magnetic nanoparticles enhanced heating effects in tissues
embedded with large blood vessel during magnetic fluid hyper-
thermia,” Journal of Nanoparticles, vol. 2016, 18 pages, 2016.

[3] L. Buzoglu, E. Maltas, M. Ozmen, and S. Yildiz, “Interaction
of donepezil with human serum albumin on amine-modified

magnetic nanoparticles,” Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects, vol. 442, pp. 139–145, 2014.

[4] E. Maltas and M. Ozmen, “Spectrofluorometric and thermal
gravimetric study on binding interaction of thiabendazole with
hemoglobin on epoxy-functionalized magnetic nanoparticles,”
Materials Science and Engineering C: Materials for Biological
Applications, vol. 54, pp. 43–49, 2015.

[5] J. Roacho-Perez, H. Gallardo-Blanco, M. Sanchez-Dominguez,
P. Garcia-Casillas, C. Chapa-Gonzalez, andC. Sanchez-Domin-
guez, “Nanoparticles for death-induced gene therapy in cancer
(Review),”Molecular Medicine Reports, 2017.

[6] E. Maltas, M. Ozmen, and H. Cingilli Vural, “Interaction of
L-myc oncogene in breast cancerwith irinotecan onto function-
alized magnetic nanoparticles,” Materials Letters, vol. 106, pp.
8–10, 2013.

[7] M. Bayrakci, O. Gezici, S. Z. Bas, M. Ozmen, and E. Maltas,
“Novel humic acid-bonded magnetite nanoparticles for protein
immobilization,”Materials Science and Engineering C:Materials
for Biological Applications, vol. 42, pp. 546–552, 2014.

[8] E. Maltas, M. Ozmen, H. C. Vural, S. Yildiz, and M. Ersoz,
“Immobilization of albumin onmagnetite nanoparticles,”Mate-
rials Letters, vol. 65, no. 23-24, pp. 3499–3501, 2011.

[9] A. E. Urusov, A. V. Petrakova, A. V. Zherdev, and B. B. Dzantiev,
“Magnetic nanopartices as carriers for immunoassays,” Nano
Hybrids and Composites, vol. 13, pp. 54–62, 2017.

[10] M. Suzuki, M. Shinkai, M. Kamihira, and T. Kobayashi, “Prepa-
ration and characteristics of magnetite-labelled antibody with
the use of poly(ethylene glycol) derivatives,” Biotechnology and
Applied Biochemistry, vol. 21, pp. 335-45, 1995.

[11] E.-Q. Song, J. Hu, C.-Y. Wen et al., “Fluorescent-magnetic-
biotargeting multifunctional nanobioprobes for detecting and
isolating multiple types of tumor cells,” ACS Nano, vol. 5, no. 2,
pp. 761–770, 2011.

[12] S. A. Martel-Estrada, I. Olivas-Armendáriz, E. Santos-Rod-
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andP.Garćıa-Casillas, “Development ofmagnetic nanoparticles
Fe+3
2
X+2O

4
(X= Fe, Co y Ni) coated by amino silane,” Revista
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Computed tomography (CT) is among the most popular medical imaging modalities due to its high resolution images, fast scan
time, low cost, and compatibility with all patients. CT scans of soft tissues require the localization of imaging contrast agents (CA)
to create contrast, revealing anatomic information. Gold nanoparticles (AuNP) have attracted interest recently for their use as CT
CA due to their high X-ray attenuation, simple surface chemistry, and biocompatibility. Targeting molecules may be attached to the
particles to allow for the targeting of specific cell types and disease states. AuNP can also be readily designed to incorporate other
imaging contrast agents such as rare earth metals and dyes. This review summarizes the current state-of-the-art knowledge in the
field of AuNP used as X-ray and multimodal contrast agents. Primary research is analyzed through the lens of structure-property-
function to best explain the design of a particle for a given application. Design specification of particles includes size, shape, surface
functionalization, composition, circulation time, and component synergy. Key considerations include delivery of a CA payload to
the site of interest, nontoxicity of particle components, and contrast enhancement compared to the surrounding tissue. Examples
from literature are included to illustrate the strategies used to address design considerations.

1. Introduction

Medical imaging is a critical component in the diagnosis and
treatment of disease. X-ray imaging was the first modern
imaging technique, but rapid advancement of technology
has led to the development of other clinically employed
methods including ultrasound (US) [1], magnetic resonance
(MR) imaging [2], computed tomography (CT) [3], positron
emission tomography (PET) [4], PET/CT [5], and PET-MRI
[6]. These modalities differ in image quality metrics and
application-specific factors such as depth-related image qual-
ity, resolution, signal-to-noise ratio, contrast, and sensitivity,
as well as practical considerations such as safety, cost, and
availability. In many clinical situations, an imaging contrast
agent (CA) may be employed to enhance differentiation
between two tissue types or to highlight disease-specific
anatomical features or functional processes at the molecular,
cellular, or tissue level. Colloidal gold is a unique material
investigated as a CA in several medical imaging modalities,
as summarized in Table 1 [7, 8].

Historically, gold solutions were used in stained glass
windows and as a purple dye [9]. Colloidal gold was first
described by Faraday in 1857 [10]. Gold nanoparticles (AuNP)
are now at the forefront of developments in chemistry, biol-
ogy, and medicine. Their high biocompatibility and versatile
surface properties allow gold nanoparticles to be a safe plat-
form for many biomedical technologies. Gold nanoparticles
have been employed as optical biosensors [11], drug delivery
vehicles [12], and imaging contrast agents [13] and laser-based
treatments [14].Their simple formulation and reactive surface
allow for a variety of molecules including drugs, targeting
peptides or proteins, contrast agents, or other moieties to
be attached. The morphology of particles is diverse: spheres
[15, 16], hollow shells [17], star-shapes [18], rods [19], clusters
[20], and cubes [21] have all been formulated. The size of
particles can range from 1 nm to over 100 nm. Both size and
shape have important effects on the optical properties of the
particle as well as its fate in vivo.

Gold nanoparticles were first investigated as an X-ray CA
by Hainfeld, who imaged organs and vasculature of mice by
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Table 1: Imaging modalities achieved using gold nanoparticles by
inclusion of various moieties or formulation methods.

Imaging modality Formulation method
X-ray/CT Gold nanoparticles

MRI Inclusion of heavy metals (gadolinium,
iron oxide)

Ultrasound Core-shell structure with high acoustic
impedance

Fluorescence Inclusion of fluorescent dyes
Photoacoustic Inclusion of fluorescent dyes
Nuclear imaging Radioisotopes (64Cu, 111In)

injecting bare AuNP intravenously [22, 23]. The attachment
of chemical moieties and targeting molecules allowed for use
of these particles as multimodal contrast agents and in active
targeting of disease states. A variety of capping agents or
formulation methods available can increase the circulation
time of AuNP, allowing for wider imaging windows. AuNP
are also capable of carrying a drug or nucleic acid load [15]
or mediating light-based treatments [14]. Recent reviews of
therapeutic uses of AuNP are available elsewhere [24–27].

2. Gold Nanoparticles in X-Ray Imaging

In addition to being effective in scattering visible light, gold
has a high X-ray attenuation coefficient at the energy levels
utilized for clinical X-ray andCT [28]. Research-use only gold
nanoparticle formulations are available commercially as X-
ray contrast agent AuroVist� from nanoprobes at sizes of 1.9
and 15 nm.Additionally, a number of innovative formulations
of gold nanoparticles are under development for varied
physiological applications to achieve targeted, high contrast
X-ray images for diseases diagnosis.

2.1. X-Ray/Computed Tomography. X-ray imaging was
invented byWilhelm Röntgen in 1895. It utilizes high-energy
electromagnetic radiation to create images of internal
structures. Today it is the most widely used method of
medical imaging, accounting for 50–75% of all medical
imaging done [29]. X-ray imaging is considered safe and
cost-effective if the radiation dose is monitored and limited
over the lifetime of the patient. An important breakthrough
in 1973 resulted in the development of CT [30], which allows
for 3-dimensional (3D) reconstructions of X-ray images by
rotating the detector and the X-ray source about the imaged
body.

When traveling through the body, X-rays undergo atten-
uation, the loss of beam intensity, due to photoelectric
absorption or scattering. Attenuation is described by the
Beer-Lambert law:

𝐼 = 𝐼0𝑒
−𝜇𝑥, (1)

where 𝐼0 is initial beam intensity, 𝜇 is thematerial’s character-
istic absorption coefficient, and 𝑥 is the thickness of the tissue

through which X-rays travel. The attenuation coefficient 𝜇 is
described by the following equation:

𝜇 =
𝜌𝑍4

𝐴𝐸3
, (2)

where 𝜌 is density, 𝑍 is the atomic number, 𝐴 is the
atomic mass, and 𝐸 is the X-ray energy. Attenuation is
often measured in Hounsfield units (HU), normalized to the
attenuation of water. The scale assigns an arbitrary value of 0
HU to water and scales linearly. Viewing this equation, it is
apparent that the energy of the X-ray scan will have an effect
on HU; therefore HU between different experimental groups
are not directly comparable.

X-ray beams can have several different interactions with
matter, but it is worth highlighting the two that predominate
at clinically relevant levels of energy. Photoelectric absorption
occurs when an X-ray photon interacts with an inner-shell (K
or L) electron of an atom. If the energy of the incident photon
is greater than that of the electron, then the electron is ejected
and the atom absorbs the photon completely. The inner-shell
vacancy causes a cascade of electrons as outer-shell electrons
fill inner-shell vacancies, releasing secondary radiation in the
process. The ejected electron is absorbed by the surrounding
tissue and is a main cause of biological damage in X-ray
imaging.The energy threshold required to eject an inner-shell
electron is referred to as the absorption edge. A spike in the
mass attenuation of the bulk material is observable at these
thresholds. The K-edge of several common contrast agents is
within clinical CT range, including iodine (33.2 keV), barium
(34.7 keV), and gold (80.7). K-edge imaging, the detection
of contrast agents using measurements of their characteristic
X-ray attenuation profiles, has been used to detect AuNP
in vivo [31]. Schirra utilized this property to create high
contrast particles for CT scanning. 120 nm polysorbate cores
with a lipid encapsulation were used to entrap 2–4 nmAuNP.
Formulated particles provided high contrast in CT phantoms
and in vivo studies [32]. This material property can be
exploited to increase signal-to-noise ratio.The second type of
interaction is Compton scattering.This occurswhen a photon
strikes a low-energy outer-shell electron, ejecting the electron
and scattering the photon. Scattered Compton photons are a
radiation hazard and degrade the overall image quality.

2.2. Contrast in X-Ray Imaging. Contrast in X-ray imaging is
derived from the difference in mass attenuation between two
tissues. Materials with a high atomic number or density such
as bone absorb more X-rays. Lowering the energy of the X-
ray beam creates a higher contrast between two tissue types
because photoelectric events predominate at lower energy
(<50 kVp) [33]. Contrast agents play an important role in
allowing higher energy, safer scans with high contrast by
introducing high atomic number media into the body.

X-ray contrast agents have been widely investigated
over the last 20 years [34]. Iodine is the most common
radiopaque element used in X-ray imaging owing to its high
atomic number compared to biological tissues. For contrast
media, iodine is included in compounds as triiodobenzene
in either monomer or dimer structures. The agents can be
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ionic or nonionic owing to the hydrophilic residues attached
to the aromatic ring. Iodinated contrast medium is in an
aqueous solution with concentrations of 150 to 400mg I/mL,
equivalent to 0.4 to 1.0mol/L. Its high osmolarity as well
as a high viscosity can lead to poor patient tolerance.
Dimeric iodine-based CA show an increase in retention in
the kidneys [35] and can cause renal injury [36]. When
comparing low-osmolarity CA with ones isotonic to blood
plasma, a metastudy found a just-significant difference in
contrast-induced nephropathy incidence [37]. The Food and
Drug Administration also warns that low thyroid activity
has been reported in infants who receive iodinated contrast
media [38]. Iodine-based CA have also recently been linked
to amplification in DNA damage during CT scans [39].
Currently, several iodinated contrast agent formulations are
used clinically, including iohexol (Omnipaque�, GE Health-
care), iopromide (Ultravist�, Bayer Healthcare), ioxaglate
(Hexabrix�, Mallinckrodt Imaging), iobitridol (Xenetix�,
Guerbet), and iomeprol (Imcron�, Bracco).

2.3. Cancer Targeted Gold Nanoparticles Formulations. Many
researchers have used targeted gold nanoparticles to achieve
contrast for the diagnostic imaging of cancer in vitro and
in vivo in animal models. These approaches may employ
the use of antibodies, proteins or peptides, nucleic acids,
or other biomolecules. In an approach based on cancerous
cells’ increased metabolism and a requirement for glucose at
higher rates than surrounding cells, researchers have coated
gold nanoparticles with glucose analogues. Aydogan and
colleagues targeted human alveolar epithelial cancer cells
(A-549) in vitro using AuNP conjugated with 2-deoxy-D-
glucose (2-DG). Cells were allowed to incubate with targeted
AuNP before being imaged. Glucose allowed for an increased
uptake of AuNP to cells, resulting in a 4-fold increase in
CT attenuation in these targeted cells over nontargeted trials
[40]. Li et al. similarly described attachment of 2-DG to
AuNP and subsequent uptake into A-549 cells in vitro.
Transmission electron microscopy images confirmed inter-
nalization of AuNP after incubation. A comparison between
1-deoxy-D-glucose and 2-DG showed 4-fold CT attenuation
increase, and thereby higher uptake, to A-549 cells by 2-
DG-functionalized AuNP [41]. Furthermore, polyethylene
glycol- (PEG-) functionalized AuNP coated with 2-[18F]-
fluoro-2-deoxy-D-glucose were used to target tumors owing
to their higher metabolism compared to normal tissue. A
mouse model was used to assess the targeting ability in
vivo. Tumors continued to display significant contrast over
nontargeted connective tissue 7 days after injection before
being eliminated [42].

Many studies have successfully attached antibodies to
the surface of gold nanoparticles for active targeting of an
antigen on cancerous cells. Popovtzer synthesizedAuNP con-
jugated with UM-49 antibodies, which specifically targeted
squamous cell carcinomas (SCC). An in vitro study was
performed using targeted and nontargeted AuNP incubated
with a variety of SCC cell types. CT attenuation was 4-
fold higher in trials with targeted particles and SCC cells
[43]. In a separate approach, Eck et al. used two sizes, 28

and 38 nm, of PEGylated AuNP functionalized with anti-
mouse CD4 antibodies to target the lymph nodes of mice.
AuNP were injected into the tail vein of mice and imaged
at 1 and 48 hours postinjection. The targeted 38 nm AuNP
provided a 2-fold increase in contrast of lymph tissue,
but interestingly the nontargeted 38 nm particles provided
the second highest one. The authors suggested PEGylated
particles may be taken up by macrophages and transported
to the lymph nodes [44]. Conversely, Hainfeld et al. found
that PEGylated AuNP conjugated with anti-Her2 antibody
accumulated on the tumor periphery of Her2+ mice in
drastically higher quantities than nontargeted particles, based
on CT attenuation data. AuNP were injected intravenously
intoHer2+ andHer2− tumor-bearingmice and imaged using
CT, showing a twofold increase in attenuation [45]. Reuveni
et al. attached antiepidermal growth factor receptor (EGFR)
antibodies to PEGylated AuNP in order to target squamous
cell carcinomas. Particles were injected into the tail vein of
mice bearing a xenografted tumor and compared to passively
targeted AuNP. Contrast in the tumors was measured up
to 6 hours later. Similar attenuation was measured for both
passively and actively targeted AuNP within 0–3 hours, but
within 3–6 hours active targeting had a twofold higher
contrast [46]. Kao et al. functionalized PEGylated AuNP
with cetuximab, an EGFR-targeting drug to target and image
human lung cancer line A-549. Cetuximab is a chimeric
monoclonal antibody that inhibits EFGR. A tumor was
xenografted into a mouse model and the particles were
injected intravenously. CT imaging showed the majority of
particles accumulated in the liver and bladder, although the
tumor was visible up to 4 hours postinjection [47].

In addition to using antibodies, proteins or peptides
can be attached to gold nanoparticles to target cancerous
cells. Chanda et al. attached bombesin peptide, which targets
gastrin-releasing peptide receptors that are overexpressed
in several cancers, to AuNP. Human prostate tumors were
xenografted into mice and the AuNP injected intraperi-
toneally to assess their ability to target a tumor in vivo. CT
attenuation was found to be 4-fold higher within the tumor
up to 6 hours after injection of particles [48]. Additionally,
Angiopep-2, another tumor-targeting peptide, was used by
Hao et al. Poly(lactic glycolic acid) (PLGA) nanoparticles
coated with Angiopep-2-functionalized AuNP were injected
into a mouse and compared against untargeted particles.
Formulated particles showed a linear attenuation curvewith a
slope of 0.1mgAuml−1HU−1. Tumors showed higher attenu-
ation for both particles, although the control group had some
signal the authors attributed to the enhanced permeability
and retention effect (EPR) [49].

In a separate approach, Tian and colleagues conjugated
arginine-glycine-aspartic acid (RGD) peptides to hollow gold
nanospheres. The widely used RGD peptides target 𝛼5𝛽3
integrin receptors overexpressed by tumor blood vessels. The
targeting ability of RGD-AuNP was assessed by injecting the
particles into rabbits with a xenografted VX2 liver tumor
and imaging after 60 minutes. Particles were injected via
several routes and in conjunction with different iodized
oils to improve liver accumulation; the highest levels were
found with intra-arterial injection and lipiodol. A twofold
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CT attenuation increase was observed in the tumor tissue
under these conditions [50]. RGD was also employed by
Zhu et al., who used generation 5 (G5) poly(amidoamine)
(PAMAM) dendrimers as a scaffold to entrap AuNP and
RGD peptide. This polymer can be used as a scaffold on
which to reduce AuNP as well as PEG using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) chemistry. The
so-called generation of the PAMAM dendrimers refers to
its size; for example, generation 2 dendrimers have a lower
size and molecular weight than generation 5. The particles
were assessed for their CT contrast and targeting ability
in vitro. CT phantoms showed an attenuation similar to
Omnipaque. Trials using free RGD and U87MG cells overex-
pressing 𝛼5𝛽3 integrin receptors showed that blocking these
receptors prevented attachment of the particles, so targeting
was concluded to be specific [51].

Aptamers represent a newer approach to active targeting.
Aptamers are typically synthetic, short strands of oligonucleic
acids or oligopeptides (15–60 amino acids) that bind to a
specific targetmolecule. Kim et al. attached a prostate-specific
membrane antigen ribonucleic acid-aptamers to AuNP with
the goal of targeting prostate cancer cells. Targeting efficiency
of the AuNP was assessed in vitro after incubation with
prostate-specific membrane antigen-overexpressing cells. CT
attenuation was threefold higher than that of the control
cells [52]. AS1411 aptamers attached to AuNP were used in
one study to investigate their tumor-targeting ability. These
particles had a linear attenuation curve with a slope of
0.027mMAuHU−1. CL1-5 tumor-bearing mice were used to
assess this targeting ability in vivo. A high CT attenuation
at the tumor site indicated high accumulation of particles at
the tumor site [53]. Additionally, Melancon et al. compared
the targeting ability of EGFR-targeting aptamers to target-
ing antibodies on hollow AuNP. Squamous cell carcinomas
were created by injection of cells into mice and particles
injected intravenously. Higher CT attenuation was observed
for aptamer particles at 4 and 24 hours postinjection, showing
much promise for this aptamer-based approach to active
targeting [54].

Receptor-antigen binding is another biological mech-
anism that can be taken advantage of for targeting of
nanoparticles for imaging purposes. Folic acid receptor, a
glycosylphosphatidylinositol anchored cell surface receptor,
is overexpressed on the majority of cancer tissues, compared
to healthy tissues and organs. Folic acid- (FA-) conjugated
G5 PAMAM dendrimers were used as a template to attach
AuNP in order to target human lung adenocarcinoma cells
(SPC-A1). The particles were used both in vitro and in
vivo in a xenografted tumor mouse model. TEM images
of in vitro incubations showed internalized AuNP. Tumors
continued to display significant X-ray attenuation up to 6
hours postinjection, with up to a fourfold increase when an
intratumoral injection routewas used [55]. Liu and colleagues
used a similar approach in creating silver-gold alloys with
amine-terminated generation 5 (G5.NH2) dendrimers as
stabilizers. The dendrimers were functionalized with FA for
targeting of cancer cells. Human epithelial carcinoma cell
lines (KB cells) over- and underexpressing FA receptors
were incubated with the particles in vitro. However, CT

attenuation of KB cells exposed to targeted particles was
not significantly different over nontargeted particles in this
study [56]. In another dendrimer-based approach, Cai et al.
used poly(𝛾-glutamic acid) (PGA) dendrimers attached to
Fe3O4 nanoparticles to entrap AuNP. These particles were
further functionalized with FA to target KB cells. In vivo
studies showed targeted particles created a twofold increase
in CT attenuation after 24 hours [57]. Similarly, Chen et
al. entrapped AuNP in a G5.NH2 dendrimer functionalized
with FA to target KB cells. Entrapped particles showed a
linear attenuation curve with a slope of 0.2mMAuHu−1. In
vitro and in vivo studies were conducted to test the targeting
abilities. Contrast was 2-fold higher over control 24 hours
postinjection [58]. A follow-up study replaced FA with the
RGD peptide. After demonstrating significant cellular uptake
in vitro, particles were assessed in a mouse tumor. Included
were trials where mice were injected with free RGD to block
𝛼5𝛽3 receptors. The CT attenuation of tumor tissue was 1.5-
fold higher than control between 1 and 20 hours postinjection
[59]. Zhou created gold nanoclusters with silica oxide shells
conjugated with FA for targeting of MGC803 (gastric cancer)
cells in a xenografted mouse model. Despite the shell, a
linear attenuation curve with a slope of 0.74mMAuHU−1
was observed. Particles injected by the tail vein showed high
contrast 6 hours postinjection at the tumor site, although
attenuation was not quantified [60].

Various other biomolecule-based approaches to targeting
exist in the literature as well. Sun et al. investigated the
tumor-targeting ability of glycolic chitosan- (GC-) capped
AuNP [61] based on previous literature using GC-targeting
of tumors [62, 63]. In vitro studies demonstrated that the
formulated particles had similar CT attenuation to eXIA 160,
a commercial CT contrast agent. An in vivo study using mice
compared heparin-coated AuNP, a nontargeted vehicle, to
GC-AuNP. GC-AuNP were found to have a 2-fold CT signal
increase over control 2 hours postinjection [61]. Furthermore,
gold-coated Fe2O3 particles were conjugated with lectin,
a glycan-targeting molecule, and used to image colorectal
cancer in a mouse model. Several lectins were used, includ-
ing Ricinus communis agglutinin I (RCA), concanavalin A
(ConA), and wheat germ agglutinin (WGA). RCA andWGA
exhibited similar targeting capability as measured by CT
imaging 24 hours postinjection [64]. One study usedG5.NH2
dendrimers modified with lactobionic acid (LA), which
specifically binds asialoglycoprotein (ASGP), as a scaffold to
reduce AuNP. Hepatocellular carcinoma (HCC) was used to
test targeting ability owing to the cell line’s overexpression of
ASGP receptors. This targeting ability was assessed in vivo in
a mouse model. LA-conjugated scaffolds showed a 1.5-fold
higher tumor CT attenuation after 2 hours when injected
intravenously [65]. Zeng et al. functionalized AuNP with
LA to target HCC cell line HepG2. This targeting ability
was assessed by comparing internalization versus an ASGP-
cell line (HeLa). Only HepG2 showed internalization after
incubation in vivo. X-ray images of a phantom were obtained
that showed a steep linear attenuation slope of 0.00016mM
Au HU−1 [66].

Li et al. created Fe3O4 core gold nanostars with a
polyethyleneimine layer to entrap hyaluronic acid (HA).
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HA was used to target CD44 receptors overexpressed by
cancer cells. This targeting was tested both in vitro using
CD44+ and CD44− cells and in vivo in a mouse model. In
vitro trials showed 1.5-fold increase in CT attenuation over
control at concentrations above 2.50mM Au. In vivo CT
scans conducted showed significant contrast at the tumor site
10 minutes postinjection [18]. Bisphosphonate-conjugated
AuNP were formulated to target microcalcifications in breast
tissue and improve cancer detection in vivo using CT
imaging. Bisphosphonate specifically binds hydroxyapatite,
the mineral component of calcifications. Mammary tumor-
bearingmicewere used as amodel and particles were injected
into the mammary tissue. Particles allowed imaging of
previously undetectable microcalcification and provided CT
contrast for up to 48 hours [67]. One study by Meir has even
demonstrated that cancerous tissue may be targeted without
the use of small molecules. AuNPwere incubated with T cells
transformed to express a melanoma-specific T-cell recep-
tor before being injected intravenously into mice bearing
humanmelanoma xenografts.The internalized particles were
tracked using CT and cells were found to accumulate in the
melanomas, while nontransformed cells did not [68].

Cancer remains an important focus of health science
study in general and AuNP research in particular. Many of
these studies opted to localize particles by functionalizing
them with cancer cell-specific molecules such as antibodies
and antigens. While this has been shown to be effective at
localizing particles within the tumor bulk, many of these
studies are conducted in mice. It remains to be seen whether
such targeting methods are viable in human subjects.

2.4. Thrombus Targeted Gold Nanoparticles. Kim et al. inves-
tigated the thrombus localization of GC-coated AuNP. Clots
were induced inmice before particles were injected. CT imag-
ing was able to visualize plaques 30 minutes after induction
of the thrombus and 5 minutes after injection of particles
and also 48 hours and 3 weeks later without further injection
of AuNP. Application of tissue plasminogen activator, the
clinical preference for clot breakdown, led to a decrease in CT
signal at the clot areas [69]. A follow-up study added fibrin-
targeting peptides to the formulation. Fib-GC-AuNP had
superior targeting to GC-AuNP in vitro. Cerebral embolisms
were induced by injecting fluorescently labeled thrombi into
the cerebral artery of mice. Fluorescence imaging was used
to colocalize visualization of the particles and found a signif-
icant signal at the site of clots [70]. Ghann et al. coated AuNP
with Lisinopril, an angiotensin-converting enzyme (ACE)
inhibitor, and targeted ACE in vivo to track the progression of
heart disease. Particles were injected into mice and targeted
to the lungs and heart. Thioctic acid attached to Lisinopril
was required to stabilize the particles. Particles provided
significant contrast and pretreatment with free Lisinopril
resulted in low signal scans, confirming direct targeting [71].

2.5. Macrophage Targeted Formulations. Macrophages are
important markers of diseases such as heart disease and can-
cer. Cormode et al. created high-density lipopolysaccharide
capsules with AuNP cores to assess macrophage burden and

plaque stability. Atherosclerosis was induced inmice, and the
particles were injected 24 hours before sacrifice. Spectral CT
scanning of the aorta showed high CT attenuation at areas
known to accumulate plaque such as the arch and the bifurca-
tion [72]. From the same group, van Schooneveld et al. formu-
lated a gold core/silica shell with surface lipid molecules and
PEG. In vitro phagocytic studies and in vivo liver visualization
studies were conducted. Fluorescence microscopy images of
macrophages revealed particle internalization and images
taken 24 hours after intravenous injection tomice revealed an
increase in CT signal in the liver [73]. DeWilde’s group inves-
tigated using CT to monitor the stability of arterial plaques.
They observed AuNP were phagocytosed by macrophages.
Exploiting this, they tracked the macrophages and quantified
their accumulation within the plaques [16]. Allijn et al. incor-
porated AuNP into low-density lipopolysaccharide capsules
and tracked their fate in vivo. These capsules displayed a
linear attenuation curve with a slope of 0.25mMAuHU−1.
Mice bearing B16F10 tumors were injected with LDL-AuNP
and imaged using CT. A significant signal was measured
at the tumor site and the liver. Fluorescence activated cell
sorting revealed that the majority of particles were taken up
by macrophages [74]. Qin et al. used G5.NH2 dendrimers
functionalized with fluorescein isothiocyanate as scaffolds to
reduce AuNP. Macrophage uptake was assessed in vivo using
Apolipoprotein-E knockoutmice. Atherosclerotic vessels had
significantly higher CT signal 6 hours postinjection. Hema-
toxylin and eosin staining of resected arteries confirmed
macrophage uptake of the particles [75].

AuNP coated in heparin were tested for their ability to
accumulate in Kupffer cells.These particles were used as con-
trast agents to image a mouse liver in vivo. In a comparison
with eXIA160, formulated particles had a higher CT signal
intensity within the liver [76]. Zhao et al. reduced AuNP onto
Fe3O4 particles usingmercaptosuccinic acid.The synthesized
particles were intended to accumulate in Kupffer cells and
were investigated in vivo for their diagnostic potential of three
stages of liver diseases: fatty liver, cirrhotic liver, and HCC.
In the case of HCC, particles acted as a negative contrast by
providing contrast to the liver parenchyma but not the tumor
location [77].

Furthermore, Chhour et al. used 11-mercaptoundecanoic
acid (11-MUDA) as a stabilizer for formulated AuNP in
order to track macrophages. These particles were used to
label monocytes ex vivo before injection into atherosclerotic
mice. Over the course of 5 days, CT signal at the aorta
increased significantly pointing to an accumulation of AuNP
and therefore the macrophages [78].

Many of these macrophage targeting methods rely on
encapsulation or cellular uptake. Strategies such as the use
of lipopolysaccharides have great potential for targeting by
exploiting the physiological mechanisms.These encapsulated
particles still display attenuation curves comparable to other
CT contrast agents. It remains to be seen whether these tar-
geting strategies provide enough contrast in human subjects.

2.6. Bone Targeted Formulations. Zhang sought to quantify
microdamage to bone using AuNP as CA in CT imaging. By
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functionalizing AuNP with glutamic acid, particles were able
to be targeted towards bone by chelating calcium ions at the
surface of bone crystals. Bovine bone resections were used
as a model, and particle accumulation was visualized using
scanning electron microscopy. Authors note the potential
of the particle to be used as an X-ray contrast agent [79].
Another study encapsulated Fe3O4 and AuNP within a silica
matrix before incorporation into a calcium phosphate-based
bone replacement cement. This formulation was tested in
vitro for its physical properties and in vivo for its incorpo-
ration into a mouse femoral condyle defect. The cement was
able to be visualized up to 8 weeks after implantation [80].
While bone itself does not require a CA, these methods of
targeting may allow the imaging of bone defects or tissue
implants.

2.7. Kidney Targeted Formulations. Renal imaging is an
important factor in the diagnosis of kidney disease and can-
cer. Wang et al. created small (<2 nm) AuNP clusters coated
with bovine serum albumin (BSA) in order to diagnose
kidney disease. The formulated particles were compared in
vitro to iopromide as well as being used for CT imaging
in vivo. Similar CT attenuation was achieved with lower
concentrations of the particles compared to iopromide. A
high resolution image of the kidneys was possible using CT
scanning 2 hours postinjection [81].

2.8. Blood Pool Imaging Gold Nanoparticle Formulations.
AuNP have been utilized as blood pool contrast agents in
lieu of localization for a particular disease. Kattumuri et
al. utilized gum arabic as a capping agent for AuNP. CT
attenuation wasmeasured at 80 and 140 kVp using phantoms;
the particles were also injected in a swine model to assess
biodistribution. Particles at both CT energies had a linear
relationship to CT attenuation and accumulated in the liver,
lungs, and spleen [82]. A follow-up study by the same group
used the gum arabic-coated particles to image swine organs.
CT scans of the liver and spleen revealed an increase in
HU after intravenous particle injection [83]. In a different
approach, Cai et al. investigated PEGylated 38 nm AuNP as
blood pool contrast by injecting the particles into Balb/c
mice. Significant CT contrast was measured in the right
ventricle, inferior vena cava, liver, spleen, and kidneys at
all time points between 0.1 and 24 hours after injection.
Histological staining of these organs confirmed the presence
of AuNP [84]. AuNP have been shown to be superior
to iodine-based CA for imaging of vasculature. PEGylated
AuNP injected into mice were compared to iodine injections
at a tube voltage of 60 kVp. AuNP persisted in the vasculature
for up to 24 hours and had a higher contrast than did iodine,
which was eliminated after 6 hours [85].

Polymers are also capable of long circulation times that
allow for vascular imaging. Peng et al. reported use of
G5.NH2 dendrimers modified with diatrizoic acid (DA)
to entrap AuNP. DA is an iodine containing compound
designed to enhance CT contrast. Particles were injected
intravenously into mice to evaluate their CT contrast. Parti-
cles containing DA showed 2-fold over scaffolds without DA
and 10-fold higher contrast over Omnipaque [86]. In another

case, PEGylated generation 4 PAMAM dendrimers with
reduced AuNP were formulated to be used as a blood pool
contrast agent. Mice were injected with formulated particles
or iopamidol in a comparison of contrasting ability and half-
life. HU values were similar for both CA, although iopamidol
accumulatedwithin the bladder due to renal elimination [87].

Hayashi et al. formulated gold clusters with a silica shell
to visualize lymph nodes and lymphatic vessels using CT
scanning. The CT attenuation of the particles was first com-
pared to Iopamiron before injection into mice. Formulated
particles displayed greater CT attenuation than Iopamiron
and lymphatic vessels in phantoms and were used to visualize
nodes 18 hours postinjection [88].

Although nontargeted formulations do not have a
method of tissue localization, they still require long enough
circulation times to be of use in a clinical setting. Particles
used in a blood pool setting may be relied upon for perfusion
studies, while imaging of organs relies upon natural physio-
logical processes to localize particles.

2.9. Passively Targeted Gold Nanoparticle Formulations.
While not targeted in the active sense, AuNP can be for-
mulated such that their accumulation in certain tissues is
predictable. A small particle with a long circulation time
in vivo can lead to the accumulation of particles in tumors
owing to their leaky vasculature. This EPR effect allows
researchers to accumulate particles within tumors without
actively targeting them. Hainfeld et al. injected AuNP into a
mouse model with a brain tumor xenograft to assess uptake.
A high concentration (4 g Au/kg) was used to achieve a high
tumor uptake (1.5%w/w Au). Tumors continued to be visible
on CT scans up to 8 days after intravenous injection [89].

Another popular strategy is the coating of AuNP with
PEG, which changes their route of clearance from the renal
system to the reticuloendothelial system (RES). PEGylation
increases circulation time of the particles within the body
and can allow particles to be passively targeted to tumor cells.
Clearance by the RES also causes particle accumulation in
the liver and spleen. Maltzahn et al. compared PEGylated
AuNR with a commercial iodine-based CT CA Isovue-370
(iopamidol). AuNR were injected both intratumorally and
intravenously into a tumor-bearing mouse. The formulated
particles had a nonlinear CT attenuation higher than that
of iopamidol, and intravenously injected particles had a
17-hour half-life [90]. Ashton et al. demonstrated tumor
accumulation of PEGylated AuNP in an interesting study
using dual-energy CT. AuNP were injected and allowed to
accumulate in tumors for 2 days before the injection of iodine
nanoparticles. The iodine particles acted as blood pool CA,
while the AuNP provided contrast within the tumors [91].
PEGylated hollow AuNP are also capable of targeting tumors
passively as shown by Park et al. After injection into the
tail vein, particle location was assessed using CT imaging
and inductively coupled plasma (ICP) mass spectroscopy.
Although particles could be detectedwithin the body, authors
were unable to image the tumor owing to a low concentration
of particles [17]. Naha et al. used PEGylated gold-silver alloy
particles to passively target breast cancer tumors and perform
dual-energy mammography CT scans. Mice were injected
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with the particles via the tail vein and imaged at 30, 60, and
120 minutes postinjection. Contrast was significantly higher
in the blood and tumor at all time points. The gold-silver
alloy reduced the amount of silver ion leaching over silver
nanoparticles alone [92].

Wang targeted tumors using a G5.NH2 PAMAM den-
drimer scaffold with reduced gold particles. The dendrimers
were then acetylated to neutralize the positive surface
potential. Targeting was assessed in vivo using a mouse
xenograft tumor. Particles were injected intratumorally and
intraperitoneally; both routes showed a high CT attenuation
in the tumor indicating targeting by the EPR effect [93]. Li
used G5.NH2 PAMAM dendrimers with gadolinium chela-
tor tetraazacyclododecane tetraacetic acid (DOTA-NHS) as
scaffolds to attach gadolinium, AuNP, and PEG.The particles
were assessed for their ability to accumulate in tumors
using CT imaging. CT attenuation was highest in the tumor
100 minutes postinjection, although significance was not
shown. The particles also had a much higher accumulation
in the liver, lungs, and spleen [94]. Another study utilizing
G5.NH2 dendrimers modified with AuNP and PEG imaged
the blood pool of mice using CT as well as a xenograft tumor
targeted via the EPR effect. The particles showed higher CT
attenuation than Omnipaque in phantoms and displayed 1.5-
fold contrast over control up to 6 hours after injection [95].
Generation 2 PAMAM dendrimers have also been utilized
by Liu in a similar study using the scaffold as a platform
to attach AuNP and PEG. These low generation dendrimers
were injected both intravenously and interperitoneally to
assess their tumor accumulation and body clearance. The
particles were found to accumulate in tumor and the bladder,
although much higher CT attenuation was observed in the
latter. In a comparison to Omnipaque, formulated particles
remained in the bladder for longer time periods [96].

Polymers are a popular tool to allow the attachment of
several functionalizing molecules. Zhou et al. used PEGy-
lated branched polyethylenimine as a scaffold to synthesize
AuNP. Subcutaneous injection into healthy rats allowed
the particles to be used as blood pool CA, while intra-
venous injection into a tumor model showed accumu-
lation at the cancer site owing to the EPR effect [97].
AuNP loaded into 1,2-distearoyl-sn-glycero-3-phosphoeth-
anolamine-N-[methoxy(polyethylene glycol)-2000] (DPSE-
PEG2000) micelles were used to target tumors in vivo.
Particles were injected intravenously into CT26 tumor-
bearing mice and imaged using CT. The highest CT signal
was observable at the liver, although the tumor site also
exhibited high signal [98]. Wang et al. encapsulated Fe3O4
nanoparticles in dipalmitoylphosphatidylcholine (DPPC)/
cholesterol/DSPE-PEG2000 liposomes coated in AuNP and
PEG. These particles were injected intravenously to assess
their accumulation in tumors. Particles did enhance CT
contrast, although the majority of particles accumulated in
the organs [99]. Li reported a gold nanocluster assembly
encapsulated by polyacrylic acid (PAA)/calcium phosphate.
Particles were injected intravenously into mice to assess
their fate in vivo. Tumor tissue had the highest CT signal
and gold concentration as assessed by ICP atomic emission
spectroscopy [20].

PEG has been shown to play a major role in determining
the location and accumulation of nanoparticles in vivo, and
a wide variety of PEGylated particles have been investigated
for tumor accumulation. Fullerenes have been used as a
template to reduce AuNP and were functionalized using PEG
attached via a pH-sensitive hydrazine bond. This allowed
particles to be targeted to tumors owing to the EPR effect, but
upon reaching the tumor site PEG would be cleaved allowing
uptake directly into cells. This process was evaluated in vivo
using a tumor-bearing mouse. CT signal was observable 8
hours postinjection. Histological staining of resected tumor
cells revealed internalization of particles [100]. Hayashi
designed large (<100 nm) gold core cluster/silica shell parti-
cles with surface PEG for passive targeting of tumors in an
animal model. Particles were injected intravenously, and CT
imaging was performed at 3 and 24 hours. Tumor tissue had a
2.5-fold difference in attenuation 24 hours postinjection. His-
tological staining of tumor tissue confirmed the presence of
formulated particles [88]. Ke coated perfluorooctylbromide
capsules with gold to create a dual ultrasound/CT CA agent
(discussed below). Particles were also PEGylated to enhance
accumulation in a mouse tumor in vivo. CT imaging after
intravenous administration of the particles showed highest
accumulation in the liver and kidneys [101].

Various other surface molecules and capping agents
are capable of increasing circulation time enough to allow
tumor accumulation of particles. Chanda et al. performed
a green synthesis of AuNP using cinnamon phytochemicals
as reducing agents. TEM images showed internalization to
cancer cell lines PC-3 and MCF-7 after in vitro incubation.
CT imaging phantoms showed a linear attenuation curve
of 54.1 𝜇MHU−1. They concluded the cinnamon-capped
particles could circulate for long enough to accumulate in
the lungs [102]. Luo et al. attached Cyanine5.5 (a near-
infrared fluorescent dye) and a black hole quencher to a GC-
capped AuNP and assessed its ability to target tumors in vivo.
Particles were injected intravenously into a tumor-bearing
mouse and assessed after 24 hours. Tumors were targeted by
the EPR effect and showed a fivefold CT attenuation increase
over control [103]. Prussian blue-coated AuNP were used in
a study assessing their use as CT/photoacoustic CA. Particles
were injected into a tumor-bearing mouse and CT imaging
was performed over a 24-hour period. Despite the lack of
surface functionalization, CT signal continued to increase
over the time course. Biodistribution studies revealed the
highest accumulation was in the spleen [104].

Sousa et al. designed human serum albumin-coated
AuNP as a potential treatment for prion disease.The particles
were investigated for their ability to cross the blood brain
barrier by intravenous injection into mice. Ex vivo CT scans
of the brain showed the highest CT signal was located at the
thalamus and hypothalamus [105].

Clark et al. undertook a study to establish a CT imaging
protocol to quantify angiogenesis and tumor blood volume.
AuroVist AuNP were injected into mice 4 days before
liposomal iodine. Scans were conducted usingmicroCT daily
up to 6 days postinjection. The difference in CT attenuation
between iodine and gold as well as the uptake of particles
due to the EPR allowed tumor vasculature to be imaged.
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AuNP initially created an attenuation of up to 800 HU in the
vasculature but decreased to 10 HU in the tumor tissue. After
injection of the iodine, an attenuation of 25 HUwas observed
in the vasculature, which allowed for the differentiation of
vasculature from tumor tissue [106].

As with nontargeting, these passive targeting methods
rely on both the EPR effect or the RES system to localize
particles within the organs of interest. The liver and spleen,
which are responsible for dealing with matter picked up by
the RES, thus may be naturally targeted by AuNP. Given long
enough circulation time, the EPR effect can also be relied
upon to localize particles to tumors.

3. Multimodal Particles

Gold particles can be designed to be used with multiple
imagingmodalities. A givenmodalitymay not be appropriate
for all tissue types; for example, X-ray imaging is generally
not appropriate for soft tissue due to poor X-ray attenuation.
The ability to utilize multiple imaging modalities with one
contrast agent allows clinicians to gather varied information
with one contrast agent and increase clinical acceptance.
Particles can be made multimodal by changing the design
to include molecules with the desired properties. Potential
modalities include magnetic resonance (MR) imaging, flu-
orescence imaging, ultrasound, photoacoustic imaging, and
nuclear imaging.

3.1. Gold Nanoparticle-Based Contrast Agents for Magnetic
Resonance Imaging. Discussion of the mechanisms of MRI
are beyond the scope of this paper, but an excellent summary
can be found in MRI basic principles and applications [107].
Gadolinium-based contrast agents (GBCA) are the current
standard for MRI contrast agents owing to their high para-
magnetism. There are 9 GBCA that are clinically approved;
however, there are multiple reports of toxicity [108–110].
Superparamagnetic iron oxide (Fe3O4) nanoparticles (SPIOs)
have been investigated as liver-specific contrast agents [111,
112]. There are reports of increases in reactive oxygen species
caused by SPIOs [113], so additional modifications to formu-
lations may be required for complete biocompatibility.

Several formulation methods exist for including para-
magnetic components. Two compounds may be combined
together to create a heterogenous structure or in a core-shell
fashion. One study used gold nanorods, rather than spherical
particles, coated with a polypyrrole shell and seeded with
reduced Fe3O4 crystals. The particles were tested in vitro for
their contrasting properties; both T1 and T2 relaxation was
investigated as well as CT contrast. T2 relaxivity was much
higher than T1 (128.57mM−1s−1 and 7.99mM−1s−1, resp.)
pointing to effectiveness as a T2 contrast agent. CT values
varied linearly with concentration. Authors note that further
in vivo studies to assess imaging efficacy and biodistribution
are underway [114]. An Fe3O4 core/Au nanostar shell coated
with polyethyleneimine (PEI) was designed in a study by Li et
al. Testing was performed in vitro as well as in vivo in tumor-
bearing mice. The particles had a high CT attenuation and
were used as a T2 contrast agent in vivo although scans were
only compared after 10 minutes [18]. Amendola et al. created

Au/Fe3O4 alloy nanoparticles by laser ablation of a gold/iron
bulk material. These particles were PEGylated and assessed
in imaging phantom for their CT and MR contrast ability.
The particles were also investigated for toxicity towards
cells and their biodistribution in mice [115]. Kim et al.
coated a AuNP/Fe3O4 heteroparticle with the amphiphilic
polymer poly(DMA-r-mPEGMA-r-MA), which contains a
PEG moiety. An animal model bearing a liver tumor was
selected to ascertain whether the tumor could be distin-
guished from the liver parenchyma. CT images were unclear,
but authors noted a 1.5-fold signal enhancement detectable
24 hours postinjection. MR contrast was larger than that of
commercial CAResovist� at similar concentrations [116].The
aforementioned study by Zhao et al. first synthesized Fe3O4
particles by coprecipitation, capped with mercaptosuccinic
acid (DMSA) before AuNP were reduced onto their surface.
Both MR and CT contrast in the liver parenchyma was at a
peak 30 minutes postinjection and was still enhanced after 6
hours, although significance was not assessed [77].

Entrapment has been utilized as a particle creation
strategy for MR/CT particles. One such method first formu-
lated thiolated Fe3O4/silica composites by self-assembly of
amphiphilic block PAA copolymers and Fe3O4 cross-linked
by 3-mercaptopropyltrimethoxysilane. These were then used
as scaffolds to reduce AuNP and used to imagemouse tumors
in vivo. CT and MR images taken at 5 and 30 minutes
postinjection did show an increase in contrast, although
significance was not determined [117]. Cai et al. used an
Fe3O4 core with a dendrimer trilayer (PGA/poly(L-lysine)
(PLL)/PGA) to entrap gold particles. These AuNP were
utilized in seed-mediated growth, and the effect of Au/Fe3O4
molar ratio on MR and CT signal was assessed. At a ratio
of 2 : 1 they achieved a T2 relaxivity of 92.67 s

−1mM−1. Their
particle was assessed in vivo in a mouse model and showed
a 1.5-fold increase in CT attenuation over control. A biodis-
tribution study showed significant accumulation in the liver
and spleen [57].One study usedPEGylatedPEI as a scaffold to
reduceAuNP.These polymers were then attached to an Fe3O4
particle and assessed for their contrast ability in a mouse
model. Significant MR contrast was measured up to 4 hours,
while CT attenuation wasmeasured to be 1.5-fold higher than
baseline after 20minutes [118]. Sun et al. created anAu/Fe3O4
heteroparticle by entrapment in a PEG/polycaprolactone
micelle. They injected it intravenously into mouse models
with human glioblastoma multiforme tumors implanted in
the flank or brain andmeasured passive accumulation of their
particle by CT and MR scans. The heteroparticle possessed a
3 : 1 gold : iron oxide ratio bymass while still possessing a high
T2 relaxivity (221.92 s

−1mM−1).This gave it excellent contrast
inMR scans of both areas of interest, but theCT scans showed
negligible differences [119]. Wang et al. designed a large PEG
micelle with encapsulated Fe3O4 particles and a gold shell.
Formulated particles possessed a low attenuation slope of
6.7 𝜇MHU−1. These were injected intravenously into the tail
vein of tumor-bearing mice to test the particles’ contrast
properties. Relatively high concentrations of the particle were
required to create appropriate contrast levels in vivo, and
a high accumulation of particles in the liver, lungs, and
spleen was found [99]. Tian et al. studied attachment of gold
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nanoparticles to a gadolinium-organometallic framework,
rather than a gold particle with gadolinium chelates. PAA
acted as the active site to entrap gold particles.The composite
particle displayed better MR contrast than clinically available
Magnevist at lower concentrations with a similar relaxivity
and similar CT attenuation toOmnipaque [120]. G5 PAMAM
dendrimers can also be used to entrap other metals for the
creation of multimodal particles. Wen et al. created such
dendrimers with reduced gold clusters, gadolinium ions, and
PEG.The particles were injected into the tail vein of mice and
imaged at time points up to 45minutes postinjection. CT and
MR contrast saw a 1.5-fold increase in the liver and kidneys
and a 2-fold increase in the bladder [121]. Chen created
PEGylated G5 PAMAM dendrimers with reduced 4 nm gold
clusters and gadolinium ions. The particles were injected
subcutaneously into tumor-bearingmice and used as contrast
agents in CT and MR imaging up to 24 hours postinjection.
Contrast in both modalities continued to increase up to 24
hours, showing up to 1.5-fold increase in CT attenuation and
MRI signal [58].

Encapsulation within biocompatible materials can also
be utilized to create multimodal particles. Graphene is one
possible encapsulator. One group used an aerosol encapsu-
lation process to create large (>100 nm) graphene particles
encapsulating AuNP and Fe3O4 particles. The particles were
assessed for their material property, including porosity, pore
volume, and ability to encapsulate effectively versus associ-
ating with metallic particles. CT phantom imaging revealed
an attenuation curve consistent with the mass fraction of free
AuNP. MR imaging showed a linear relationship between
concentration and T2 signal [122]. Another study reduced
Fe3O4NP andAuNP onto graphene oxide (GO) sheets as well
as PEG. In vivo imaging was performed by injecting particles
into the tumor of mice. Imaging performed over a 5-minute
period postinjection shows an increase in contrast [123]. Wu
et al. encapsulated gadolinium-gold clusters in silica to create
80 nm nanoparticles. After injection into a mouse tumor, the
particles were used as a contrast agent inMRandCT imaging.
CT attenuation was increased 9-fold over preinjection values
using 200𝜇L of 40mM particle solution [124]. Zhang’s group
designed a complex particle with a large gold particle coated
by a silica shell with embedded manganese oxide and gold
particles.Their idea was to design a particle with components
that would amplify the properties each harbors.The T1 relax-
ivity of the particle (1.5mM−1 s−1) was lower than commercial
gadolinium-based CA (i.e., Magnevist: 4.6mM−1 s−1), but it
did display 1.5-fold signal over control in vivo [125]. Liu et al.
encapsulated gold nanostars in silica to allow attachment of
gadolinium ions. The particles were evaluated for their CT
and MR contrasting ability using phantoms. Both modalities
showed a linear relationship between contrast and particle
concentration [126].

Gold itself has been shown to be a viable platform for cre-
ation of a multimodal particle. Coughlin used 120 nm silica
particles with a gold shell as platforms to attach gadolinium
and PEG. These particles were injected intratumorally into
mice. High contrast was observable in the tumor, although
it was not quantified [127]. Zeng et al. used lipid-coated
AuNP as a platform to attach gadolinium. Imaging phantoms

were used to evaluate the particles properties as contrast
agents. The T1 relaxivity of the particle was higher than that
of commercially available dimeglumine gadopentetate [66].
Alric attached gadolinium particles to 1.9 and 31 nm gold
nanoparticles. These particles were injected into mice and
imaged at 10 and 30 minutes. CT imaging showed the highest
gold accumulation in the renal system, while the highest MR
signal was observed in the bladder [128].

Many innovative methods of combining magnetic mate-
rials withAuNPhave been utilized, including heteroparticles,
entrapment, encapsulation, and reduction of one onto the
other. These methods have varying effects on both imaging
metrics and biocompatibility and thus must be investigated
further for their viability in human subjects. The marriage
of these materials represents the possible synergy of the two
most used clinical imaging methods and thus a step forward
in their capability in diagnosis.

3.2. Gold Nanoparticle-Based Contrast Agents for Ultrasound.
Ultrasound is an imaging modality utilizing soundwaves
above the human range of hearing, usually taken as above
20 kiloHertz (kHz). Current state of the art in ultrasound
contrast agents lies in the use of microbubbles. Their use
comes from a desire to image blood flow and perfusion
of organ tissues and has expanded into treatment methods
[129]. Schutt et al. provide an excellent review ofmicrobubble
design as well as signal and mechanical properties [130].

Researchers designing CT/US contrast agents utilize the
characteristics of microbubbles combined with gold parti-
cles. Ke et al. designed a perfluorooctyl bromide- (PFOB-)
gold core-shell complex. PFOB has a much higher acoustic
impedance than air, enabling it to be used as US CA. The
particles were used to successfully image the kidney and
liver of mice [101]. Jin created a microcapsule of poly(lactic
acid) containing gold and graphene oxide nanoparticles
[131]. Interestingly, the amount of GO increased contrast in
pulse inversion harmonic mode which creates contrast by
nonlinear scattering. This suggests that the GO itself was
resonating with ultrasound pulses. These capsules can also
deliver a payload, as with the study by Arifin et al. that
utilized alginate microcapsules to protect pancreatic islet
cells in mice. The capsule allowed the pancreatic cells to
maintain normal glucose levels for 6-7 weeks when injected
into diabetic mice. Particles were tracked using CT and US
[132]. The previously mentioned study by Zhang used a silica
shell rather than a carbon-based one but it was still able to
achieve an acceptable signal due to the nonlinear scattering
caused by the embedded gold and manganese oxide particles
[125]. Teraphongphom et al. encapsulated AuNP within a
PLA microbubble. Although the payload was effectively
loaded, a significant decrease in US signal at 50.0 wt%AuNP-
microbubble was observed [8]. The encapsulation method
utilized by many of these methods can have a detrimental
effect on CT signal. Further work is required to maximize
both CT and US contrast simultaneously.

3.3. Fluorescence. Emitted light from fluorescence can orig-
inate from a variety of sources including fluorescent dyes,
quantum dots, or gold nanoparticles. It is not a commonly
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utilized clinical modality but is real-time and noninvasive.
Drawbacks include photobleaching, tissue autofluorescence
increasing noise, and the low penetration depth of light.
However, fluorescence is widely used in research and has
some clinical applications. Fluorescence can also be useful
when combined with another, high resolution modality to
grant colocalization information.

Gold particles may be functionalized with a dye to
confer well-studied optical properties. Mesoporous silica-
coated gold nanorods were loaded with indocyanine green
(ICG) to increase their fluorescence signal when used in
vivo. The particles were loaded into tumor-bearing mice
and used as fluorescence and CT CA. Fluorescence imaging
revealed a strong signal 12 hours postinjection owing to the
gradual release of ICG from the mesoporous silica [103].
Zhang loaded PEG micelles with AuNP and bis(4-(N-(2-
naphthyl)phenylamino)phenyl)-fumaronitrile (NPAPF), an
aggregation induced emission dye. The fluorescence of this
dye is able to overcome the quenching effect of the AuNP
when in a high water fraction liquid.These propertiesmade it
an appropriate candidate for in vivo imaging.The fluorescent
signal was still highly detectable in a mouse model after 24
hours [98].

Aggregated or clustered AuNP have been shown to
enhance luminescence signal over single particles alone. The
above study by Li also utilized fluorescence imaging to track
particles in vivo. The aggregated nature of the gold particles
enhanced fluorescence signal compared to discrete nanoclus-
ters, resulting in a 5-fold higher fluorescence intensity. The
particles also created significant contrast in vivo after injec-
tion into tumor-bearing mice [20]. The above multimodal
particle designed by Wu et al. also utilized gold clusters.
This allowed the particles to be used as fluorescence contrast
agents in vivo in a tumor-bearing mouse. Interestingly, these
aggregated particles underwent a blue-shift in fluorescence
peak compared to discrete AuNP, from 612 to 595 nm [124].
Zhou et al. encapsulated gold clusters in silica for fluorescence
imaging in mice. Particles were injected into three separate
sites on the back of tumor-bearing mice. Fluorescence imag-
ing revealed a strong signal 6 hours postinjection, while CT
imaging showed a 3-fold increase in CT attenuation [60].
Hayashi designed gold aggregates encapsulated with silica
to enhance the overall fluorescent property of the particles.
Authors noted the strong fluorescence enhancement of parti-
cles caused by their surface plasmon resonance. Particles still
created a strong fluorescence signal 18 hours after injection
into a mouse model [133]. Although fluorescence imaging is
not common clinically, its simple image capture technique
may point to its use in surgical settings.

3.4. Photoacoustic Imaging. Photoacoustic imaging is a rela-
tively new method that takes advantage of the same optical
properties as fluorescence imaging. Tissues are irradiated by
visible or near-infrared light resulting in adiabatic expansion.
This creates pressure waves, which are in turn measured and
used to reconstruct an image.Themodality depends upon the
optical and thermal properties of the tissues. Contrast agents
are utilized in cases where depth of penetration is low or there

is a lack of natural contrast between tissues [134]. Chanda et
al. investigated the use of cinnamon phytochemicals as an
AuNP capping agent to enhance particle uptake to cancer
cells. Particles were added to cells in vitro and irradiated using
a tunable laser. Untreated cells showed a linear photoacoustic
response, while treated cells displayed a time variant signal,
indicating particle uptake and particle contrast ability [102].
The fluorescent dye Prussian blue has also been utilized as
a coating to enhance photoacoustic signal. Particles were
tested in agar gels as well as mice using a 765 nm laser.
In the agar gel, increasingly thick layers of tissue were
placed in the laser path to investigate signal penetration
depth. High resolution was achieved in the absence of tissue,
while an increasing loss of clarity was evident up to ∼
4.3 cm [104]. Cheheltani et al. encapsulated AuNP into poly-
di(carboxylatophenoxy)phosphazene (PCPP) nanospheres.
Formulated particles exhibited high CT contrast, while the
absorbable wavelengths could be tuned by changing the size
or amount of included AuNP [7]. Photoacoustic imaging
is still a new modality, and further work is required to
fully understand the parameters required for AuNP as a
photoacoustic contrast agent.

3.5. Nuclear Imaging: Single Photon Emission Computed
Tomography and Positron Emission Tomography. Nuclear
imaging comprises two separate 3D modalities, single pho-
ton emission computed tomography (SPECT) and positron
emission tomography (PET), which both operate on the
same principles while utilizing different contrast agents. Both
rely on patient internalization of a radiotracer comprised of
an isotope and a biological targeting element. Images arise
through the detection of gamma rays. The targeting compo-
nent of the radiotracer gives biologically relevant information
such as the metabolism of a compound. Thus while most
modalities originate their signal externally, nuclear imaging
signal arises internally and depends entirely on the radiotrac-
ers used.

The same isotopes traditionally utilized as nuclear imag-
ing radiotracers can be added to AuNP to achieve mul-
timodal imaging. One study used PEGylated, hollow gold
nanospheres as platforms to attach 64Cu to achieve PET
imaging. Particles were injected into tumor-bearing mice
either intra-arterially or intravenously along with iodinated
oil to enhance tumor uptake. PET/CT scans 1 hour after
injection show high contrast in the tumor area [50]. Li et al.
undertook a study using both 111In- or 64Cu-labeled AuNP
for SPECT and PET imaging, respectively. The particles were
loaded into T cells using electroporation; these cells were
subsequently injected into mice for imaging. 111In-labeled
cells were injected directly into the lung of mice and success-
fully imaged using PET/CT. 64Cu-labeled cells were injected
into the tail vein and tracked using SPECT/CT imaging
over the course of 18 hours [135]. Targeted hollow gold
nanospheres carrying 111Indium were used to image tumors
on the tongue of mice. Particles were targeted using EGFR-
targeting aptamers and injected intravenously. SPECT/CT
imaging showed amuch higher signal intensity using targeted
particles, even after 24 hours [54]. Although this combination
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of imaging techniques is relatively unexplored, the targeting
ability and long circulation time of gold nanoparticles may
offer a platform for further nuclear imaging studies.

4. Conclusion

Gold nanoparticles have great potential as contrast agents in
a variety of imaging modalities. On their own, their high
X-ray attenuation and nontoxicity may be combined with
surface molecules to enhance tissue-targeting and improve
circulation time. AuNP size and reactivity also allow their
accumulation in certain organ systems and tissues, especially
cancerous tumors.When combinedwith othermaterials such
as rare earth metals or fluorescent dyes, their use expands
to include imaging modalities such as magnetic resonance
imaging or ultrasound. These additional materials may add
or subtract from image contrast and may create toxicity or
circulation concerns. A diverse array of formulationmethods
including entrapment and encapsulation have been devel-
oped to overcome these design hurdles. This multimodal
possibility represents a step forward in clinical diagnosis.
Long circulating, nontoxic contrast agents that can reveal
anatomical and disease information across multiple imaging
types could ease clinical imaging burdens and simplify
scanning procedures.

AuNP for use as X-ray contrast agents are currently
available commercially, although they are for research use
only. In order to gain clinical acceptance, further in vivo
human researchmust be conducted. Questions still exist as to
their biodistribution, circulation times, and targeting ability.
Still, AuNP remain an excellent platform for X-ray contrast
agents. Improvements in their ability to effectively circulate
and localize at a desired area of interest will allow for their
use in clinical settings.
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This paper presents the characterization and optimization of biosensors based on graphite-epoxy which incorporates the
enzyme acetylcholinesterase (AChE). By means of advanced electrochemical techniques, such as electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV), the characterization and optimization of graphite-epoxy-AChE biosensors
have been performed. In order to obtain sensitive electrodes, the optimal composition of the transducer material (graphite-
epoxy-enzyme ratio) was studied. The optimization of the conductive particles distribution inside the biomaterial has allowed an
improvement of the electrochemical properties. Optimal composition guarantees improving electrochemical properties required,
such as high electron-transfer rate, high signal-to-noise ratio, and suitable sensitivity. The optimal biocomposite composition
range was obtained between 16% and 17% of graphite and 0.12% of AChE. The biosensors were applied to the analysis of
different pesticides, organophosphorus and carbamates, using indirectmeasurements based on enzymatic inhibition process.These
optimized biosensors present detection limit one order of magnitude lower compared to the standard composition (nonoptimized)
and allow achieving concentrations lower than the established ones by the pesticides regulation. Finally, spiked tap water samples
with pesticides were analyzed with the optimized biosensors.

1. Introduction

The use of (bio)sensors applied to different fields of the ana-
lytical chemistry has been done for decades. It can be applied
to clinical or medical diagnosis and food control or for
environmental monitoring. Regarding the medical applica-
tions, biosensors can be used for detecting diabetes mellitus,
uremia, heart failure, respiratory insufficiency, metabolic dis-
orders, or muscle damage [1]. Biosensors have been used in
environmental applications for the detection of heavy metals
or other pollutants [2]. Specifically, in the literature, different
biosensors applied to pesticide detection have been described
[3]. Pesticides are effective against several types of pests; their
long-term toxicity on human health and the ecosystem is
becoming an issue at higher levels of authorities worldwide
[4]. Since the first biosensor is based on acetylcholinesterase

or butyrylcholinesterase in 1980s, it has been a continuous
improvement of cholinesterase based biosensors due to the
gradual improvement of transducer devices and the availabil-
ity of pure enzymes [5–7]. Standard procedures, based on liq-
uid chromatography (LC) or gas chromatography (GC), are
currently used for detection of wide range of pollutants with
high sensitivity, reliability and precision [8, 9]. Despite their
advantages, they are expensive, requiring laboratory facilities
and specialized personnel and, moreover, time-consuming
and not easily adapted to field analysis [10]. Biosensors based
on the inhibition of the enzyme acetylcholinesterase have
been an alternative to the use of these techniques [8, 10]. It is
well known that organophosphorus and carbamate pesticides
quantitatively inhibit cholinesterase. For this reason, amper-
ometric biosensors based on inhibition of AChE have been
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extensively applied to rapid, simple, and selective analysis of
pesticides (organophosphorous and carbamates) [11, 12].

A biosensor based on a biocomposite is defined as a
rigid material made by combining two or more materials
of different nature (phases) where at least one of them has
a biological origin [20]. The overall analytical performance
of the (bio)composite electrodes is strongly influenced by
the carbon loading within polymeric matrix. It is due to
the fact that carbon loading influences directly the electro-
chemical surface and inner structure (bulk resistance) of the
(bio)composite electrode, which strongly affected the overall
electroanalytical performance of such composite electrodes.
The incorporation of a biological element inside the compos-
itematrix produces amodification in the internal distribution
of the carbon particles on both parameters (electrochemical
surface and bulk resistance). Therefore, an important fea-
ture for the development of more sensitive amperometric
biosensors for pesticide detection is the optimization of the
biocomposite composition in order to guarantee the best final
electroanalytical properties of response.

Up to now, the characterization and optimization of bio-
sensors based on biocomposites have been done under the
criteria of maximum carbon loading and maximum bio-
logical charge which provide the maximum conductivity
without losing the physical and mechanical stability and the
best electroanalytical signal according to the requirements,
respectively [21]. However, recently, alternative strategies of
characterization have been established, based on advanced
electrochemical techniques, which allow improving the elec-
troanalytical properties of the sensor electrode by means of
the optimization of the biocomposite composition based on
carbon materials (as conductive phase) [22, 23].

These characterization techniques are electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV).
Moreover, the viability of these techniques has been demon-
strated in the characterization of composites based on differ-
ent carbon allotropic forms [24, 25]. EIS measurements pro-
vide, in an easy way, information about the electron-transfer
rate, double-layer capacitance, contact resistance, and resis-
tance of the solution (ohmic resistance) [26, 27]. The elec-
troanalytical properties required by an electrode are high
electron-transfer rate, the lowest double-layer capacitance,
and ohmic resistance in order to guarantee a high signal/noise
ratio, high sensitivity, and low detection limits.

Themain goal of this study is the application of systematic
strategies of characterization in order to optimize the bio-
composite composition based on graphite-epoxy that incor-
porates acetylcholinesterase (AChE) on the matrix. These
characterization techniques pretend to optimize the conduct-
ing particle distribution on the electrode surface as function
of the carbon and biological loading. Optimized biosensors
guarantee more sensitive pesticides biosensors regarding
detection limits. We have constructed a series of graphite-
epoxy-AChE with different graphite loadings and fixed
amount of AChE. In a first stage of characterization, EIS has
been used to determine the biocomposite composition which
provides the best electrochemical properties. Later, these
results are compared with CV measurements. Before the
determination of pesticides, the electroanalytical response of

the optimized biocomposites has been evaluated using acetyl-
thiocholine (ATCh) as a substrate by direct amperometric
measurements. Then, the optimized biosensors have been
evaluated using different inhibitors, both organophosphorus
and carbamates. Finally, real samples of pesticides (spiked tap
water samples) have been analyzed with the optimized bio-
sensors based on an enzymatic inhibition process of AChE.

2. Experimental

2.1. Chemical Reagents. Graphite powder (particle size
50 𝜇m) was supplied by Merck (Merck Millipore, Darm-
stadt, Germany). Epoxy resin Epotek H77A and hardener
Epotek H77B were obtained from Epoxy Technology (Epoxy
Technology, Billerica, MA, USA). Potassium ferricyanide/
ferrocyanide (99.8%), potassium chloride (99.5%)ACS grade,
potassium phosphate monobasic (99.5%), potassium dibasic-
anhydrous (98%), nitric acid (65%), methanol for HPLC
(≥99.9%), acetylcholinesterase from Electrophorus electrics
(electric eel, type VI-S, EC. 3.1.1.7, 518 units/mg solid), acetyl-
thiocholine chloride (>99%), Carbofuran PESTANAL, Car-
baryl PESTANAL, Paraoxon-ethyl PESTANAL, Malathion
PESTANAL, and Dichlorvos PESTANALwere supplied from
Sigma-Aldrich (St. Louis, MO, USA) and used without
further purification. All the dissolutions were prepared using
deionised water from Milli-Q system (Millipore, Billerica,
MA, USA).

2.2. Fabrication of the Working Electrodes. Handmade bio-
composites were prepared following the conventional meth-
odology previously established in our research group [28].
A resin Epotek H77 and their corresponding hardener com-
pound were mixed in a ratio of 20 : 3 (w/w). The graphite
composite was prepared by loading different amounts of
graphite (14%, 15%, 16%, 17%, and 20% (w/w)) into the epoxy
resin before hardening. The composite was homogenized for
30min. After the homogenization time, the acetylcholines-
terase amount (0.12% (w/w) and 0.24% (w/w)) was intro-
duced to the composite paste and homogenized for 15min
more. The final biocomposite paste electrode was introduced
in a PVC tube (6mm i.d.) which has a cavity of 3mm long.
The electrode was allowed to harden during 5 days at 40∘C.
Finally, the surface was polished with different sandpapers of
decreasing grain size (800 and 1200 grits) and with alumina
paper (polishing strips 948201, Orion). The final electrode
dimensions were 28mm2. When the electrodes were not in
use, they were stored at 4∘C.

2.3. Apparatus. Electrochemical impedance spectroscopy
and voltammetric measurements were performed using a
computer controlledAutolabPGSTAT12 potentiostat/galvan-
ostat (Eco Chemie, Utrech, The Netherlands) with a three-
electrode configuration. A platinum-based electrode 53-671
(Crison Instruments, Alella, Barcelona, Spain), an AgCl cov-
ered silver wire, and the constructed graphite biocomposite
electrodes were used as a counter, reference, and working
electrodes, respectively.

Amperometry measurements were done using an ampe-
rimeter LC-4C (Bioanalytical Systems Inc., West Lafayette,
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IN, USA), connected to a personal computer by data acqui-
sition card ADC-42 Pico Technology (St. Neots, Cam-
bridgeshire,UK) for data registering and visualization.Three-
electrode configuration was used: a single junction reference
electrodeAg/AgClOrion 900100 (ThermoElectronCorpora-
tion, Beverly, MA, USA) and platinum-based electrode were
used as reference and auxiliary, respectively, and graphite
biocomposites electrodes were used as working electrode. A
magnetic stirrer provided the convective transport during the
amperometric measurements.

2.4. Procedure

2.4.1. Electrochemical Characterization. EIS measurements
were made in a 0.1M potassium chloride solution contain-
ing 0.01M potassium ferricyanide/ferrocyanide (Fe(CN)6

3−/
Fe(CN)6

4−) under quiescent condition.The impedance spec-
tra were recorded in the frequency range 0.1 Hz to 100 kHz
at the redox equilibrium potential. The signal amplitude
to perturb the system was 10mV. Voltammetric measure-
ments were taken using a 0.1M potassium chloride solu-
tion containing 0.01M potassium ferricyanide/ferrocyanide
(Fe(CN)6

3−/Fe(CN)6
4−) under quiescent condition and scan

rate of 10mV⋅s−1.

2.4.2. Working Potential Selection. The working potential
used to perform the electroanalytical characterization was
previously determined by linear-voltammetry using acetylth-
iocholine as a substrate and the optimized biocomposite
graphite-epoxy-AChE (16% of graphite loading). The mea-
surements were made in 20mL glass cell, at room temper-
ature (25∘C) using 0.1M phosphate solution at pH = 7.0
as background electrolyte (prepared using K2HPO4 and
KH2PO4 under quiescent condition), and three-electrode
configuration as it was described before (see Apparatus
Section 2.3).The spectra were recorded in the potential range
−1.0 V to 1.5 V and scan rate of 10mV⋅s−1. Firstly, an initial
sweep is made without substrate and then, on the same
record, different substrate concentration reaching a final
concentration of 10mM is added.

2.4.3. Amperometric Measurements. Amperometric detec-
tion of acetylthiocholine was made under force convection
by constant stirring 10mL of the buffer solution (0.1M
phosphate solution at pH = 7.0) with magnetic stirring and
by adding consecutive addition of the substrate solution.
The working potential used was fixed at 700mV (versus Ag/
AgCl).

2.4.4. Inhibition Tests. In order to obtain the inhibition plots
of the different pesticides, the percentage inhibition method
was followed. The procedure used was based on three steps.
(a) The biosensor is placed in 10mL cell glass of stirred
buffered solution (0.1M phosphate buffer at pH = 7.0). When
the current of the biosensor becomes constant, a volume
of acetylthiocholine solution (5.5 ⋅ 10−4M) was added. The
current increases rapidly and reaches a steady state (𝐼ss). (b)
After this experiment the same biosensor is incubated for

15min in 10mL of a stirred buffer solution (0.1M PBS at
pH = 7.0) where is added a fixed volume of pesticide (in
order to achieve the desired concentration of pesticide in the
solution). (c) The incubated biosensor is washed well with
the working buffer solution and then the step (a) is repeated
obtaining lower steady currents (𝐼𝑝) after the addition of the
substrate because of the inhibition (see Figure 3(b)). From
these points, the percentage of inhibition, which corresponds
to a fix concentration of pesticide, is calculated in the follow-
ing way:

𝐼 (%) =
(𝐼ss − 𝐼𝑝)
𝐼ss
× 100. (1)

There are numerous relationships between the inhibition
percentage and the inhibitory concentration and/or inhibi-
tion time reported on the literature. These relationships are
usually characterized by linear [19], nonlinear, logarithmic
[29, 30], or other type of equations. After these calculations,
the inhibition plots, 𝐼 (%) versus [pesticide] or log[pesticide],
are constructed for the different pesticides evaluated (carbo-
furan, carbaryl, malathion, paraoxon, and dichlorvos).

Pesticide stock solutions were prepared daily in a mixture
50 : 50 of methanol : water (v/v) due to the low solubility of
some pesticides in water at room temperature (carbofuran:
320mg/L, paraoxon: 24mg/L, carbaryl: 40mg/L, dichlorvos:
16000mg/L, and malathion: 145mg/L) [31].

3. Results

3.1. Electrochemical Impedance Measurements. The electro-
chemical parameters for each biocomposite electrode com-
position, such as ohmic resistance (𝑅Ω), charge-transfer
resistance (𝑅ct), and double-layer capacitance (𝐶dl), with dif-
ferent graphite loading and constant amount of AChE, were
evaluated by electrochemical impedance spectroscopy.These
parameters were obtained by fitting the impedance spectra
to a Randles circuit: 𝑅Ω ⋅ [𝐶dl ⋅ (𝑅ct ⋅ 𝑍w)] showed in inset
Figure 1(a), which is sufficiently suitable to interpret 𝑅Ω, 𝑅ct,
and 𝐶dl values.

Four compositions with variable graphite loading and
fixed amount of AChE were evaluated. The interval selected
for this study was 14%, 15%, 16%, and 17% of graphite loading
and were compared to the conventional composition of 20%
of graphite loadingwhichwas used as a standard composition
in previous works [32]. The amount of AChE immobilized
on the matrix of the biocomposite is crucial for the pesticide
determination [8]. Moreover, the quality and quantity of
the enzyme immobilization will ultimately affect the per-
formance of the biosensor in terms of sensitivity, stability,
response time, and reproducibility [33]. According to the
enzyme activity, the amount of AChE was initially fixed in
0.12% (w/w) for each composition. Thus, for each biocom-
posite electrode, the amount of AChE is 746 units which
is sufficient for guaranteeing high enough analytical signals
in the pesticides determination [31]. In early studies, we
have reported that, biosensors with compositions below
14% of graphite loading in spite of having low double-layer
capacitance values, it presented high ohmic resistance and
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Figure 1: (a) Nyquist plots for different graphite loading electrodes with acetylcholinesterase (AChE) in presence of 0.01M Fe(CN)6
3−/

Fe(CN)6
4− under quiescent condition in 0.1M KCl. The insets figure shows the equivalent circuit used for the impedance spectra fitting

(𝑅Ω = 𝑅𝑠 + 𝑅𝑐) (b) Cyclic voltammogram for biocomposites with acetylcholinesterase (AChE) using 0.01M Fe(CN)6
3−/Fe(CN)6

4− and 0.1M
KCl. Scan rate 10mV⋅s−1. The inset shows the trend of charge-transfer resistance for different composite composition.

charge-transfer resistance values. However, for biosensors
with more than 17% of graphite loading, despite having low
ohmic resistance and charge-transfer resistance values, the
double-layer capacitance values increased remarkably [23].
Consequently, in the present study, this range of compositions
has been not considered.

The impedance spectra recorded for each graphite com-
position and fixed percentage AChE evaluated are depicted in
Figure 1(a). Nyquist plots obtained showed that compositions
from 14% to 17% of graphite loading are represented by semi-
circle with big diameter where the impedance behaviour is
dominated by kinetic process. However, for high proportions
of graphite loading, 20% of graphite loading, the semicircle
diameter decreases and the diffusion control start to be
discerned at low frequencies (linear zone). At high carbon
proportions, there is no mass transfer charge limitation on
the biocomposites electrodes but the electroactive specie
diffusion is limited, presenting a diffusion control (similar to
macroelectrode behaviour).

The variation of the ohmic resistance as function of the
graphite loading with constant amount of AChE is depicted
in Figure 2(a). As it can be observed, there is a decrease on the
ohmic resistance value when the graphite loading increases.
This decrease on the RΩ value can be associated with the
increase of the conductive material present on the surface
which, at the same time, increases the current conducting
zones. Low values of RΩ are required in order to assure good
sensitivity and low response time. So, compositions between
16% and 20% of graphite loading presented the lowest ohmic
resistance values.

The quantitative values of the charge-transfer resistance
are shown in Figure 2(b). In general trends, a decrease on the
𝑅ct values with the increase of the graphite loading which

is proportional to the increase of the biosensor active area
can be observed. In terms of charge-transfer resistance, the
optimal values are presented in biocomposites compositions
which presented low 𝑅ct values. So, biocomposites between
16%and 20%of graphite loading are the oneswhich guarantee
high electron-transfer rate and will guarantee an optimal
electroanalytical response.

Finally, it is important to consider the double-layer capac-
itance value which is directly related to the charging or back-
ground current and inversely proportional to the signal/noise
ratio. Figure 2(c) depicts the variation of this parameter as
function of the graphite loading. 𝐶dl value remains low at
low graphite loading. An increase of the𝐶dl value is observed
when the graphite loading increases to 20% of graphite load-
ing. Based on these results and taking into the account that
biocomposites with low𝐶dl values are the optimal in order to
guarantee the minimum background current and, therefore,
high signal-to-noise ratio; the biocomposites compositions
between 14% and 17% of graphite loading are the ones which
present low 𝐶dl values.

According to the results obtained in the EIS charac-
terization and taking into the account the electroanalytical
properties required by a biosensor such as low response time,
low limit of detection, and high sensitivity, the biocomposites
between 16% and 17% of graphite loading present these
requirements and, therefore, the optimal composition for
their use as a transducers in analytical applications has been
considered (see Supplementary Materials, Section S1). More-
over, the biocomposites composition included in this interval
present similar electrochemical behaviour, so small variations
in the composition inside this interval do not produce signi-
ficance differences in the electrochemical properties.
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Figure 2: Values of (a) ohmic resistance, (b) charge-transfer resistance, and (c) double-layer capacitances, with their corresponding standard
deviation (𝑛 = 3) for the different graphite loading electrodes with acetylcholinesterase (AChE), using the redox probe 0.01M Fe(CN)6

3−/
Fe(CN)6

4− and 0.1M KCl.

The results obtained showed that the incorporation of a
third biological compound inside the composite matrix pro-
duces a displacement in the optimal range composition when
it is compared to the graphite-epoxy composite electrodes
due to the separation of the conducting particles by the pre-
sence of the enzyme charge.

3.2. Cyclic Voltammetry Characterization. Cyclic voltamme-
try measurements were performed in order to complement
EIS measurements. The different voltammograms obtained
for each biocomposite composition electrodes evaluated are
depicted in Figure 1(b). As it can be observed, for the
biocomposite composition with 20% of graphite loading,
oxidation and reduction peaks are closer to each other,
and the voltammogram presents the typical macroelectrode
shape where linear diffusion controls the mass transport.
However, composites between 14% and 17% of graphite
loading the oxidation and reduction peaks are far to each
other. The cyclic voltammograms present behaviour as array

of microelectrodes where the radial diffusion dominates the
transport mass [34].

Different parameters can be extracted from the cyclic
voltammograms such as the peak separation potential (Δ𝐸)
and peak current (𝐼𝑝) as is shown in Table 1. Furthermore,
from the current intensity (𝐼𝑝) value, the electroactive area
using modified Randles-Sevčik equation (see (2)) [26] can be
calculated, which is appropriate for electron-transfer con-
trolled process:

𝐼𝑝 = 3.01 × 10
5𝑛3/2 (𝛼𝐷red𝜐)

1/2 𝐴𝐶∗red. (2)

In this equation, 𝛼 corresponds to the transfer coefficient
which was considered to be approximately 0.5; 𝐷red = 6.32 ⋅
10−6 cm2s−1 [26] corresponds to the diffusion coefficient of
the reduced species; 𝜐=0.01 Vs−1 represents the scan rate;𝐴 is
the electroactive area; and𝐶∗red = 0.01M is the bulk concen-
tration of the electroactive species. As we can see in Table 1,
there is an increase of the peak current with the graphite
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Figure 3: (a) Schematic representation of the enzymatic and electrochemical reactions which takes place in the biosensor surface based
on biocomposite graphite-epoxy-AChE. (b) Schematic representation of the pesticides indirect determination by enzymatic inhibition. 𝐼ee
corresponds to the maximum analytical signal of the biosensor in absence of inhibitor and 𝐼𝑝 corresponds to the achieved analytical signal
after the previous incubation with the inhibitor.

Table 1: Cyclic voltammetry parameters for the different biocomposite electrode compositions of graphite/epoxy with 0.12% of AChE. 𝐼𝑜
corresponds to the exchange current, 𝑅ct to the charge-transfer resistance, 𝐼𝑝 to peak current, 𝐴 to active area, and ΔE to the peak separation
potential. 𝑅ct ⋅ 𝐴 and 𝑅ctEIS ⋅ 𝐴 correspond to 𝑅ct obtained by voltammetric and EIS measurements, respectively, and are normalized with
respect to the active area.

Electrodes 𝑖𝑜 𝑅ct 𝐼𝑝 A Δ𝐸 𝑅ct ⋅ 𝐴 𝑅ctEIS ⋅ 𝐴
(% graphite) (A) (Ω) (A) (cm2) (V) (Ω cm2) (Ω cm2)
14% 3.85 ⋅ 10−6 6557 9.95 ⋅ 10−5 0.19 1.5678 1219 355
15% 6.03 ⋅ 10−6 4183 1.17 ⋅ 10−4 0.22 1.2195 912 425
16% 1.14 ⋅ 10−5 2205 1.29 ⋅ 10−4 0.24 0.7841 532 333
17% 1.36 ⋅ 10−5 1849 1.44 ⋅ 10−4 0.27 0.7290 497 235
20% 9.74 ⋅ 10−5 259 2.59 ⋅ 10−4 0.48 0.2078 126 85

loading associated with an increase of the electroactive area,
together with a decrease of the peak separation related to an
enhancement of the electron-transfer rate. We also evaluate
the exchange current from the Tafel plots (log current versus
potential). Using the exchange current value (𝑖𝑜), we also can
evaluate the charge-transfer resistance through the relation
𝑖𝑜 = 𝑅𝑇/𝑛𝐹𝑅ct. 𝑅ct values obtained by EIS are following the
same trend like the results obtained by CV technique (see

Figure 2(b) and inset figure in Figure 1(b)).We have normalized
𝑅ct value obtained by both electrochemical techniques (EIS
and CV) with respect to the electroactive area (𝐴) (see
Table 1) and it is observed that there is a decrease on the
(𝑅ct ⋅ 𝐴) and (𝑅ctEIS ⋅ 𝐴) values when the graphite loading in-
creases showing the evident influence of the electrochemical
anisotropy of the graphite, as a carbonmaterial, which can be
more noticeable as the graphite loading is increased.
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Figure 4: Acetylthiocholine calibration plots for biosensors with (a) 16% and 17% of graphite and (b) 20% graphite loading. Measurements
were carried out in 0.1M phosphate solution at pH = 7.0 and 0.1M KCl. EAPP = 700mV.

3.3. Electroanalytical Characterization

3.3.1. Inhibition Measurements: Indirect Pesticide Determina-
tion. Acetylthiocholine (ATCh) was used as a substrate for
evaluating the electroanalytical response of the biocomposite
electrodes versus pesticides inhibition. The response mecha-
nism of the biosensor graphite-epoxy-AChE is based on two
different steps. In a first step, the acetylthiocholine is biocat-
alytically hydrolyzed by the acetylcholinesterase enzyme pro-
ducing acetic acid and thiocholine. In a second step, thio-
choline is electrochemically oxidized in the electrode surface
using a fixed potential (see Figure 3(a)).The current intensity
generated by this oxidation is directly proportional to the
ATCh concentration in solution.

Firstly, linear sweep voltammograms were performed
on the graphite-epoxy-AChE biocomposites for acetylthio-
choline (ATCh) in order to determine the optimum polariza-
tion potential used in the amperometric measurements (see
Supplementary Materials, Section S2). The result obtained in
this study shows that the plateauwas obtained at 700mV (ver-
sus Ag/AgCl). So, this potential was chosen for the ampero-
metric measurements.

In order to use the biosensors in the determination of pes-
ticides, it is important to determine the substrate concentra-
tion range from which the enzyme begins to saturate. Under
saturate conditions, the generated intensity by the biosensor
is constant and independent of the substrate concentration
present. In the pesticide determination by enzymatic inhibi-
tion, it is recommended to work under saturation conditions
with a higher initial analytical signal in order to assure the
maximum applicability of the biosensor due to the irre-
versible enzymatic inhibition that the AChE enzyme suffers
from. In Supplementary Materials (see Section S3), the elec-
troanalytical parameters of response of the biosensors are de-
scribed regarding limit of detection, sensibility, and linear
range for acetylthiocholine.

As it can be observed in Figure 4(a), for the biocomposites
compositions with 16%-17% of graphite loading, concentra-
tions higher than 0.4mM of ATCh, the analytical signal
starts to be independent of the substrate concentration. For
biocompositeswith 20%of graphite loading (see Figure 4(b)),
the saturation zone appears for concentrations of substrate
higher than 0.6mM. An increase of the electrode electro-
chemical active area produces an increase on the signal cur-
rent intensity generated on the surface. Therefore, according
to the results obtained, pesticide inhibition determination
was performed using a constant concentration of ATCh of
5.5 ⋅ 10−4M.

Two procedures can be followed for the detection of pes-
ticides, the direct method, and the indirect method [35]. By
means of the direct determination method, it was only pos-
sible to detect pesticide concentrations higher than 10−3M.
For this reason, the indirect method was followed in the
present study (see Section 2.4.4). Thus, a comparative study
for the biocomposite electrodes with 16%, 17% and 20% of
graphite loading was performed.

The inhibition effect of carbofuran, carbaryl, dichlor-
vos, malathion, and paraoxon on the graphite-epoxy-AChE
biosensor is shown in Figures 5(a1), 5(b1), 5(c1), 5(d1), and
5(e1). Relationships between percentage inhibition and the
inhibitory pesticide concentration can usually be character-
ized by linear, nonlinear, logarithmic, or other types of equa-
tion [11]. As it can be seen in Figures 5(a2), 5(b2), 5(c2), 5(d2),
and 5(e2), a linear relationship between inhibition percentage
and log [pesticide] was obtained.The results obtained showed
that biosensors with 20% graphite loading do not allow deter-
mining low inhibitor concentrations. Although inhibition
occurs in the same manner in surface of all the biosen-
sors studied (all have the same fixed amount of enzyme),
the electrochemical characteristics of the biosensor with
the standard composition (nonoptimized composition with
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Figure 5: Continued.
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Figure 5: Direct relationship between inhibition and pesticide concentration for (a1) carbofuran, (b1) carbaryl, (c1)malathion, (d1) paraoxon,
and (e1) dichlorvos using biosensors with 16% of graphite, 17% graphite, and 20% of graphite loading. Linear relationship between inhibition
and log pesticide concentration for (a2) carbofuran, (b2) carbaryl, (c2) malathion, (d2) paraoxon, and (e2) dichlorvos using biosensors with
16% of graphite, 17% graphite, and 20% of graphite loading. Measurements were carried out in 0.1 M phosphate solution at pH = 7.0 and 0.1M
KCl using [ATCh] = 5.5 ⋅ 10−4M. EAPP = 700mV.

20% of graphite loading) cannot distinguish small intensity
variations caused by a minimum variation of the enzyme
activity at low concentrations of pesticide (inhibitor). This
fact is directly related to the capacity for determining smaller
concentrations of enzymatic product (thiocholine) produced.
However, optimized biosensors, with 16% and 17%of graphite
loading, present enhanced electrochemical properties such
as high signal/noise ratio values. Consequently, the detection
limits achieved may significantly improve, being able to
distinguish small variations in the thiocholine concentration
(enzymatic reaction product) generated by the small reduc-
tion of enzyme activity (see Figure 3(a)).The enzymatic activ-
ity decrease is directly related to pesticides concentration.The

limits of detection and the parameters of calibration curves
for the different pesticides studied are shown in Table 2. For
the optimized biosensors, it can be observed that the limit
of detection achieved is one decade of concentration lower.
Moreover, as it can be observed, the slope of the inhibition
plots increases when the graphite loading increases. This
behaviour is observed for both pesticide families, as organo-
phosphorus and carbamates.

Regarding the biocomposites which are in the optimal
composition range (16%-17%), there are no significant dif-
ferences in the limit of detection achieved for each pesticide
studied. However, biosensors with 17% of graphite loading
presented better sensibility for low pesticide concentrations
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Table 2: Parameters obtained from the inhibition plots for the different biocomposite composition biosensors and pesticides evaluated.

Inhibitor Graphite Slope Limit of detection Regressioncoefficient
(%) (% Inhibition ⋅ decade−1) (𝜇g⋅L−1) (𝑛 = 9)

Carbofuran
16 16.6 ± 0.4 0.25 ± 0.08 0.996
17 30 ± 1 0.27 ± 0.01 0.992
20 32 ± 1 2.03 ± 0.07 0.996

Carbaryl
16 12.7 ± 0.3 0.23 ± 0.09 0.997
17 21 ± 1 0.24 ± 0.04 0.997
20 27.9 ± 0.9 1.82 ± 0.09 0.996

Paraoxon
16 14.6 ± 0.3 0.25 ± 0.03 0.998
17 18.4 ± 0.4 0.26 ± 0.07 0.998
20 36.4 ± 0.9 0.96 ± 0.07 0.999

Malathion
16 10.3 ± 0.2 0.25 ± 0.03 0.997
17 15.7 ± 0.5 0.24 ± 0.03 0.994
20 31 ± 1 1.03 ± 0.05 0.992

Dichlorvos
16 16.8 ± 0.4 0.28 ± 0.06 0.997
17 24.7 ± 0.5 0.26 ± 0.01 0.997
20 40.3 ± 0.9 1.05 ± 0.05 0.997

Table 3: Comparison of the analytic performance of the biosensor with few of the contemporary AChE sensors applied to the same analyte.

Analyte Electrode Limit of detection (ppb) Reference

Carbofuran

AChE/Nafion/BSA/CoPc-SPE 0.108 [13]
AChE-TCNQ/SPE 1.1 [11]
AuNP/AChE/Au 7.26 [14]

PPy-AChE-Geltn-Glut/Pt 0.12 [15]
Biocomposite 16% graphite 0.25 This paper
Biocomposite 17% graphite 0.27 This paper

Paraoxon

AChE/Fe3+-BSA-Nafion 10 [16]
AChE/PAN-AuNPs/Pt 0.739 [17]

AChE/Geltn-Cellulose/SPE 7.975 [18]
AChE-Carbon Paste/Cu 0.86 [19]
PPy-AChE-Geltn-Glut/Pt 1.1 [15]
Biocomposite 16% graphite 0.25 This paper
Biocomposite 17% graphite 0.26 This paper

Dichlorvos
AChE/(MWCNTs/ALB)n/GCE 61.87 [5]
Biocomposite 16% graphite 0.28 This paper
Biocomposite 17% graphite 0.26 This paper

Carbaryl
AChE/TMOS/graphite 2.01 [3]

Biocomposite 16% graphite 0.23 This paper
Biocomposite 17% graphite 0.24 This paper

Malathion
AChE/TMOS/carbon paste 58 [3]
Biocomposite 16% graphite 0.25 This paper
Biocomposite 17% graphite 0.24 This paper

with respect to the biocomposites with 16% of graphite load-
ing. This fact can be attributed to the improvement of the
charge-transfer rate, so the biocompositewith 16%of graphite
loading was more sensitive biosensor for small variations of
intensity measurements.

On the other hand, performance of the fabricated biosen-
sor has been comparedwith other contemporaryAChE based

biosensors reported in the literature. The comparison of the
detection limits is shown in Table 3. As it can be observed, the
limit of detection achieved for the optimized biocomposites is
comparable to the others achieved with biosensors based on
AChE when they are tested with the same pesticides. It is im-
portant to highlight that the optimized biosensors presented
in this work have achieved lower pesticide concentration.
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Table 4: Results obtained in the spiked tap water samples with pesticides (carbofuran and paraoxon) using the optimized biosensors.

Pesticide Graphite Concentration added Biosensor RDS Recovery
(inhibitor) (%) (ppb) (ppb) (%) (%)

Carbofuran

16
0.403 0.43 ± 0.05 12 107
4.03 3.9 ± 0.6 15 101
40.32 39.4 ± 0.3 1 98

17
0.403 0.42 ± 0.03 7 104
4.03 4.0 ± 0.1 3 99
40.32 41 ± 2 4 102

Paraoxon

16
0.301 0.30 ± 0.01 3 100
3.01 3.2 ± 0.1 5 106
30.08 30.8 ± 0.1 4 102

17
0.301 0.32 ± 0.03 4 107
3.01 3.2 ± 0.3 10 106
30.08 30.9 ± 0.2 1 103

3.3.2. Sample Water Analysis. Analysis of carbofuran and
paraoxon pesticide in tapwater samples was carried out using
the optimized biosensor electrodes, biocomposites with 16%-
17% of graphite loading. This study has been performed in
tap water samples which have been collected after a plant was
watered with commercial ground and then it has been spiked
with different pesticide concentrations. For these pesticides,
three concentrations have been studied which include as a
upper limit the legal maximum allowed by EPA [36], one
intermediate concentration, and one closer to the detection
limit (for each pesticide evaluated). The measurements were
carried out in triplicate. The results obtained are shown in
Table 4. As it can be observed, the precision obtained with
this method is adequate and the recovery percentages are
in all the cases near 100%. Moreover, these results confirm
that there is no pesticide presence in the ground susceptible
to be swept along in the collected water process before the
doping. So, the results obtained with the biosensor coincide
with the pesticide additions made in the real samples and it is
confirmed that there is no interference associated with other
inhibitors.

4. Conclusions

Amperometric biosensors based on graphite-epoxy-AChE
have been constructed, characterized, and optimized by
means of EIS and CV techniques. This study has demon-
strated the viability of these electrochemical techniques of
characterization in the development of biosensors based on
biocomposites. By means of EIS technique, the optimal com-
position range of conductive phase and enzyme for the bio-
composite systembased on graphite-epoxy-AChE that is near
to a composition between 16% and 17% of graphite loading
with 0.12% AChE has been estimated.

In addition, it has been demonstrated that the optimal
composition allows constructing more robust amperometric
biosensors based on biocomposites.Moreover, they are useful
for applications that require more sensitive devices, with
optimized signal-to-noise ratio, in order to determine lower
analyte concentrations.

Regarding the inhibitors determination by indirect
method, the optimized biocomposite sensor allows achieving
lower pesticide concentrations, being these concentrations
lower than the achieved ones by the standard composition
electrode. Furthermore, the detection limits were lowest
compared to other biosensors reported in the literature. On
the other hand, in the analysis of spiked water samples with
pesticides (organophosphorus and carbamates), there were
no significant differences in the results obtained with the bio-
sensors with 16% and 17% graphite loading with 0.12%AChE.
In all the cases, the recovery percentage is around 100%.This
fact leads to the conclusion that the sample matrices did not
interfere with pesticide determination and thus they were
used for the analysis of spiked samples.

It is important to highlight that these electrochemical
characterization strategies allow optimizing both conductive
particles loading and biological material ratio present on the
(bio)sensors based on rigid (bio)composites. So, after these
results, it is possible to set amethodology for the composition
optimization in order to improve the biosensors electroana-
lytical properties.
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of the enzyme loading on the electrochemical parameters,
lineal voltammetry measurements, and the electroanalytical
evaluation with acetylthiocholine. Table S1: comparison of
the electrochemical parameters obtained by electrochemical
impedance spectroscopy (𝑅Ω, 𝑅ct, and 𝐶dl) for the biocom-
posites with 16% and 17% of graphite loading and 0.12% of
AChE and 0.24% of AChE. Figure S1: linear sweep voltamme-
try response to acetylthiocholine from 0 to 10mM in phos-
phate buffer solution (PBS 0.1M and pH = 7.0). Scan rate
10mV/s. Table S2: the calibration parameters for 20%, 17%,
and 16% of graphite biocomposite electrode with 0.12% of
AChE using amperometric measurements with acetylthio-
choline (ATCh) as analyte and PBS 0.1M at pH = 7.0 as back-
ground electrolyte (𝑎𝑛 = 3, 95% confidence level). Figure S2:
linear response for biosensors with (A) 16% and 17%of graph-
ite and (B) 20% of graphite loading. Measurements were car-
ried out in 0.1Mphosphate solution at pH=7.0 and 0.1MKCl.
EAPP = 700mV. (Supplementary Materials)
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[25] J. Muñoz, J. Bartroĺı, F. Céspedes, and M. Baeza, “Influence of
raw carbon nanotubes diameter for the optimization of the load
composition ratio in epoxy amperometric composite sensors,”
Journal of Materials Science, vol. 50, no. 2, pp. 652–661, 2014.

[26] M. Pacios,M. del Valle, J. Bartroli, andM. J. Esplandiu, “Electro-
chemical behavior of rigid carbon nanotube composite elec-
trodes,” Journal of Electroanalytical Chemistry, vol. 619-620, no.
1-2, pp. 117–124, 2008.

[27] M. J. Esplandiu, M. Pacios, L. Cyganek, J. Bartroli, and M. del
Valle, “Enhancing the electrochemical response of myoglobin
with carbon nanotube electrodes,” Nanotechnology, vol. 20, no.
35, Article ID 355502, 2009.
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Sepsis is a complex clinical syndrome that features excessive release of cytokines and other inflammatory mediators that could
lead to organ dysfunction. Despite different treatment and management options, sepsis associated high morbidity and mortality
rates remain. This has prompted intensive research into alternative therapeutic approaches such as targeted removal of sepsis
related molecules using extracorporeal hemoperfusion. In this study, we explore the use of graphene nanoplatelets (GNP) as low-
cost alternative hemosorbents for rapid removal of a broad spectrum of proinflammatory cytokine markers. Firstly, the physical
characteristics, cytotoxicity, and cytokine marker adsorption profile of GNP were assessed. The results not only confirmed the
surface characteristics of GNP and their ability to rapidly remove cytokine markers, but also indicated a low cytotoxicity towards
the hepatic cell line HepG2. GNP were then incorporated into a freestanding flexible GNP-poly(tetrafluoroethylene) film with
preserved surface characteristics and cytokine adsorption profile for potential use in hemoperfusion applications.

1. Introduction

Sepsis is a life-threatening condition caused by the body’s
disregulated host response to infection. Between 1993 and
2003, the number of hospitalizations for severe sepsis doubled
in the United States [1]. Sepsis is the primary cause of death
for children and infants [2, 3], and the number of incidences
was estimated at over 19million casesworldwide annually [4].
Sepsis conditions progress as a function of the cytokine cas-
cade, an exaggerated immune response to the incident infec-
tion [5]. Although the exact mechanism of sepsis remains
poorly understood, it is believed that high concentrations of
proinflammatory cytokines, such as IL-6, IL-8, and TNF-𝛼
contribute to the progression of sepsis in patients [6, 7].

Current sepsis treatment methods consist of treating the
underlying infection using broad spectrum antibiotics and
remediating hemodynamic changes through fluid resuscita-
tion [8]. Recently, the use of extracorporeal blood purification
has been investigated as an alternative approach to sepsis
treatment through the removal of substances linked to the
pathogenesis of sepsis. Endotoxins have been identified as
key substances in sepsis progression, and polymyxin B-
immobilized columns have been designed for the removal
of endotoxins through direct hemoperfusion [9]. Despite
the successful targeted removal of endotoxins from septic
patients, clinical trials have shown an inconclusive benefit
in the removal of endotoxins alone [10, 11]. The removal
of inflammatory cytokines has also attracted increasing
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Figure 1: Schematic diagrams showing (a) the layered, open structure of graphene nanoplatelets (GNP)which are suitable for broad spectrum
proinflammatory cytokine removal and (b) the use of PTFE, as a binder to produce the (c) freestanding flexible GNP-PTFE film with (d)
exposed GNP surfaces and PTFE holding the GNP (indicated by yellow arrow), indicating a potential route for use in (e) hemoperfusion.

attention as an option for sepsis treatment. Polymeric porous
adsorbents such as CytoSorb� (CytoSorbents Corporation,
USA) have been developed for target removal of molecules
between 10 and 50 kDa and have shown some success in both
animal studies and clinical case studies [12, 13]. Furthermore,
synthetic activated carbon (AC) is also an attractive adsor-
bent for hemoperfusion systems, as its inert character and
tunable porosity (e.g., mesomacroporous texture) allow for
optimal adsorption of proteins with different dimensions.
Recent work has utilized carbon in the form of AC [14],
carbide-derived carbons [15, 16], and polymer-pyrolyzed
carbon monoliths [17] for use in adsorbing overexpressed
cytokines and other toxins inherent in septic patients. These
amorphous and graphitic carbons rely on an internally
accessible surface area and entrapment of proteins by slit-
shaped pores for adsorption [18].

While the results of these previous investigations have
shown a viable proof-of-concept and efficient adsorption of
these cytokines, these adsorbents lack rapid kinetics due to a
complex adsorption model [14, 19]. More advanced synthetic
materials have a high manufacturing cost. Graphene
nanoplatelets (GNP) are a new, commercially available, low-
cost graphene material that consists of stacks of graphene
layers 1–5 nm in thickness and tunable lateral dimensions
ranging from submicron scale to over 100 𝜇m, as determined

by milling and processing [20]. GNP have an openly
accessible and large specific surface area (∼500m2/g) [21],
making them an ideal material for rapid protein adsorption
(Figure 1(a)). Typical GNP synthesis involves mechanical
exfoliation of expanded graphite prepared from natural
graphite [22, 23]. Previous report has tested the suitability of
expanded graphite materials with inert surface and abundant
macropores for large molecule adsorption and bacteriostatic
properties and, subsequently, demonstrated potential for
medical applications as wound dressings [24]. Owing to the
abundant supply and low price of the source natural graphite
material, GNP warrants further investigation as a potential
cost-effectivemedical adsorbent. In this paper, we explore the
use of noncytotoxic graphene nanoplatelets for rapid removal
of a broad spectrum of proinflammatory cytokines identified
as instigators of sepsis progression and the preparation of
a freestanding flexible GNP-poly(tetrafluoroethylene) film
(Figures 1(b) and 1(c)) with preserved surface (Figure 1(d))
and cytokine adsorption characteristics for practical use in
hemoperfusion applications (Figure 1(e)).

2. Materials and Methods

2.1.Material Synthesis. TheGNPused in this studywasGrade
C-500 xGnPTM obtained from XG Sciences© (Lansing, MI,
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USA). GNP was vacuum annealed (10−6 torr) at 1800∘C for
eight hours in a vacuum furnace (Solar Atmospheres, PA,
USA) to remove functional groups, graphitize the surface of
the GNP, and produce vacuum annealed GNP (VA-GNP).
VA-GNP-PTFE film was prepared by mixing defunction-
alized VA-GNP with PTFE (60% w/w in water) solution
(Sigma-Aldrich, US) in ethanol at a ratio of 19 : 1. Evaporation
of ethanol left a homogenous VA-GNP-PTFE dense slurry
which was rolled out into a cohesive, freestanding 100 𝜇m
thick film. The resulting film was then subjected to nitrogen
adsorption analysis and cytokine removal assessments to
establish its efficacy as a hemoadsorbent.

2.2. Material Characterization. GNP particle size was deter-
mined by dynamic light scattering (DLS) using Zetasizer
Nano ZS (Malvern, UK). High magnification images of
GNP were obtained using transmission electron microscopy
(TEM) (JEM2100, JEOL, Japan). The surface and internal
porous morphologies of GNP powder and GNP-PTFE film
were characterized by scanning electron microscopy (SEM)
(Zeiss Supra 50VP field-emission SEM, USA). Quadrasorb
pore size analyzer (Quantachrome, FL, USA) was used
to measure specific surface area and porosity by carrying
out N

2
adsorption-desorption measurements at 0.05–0.99

𝑃/𝑃
0
relative pressures at 77.4 K. The data was analyzed

using Quantachrome data analysis software (Quantachrome
QuadraWin� 5.1). The specific surface areas were calculated
using the Brunauer, Emmett, and Teller (BET) method while
the pore size distribution was estimated using quenched solid
density functional theory (QSDFT) modelling.

2.3. Biocompatibility Assessment. To ensure the safety of
GNP, its cytotoxicity was also assessed. The liver, as the main
organ for detoxification, has been reported to accumulate
nanoparticles after their injection in the bloodstream [25, 26].
A human hepatic epithelial cell line HepG2 (CRL-11997�,
ATCC�, VA, USA) was used for the assessment of GNP
cytotoxicity, with silver nanoparticles as a positive control due
to their widely reported cytotoxicity and hepatocytotoxicity
[27, 28]. HepG2 cell viability after treatments was determined
by comparing cellular 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) conversion using CellTiter 96�AqueousOne Solution
Cell Proliferation Assay (Promega, Southampton, UK), while
the material cytotoxicity was assessed through the level of
lactate dehydrogenase (LDH) released by the HepG2 cells
using CytoTox 96� Non-Radioactive Cytotoxicity Assay
(Promega, Southampton, UK).

2.4. Cytokine Adsorption Experiments. The cytokine marker
adsorption profile of GNP was first evaluated by incubating
10% v/v of GNP with fresh frozen human blood plasma
(Cambridge Bioscience Ltd., Cambridge, UK) spiked with
1 ng/mL IL-8, IL-1𝛽, IL-6, IL-10, and TNF-𝛼 (BD Biosciences,
UK) for 60 minutes. Concentrations of the selected cytokine
marker were determined using BD Cytometric Bead Array
(CBA) Human Inflammatory Cytokines Kit (BD Biosciences,
UK). The GNP-PTFE film adsorption kinetics of selected

cytokine markers IL-8, IL-6, and TNF-𝛼 was compared
with PTFE film and GNP powder. The selected cytokine
marker concentrations were measured by enzyme-linked
immunosorbent assay (ELISA) using BD Biosciences ELISA
set. Two-way ANOVA statistical analysis was performed
using Prism 6 version 6.05 (GraphPad Software, Inc.).

3. Results and Discussion

3.1. Material Morphology and Surface Characteristics. In the
untreated GNP samples, loose agglomerates of GNP can
be observed under SEM (Figure 2(a)). At a higher mag-
nification, SEM images revealed that these agglomerates
consisted of submicron size particles (Figure 2(b)). After
sonication in ethanol, smaller agglomerates of GNP and
single nanoplatelets were observed under TEM (Figure 2(c)),
revealing their multilayer-stacked graphene structure. Under
higher magnification, a single nanoplatelet can be observed
from a top-down perspective in TEM (Figure 2(c)). VA-GNP
showed a 2.7-fold decrease in specific surface area and pore
volume as compared to GNP. This was observed along with
a 3-fold increase in VA-GNP particle size as compared to
GNP determined by dynamic light scattering (DLS) analysis.
The decrease in surface area is caused by the restacking of
graphene planes during annealing [29]. However, increased
agglomeration of defunctionalized hydrophobic VA-GNP in
water is mainly responsible for the DLS-observed increase
in their particle sizes. SEM and TEM images revealed the
small particle size and tightly stacked layered structure of
the GNPwith high electron density between graphene layers,
preventing access of N

2
molecules to internal voids in the

material. The large BET surface area of the GNP is attributed
predominantly to its outer accessible surface area. When VA-
GNP was bound by PTFE (VA-GNP-PTFE) (Figure 2(d)),
the film showed a slight decrease in the adsorbed nitrogen
volume (Figure 3(a)) and micropore (<2 nm diameter pores)
volume (Figure 3(b)), while the shape of the isotherm and
the overall pore size distribution remained similar to the
VA-GNP. The specific surface area and micropore volume of
the VA-GNP-PTFE film remained as high as 210m2/g and
0.30 cm3/g, respectively, and only slightly lower than the VA-
GNP alone at 294m2/g and 0.39 cm3/g, respectively (Table 1).
This decrease in the specific surface area and micropore
volume measured by the nitrogen adsorption analysis could
be attributed to the addition of nonporous PTFEpolymer that
reduced the accessible VA-GNP surface to N

2
molecules.

3.2. Cytokine Markers Removal Profile of GNP. Following
materials characterization, cytokine adsorption efficacy of
the GNP-PTFE film was subsequently assessed. The cytokine
marker adsorption profile of GNP showed rapid and efficient
removal of cytokines from human plasma spiked with a
cytokine cocktail. The concentration of smaller cytokines
IL-8 (8 kDa) and IL-1𝛽 (17 kDa) in the spiked plasma was
reduced from over 1500 pg/mL to 20 pg/mL within 5 min-
utes of direct contact (Figure 4(a)). In comparison, GNP
removal of larger cytokine markers IL-10 (18.5 kDa) and IL-6
(20.5 kDa) by GNP appeared to be slightly slower. However,
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Figure 2: (a) SEM image of a GNP agglomerate; (b) higher magnification SEM image revealing submicron GNP particles; (c) TEM image of
a single GNP, indicating a single GNP particle consists of stacks of graphene layers; and (d) SEM image of the GNP-PTFE film in which GNP
particles were held together by PTFE (indicated by arrows).

Table 1: Porosity of GNP, VA-GNP, and VA-GNP-PTFE film determined using low temperature nitrogen adsorption analysis. Sample specific
surface area (𝑆BET) and pore volume (𝑉QSDFT)/size (𝐷mode) were calculated using BET and QSDFT, respectively. Equivalent particle diameter
(𝑑) was determined using dynamic light scattering.

Sample 𝑆BET (m
2/g) 𝑉QSDFT (cm

3/g) 𝐷mode (nm) 𝑑 (nm)
Initial GNP 797 0.807 0.785 547
VA-GNP 294 0.397 0.723 1670
VA-GNP-PTFE 210 0.301 0.852 --

even in these cases 60% and 50% removal, respectively,
were achieved within the first 5min of contact. The TNF-𝛼
trimer (51 kDa) is, reportedly, the most challenging molecule
to remove in conventional blood purification techniques
using carbon sorbents [30–32]. However, a reduction in the
plasma TNF-𝛼 concentration from 868 pg/mL to 55 pg/mL
after 5min contact with GNP indicated a rapid and efficient
removal of the TNF-𝛼 by GNP. The fast adsorption kinetics
can be attributed to direct contact with a completely acces-
sible surface area and minimal diffusion barriers to and on

the surface. These results demonstrated GNP’s potential for
broad spectrum cytokine removal.

3.3. Biocompatibility of GNP. The LDH and MTT cytotoxic-
ity assay results indicated that at lower tested concentrations
GNP caused no or minimal cytotoxic effect (<20% cytotoxi-
city and >80% cell viability) towards HepG2 cells, while the
silver nanoparticles were cytotoxic at concentrations as low
as 0.01% (v/v) (Figures 4(b) and 4(c)). HepG2 cell viability
fell below 60% after 0.06% GNP treatment, indicating a
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Figure 3: (a) Low temperature nitrogen adsorption isotherms (closed circles denote the adsorption branch and open circles denote the
desorption branch) and (b) pore size distributions of the GNP, VA-GNP, and VA-GNP-PTFE film.

suppression of metabolic activity (Figure 4(b)). The cyto-
toxicity of GNP determined using LDH assay appeared
to be dose-dependent and was significantly (𝑝 < 0.01)
lower than the silver nanoparticles at the same concentration
(Figure 4(c)). The slight cytotoxic effects of GNP at the
concentrations of 0.03% and 0.06% are likely attributed to
the large absolute volume of GNP in the two-dimensional
culture system, which blocked cellular access to vital oxygen
and nutrients.

3.4. Cytokine Markers Removal Efficiency of GNP-PTFE Film.
The adsorption data for cytokine markers IL-8 and IL-6 and
TNF-𝛼 revealed that the PTFE film alone did not reduce the
cytokine concentration in the spiked plasma compared to the
control within the 90min incubation cycle. In contrast, when
the spiked plasma was incubated with the GNP particles, IL-
8 concentration reduced from 633 pg/mL to 7 pg/mL within
5min. IL-6 decreased from 477 pg/mL to 22 pg/mL after
5min and further dropped to 8 pg/mL after 30min (Figures
5(a) and 5(b)). The VA-GNP-PTFE film showed a slower
and slightly less efficient adsorption of IL-8 from the spiked
plasma as compared to theGNP, butwith 95% removal of IL-8
over 90min of incubation (Figure 5(a)). A significantly lower
adsorption efficacy of IL-6was observedwithVA-GNP-PTFE
film as compared to the GNP particles, but VA-GNP-PTFE
film removed over 50% of IL-6 from the spiked plasma over
the 90min incubation period (Figure 5(b)). Incorporation of
GNP into the PTFE film reduced TNF-𝛼 removal compared
to the GNP particles alone (Figure 5(c)). This could be due
to the packing of GNP particles, which reduced the exposed
particle outer surface area. Alternatively, PTFE limited acces-
sibility between the particles and potentially contributed to
this effect. We have previously highlighted the need for pores
with diameters that exceed protein molecule size [33]. From
a practical perspective, this translated to meso-/macropores

in activated carbon adsorbents with predominant 70–120 nm
diameter pores as necessary for significant TNF-𝛼 adsorption
[17, 34, 35]. AlthoughGNPwith a similar specific surface area
did not feature such large pores, it still demonstrated superior
TNF-𝛼 adsorption, which was reduced after incorporation of
PTFE.This indicated the benefit of GNP’s large, outer surface
area and underscored the importance of accessible surface
just as much as the internal porosity of ACs. Overall, the
incorporation of GNP in the PTFE film largely preserved
the GNP surface for the adsorption of mid-range molecular
weight cytokine markers IL-6 and IL-8 and demonstrated
significantly lower removal capacity of plasma TNF-𝛼 as
compared to unbound GNP. Future experiments may further
improve GNP surface area exposure by preparing VA-GNP-
PTFE film with reduced thickness and thus improve TNF-
𝛼 adsorption. This development could yield significant cost
benefits to optimize and use GNP for sepsis in blood
detoxification devices.

Novel materials developed for direct blood contacting
applications often raise hemocompatibility concerns such
as fine particle release and blood cell activation. Several of
our previously published studies have demonstrated the safe
use of carbon-based materials for direct blood contacting
applications [34, 36, 37]. Our efforts have developed a
commercially viable composite material that utilized PTFE
not only to produce a flexible freestanding film structure,
but also to hold the GNP particles in place, eliminating
fine particle release. In addition to the noncytotoxic nature
of the GNP established in this study, further research that
delves into the assessments of material hemocompatibility
will be beneficial. In particular, future efforts must ensure
that the use of this cost-effective adsorbent does not trigger
complement cascade, excessive platelet adhesion/activation,
or granulocyte activation in ex vivo setups. The GNP-PTFE
adsorbent could also be used in the plasma circuit of systems
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Figure 4: (a)The removal efficiency of inflammatory cytokine markers in spiked human plasma samples; GNP cytotoxicity assessments after
24 hours of direct contact using (b) MTS and (c) LDH assays. ∗ represents 𝑝 < 0.05; ∗∗ represents 𝑝 < 0.01; ∗ ∗ ∗ represents 𝑝 < 0.001;
∗ ∗ ∗∗ represents 𝑝 < 0.0001 estimated using two-way ANOVA statistic test (±standard error of mean, 𝑛 = 3).

such as MARS� [38] or Prometheus� [39] where adsorbent
materials do not come into direct contact with patient blood
and, therefore, mitigate issues of blood cell activation and
hemocompatibility.

4. Conclusions

In summary, we have demonstrated the use of GNP as a
fast and very efficient adsorbent with low cytotoxicity for
rapid removal of proinflammatory cytokines including IL-
8, IL-1𝛽, IL-6, IL-10, and TNF-𝛼 from human plasma on
a clinically relevant scale. The material reported in this
study shows faster adsorption compared to all other carbons
reported so far, combined with a very high sorption capacity.

Furthermore, we also developed a flexible freestanding GNP-
PTFE composite material with high accessible surface area
for targeted adsorption of cytokines and showed its potential
as hemoperfusion adsorbent. Further development of these
graphene-based sorbents should aim to confirm their ex
vivo hemocompatibility. Subsequently, future research efforts
will enhance accessible surface area for improved adsorption
of the high molecular weight cytokines including TNF-
𝛼 and bring forth a cost-effective materials solution for
hemoperfusion systems for treatment of sepsis.
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Figure 5: Removal efficiency of inflammatory cytokine markers IL-8 (a), IL-6 (b), and TNF-𝛼 (c) from spiked human plasma sample of GNP,
VA-GNP-PTFE film, and plain PTFE film (±SEM, 𝑛 = 3).
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Biofilms are complex aggregation of cells that are embedded in EPSmatrix.Thesemicrocolonies are highly resistant to drugs and are
associated with various diseases. Biofilms have greatly affected the food safety by causing severe losses due to food contamination
and spoilage. Therefore, novel antibiofilm agents are needed. This study investigates the antibiofilm and protein binding activity
of zinc nanoparticles (ZnNPs) synthesized from leaf extract of Ochradenus baccatus. Standard physical techniques, including UV-
visible spectroscopy Fourier transform infrared spectroscopy and X-ray diffraction and transmission electron microscopy, were
used to characterize the synthesized OB-ZnNPs. Synthesized OB-ZnNPs demonstrated significant biofilm inhibition in human
and food-borne pathogens (Chromobacterium violaceum,Escherichia coli, P. aeruginosa,Klebsiella pneumoniae, Serratiamarcescens,
and Listeria monocytogenes) at subinhibitory concentrations. OB-ZnNPs significantly reduced the virulence factors like violacein,
prodigiosin, and alginate and impaired swarming migration and EPS production. OB-ZnNPs demonstrated efficient binding with
HSA protein and no change in their structure or stability was observed. In addition, in vivo toxicity evaluation confirmed that OB-
ZnNPs possessed no serious toxic effect even at higher doses. Moreover, they were found to have excellent antioxidant properties
that can be employed in the fields of food safety and medicine. Hence, it is envisaged that the OB-ZnNPs can be used as potential
nanomaterials to combat drug resistant bacterial infections and prevent contamination/spoilage of food.
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1. Introduction

Biofilms are a complex aggregation of bacteria that colonize
and are found embedded, in self-secreted exopolysaccha-
ride (EPS) matrix, which contains polysaccharides, proteins,
lipids, and nucleic acids. Biofilms aremore resistant to antibi-
otics as compared to their planktonic forms [1]. Apart from
making the inhabitants more resistant, biofilms also increase
retention of water and nutrients and absorption of nutrients,
protect against host immune responses, and facilitate hori-
zontal gene transfer. Biofilm inhabitants demonstrate mul-
ticellular behavior similar to higher multicellular organisms
[2]. Implications of biofilm formation inmedical field are well
known, as it is associated with various diseases, infections
caused by medical devices and nosocomial infections [3, 4].
Biofilms have also become problematic in the food indus-
tries, including brewing [5], seafood processing [6], dairy
processing [7], poultry processing [8], and meat processing
[9] leading to food safety issues by causing spoilage and con-
tamination of food and food contact materials. There is an
urgent need to find nontoxic, stable antibiofilm agents to
improve public health and minimize economic losses.

Advent of nanotechnology has made nanomaterials as
an effective alternative antimicrobial strategy to treat drug-
resistant infections [10]. Particles with less than 100 nm in size
are termed as nanoparticles (NPs) and their potent biocidal
properties are attributed to their small size and high surface-
to-volume ratio [11, 12]. In addition, stability of metal and
metal oxides than organic compounds make them better
antimicrobial agents [13, 14]. Among metal oxides, ZnO has
attracted attention as antibacterial agent and ZnO nanopar-
ticles (ZnO-NPs) are known to exhibit broad-spectrum anti-
bacterial activity and can reduce the attachment and viability
of microbes [15, 16]. Further, it is well established that the
nanoparticles, after entry into the host system interact with
biomolecules like proteins, lipids, and nucleic acids. There-
fore, the effects of NPs are combined actions of nanoparticle-
protein “corona” rather than nanoparticle alone [17]. There-
fore, understanding of protein NPs interaction is very impor-
tant for its future applications in medical and food indus-
try [18, 19] However, minimal work has been carried out
to synthesize nontoxic ZnO nanoparticles and study their
interactions with proteins and effects on biofilm formed by
human and foodborne pathogens.

Green synthesis of NPs using plants is preferred over
other chemical and physical methods as it is cost-effective,
ecofriendly, and safe for human therapeutic use [20] and
can be utilized for large-scale NPs synthesis [21]. ZnO nano-
particles (ZnONPs) from plants have been synthesized using
green chemistry approaches by several workers [22–24].

Ochradenus baccatus Del. belongs to family Resedaceae
and is widely distributed in South-West and central regions
of Saudi Arabia. O. baccatus (Del.) is a shrub and is
very important medicinally as it contains high contents of
antioxidants and anti-inflammatory agents [25]. Leaves of
Ochradenus baccatus have been used in the treatment of
microbial infections, diphtheria, ganglions, and allergies [26].

In this study, aqueous leaf extract ofOchradenus baccatus
was used as reducing, capping, and stabilizing agent for the

formation of zinc oxide nanoparticles (OB-ZnNPs). These
nanoparticles were investigated for their ability to inhibit
biofilm formed by bacterial pathogens. We also assessed its
effect on the production of virulence factors like exopolysac-
charide production, and motility associated with biofilm
formation in the test pathogens. Further, the biofabricated
OBZnNPs were examined for their protein (HSA) binding
and toxicity studies were also performed in vivo. In our
knowledge, this is probably the first report on the synthesis of
nontoxic zinc oxide nanoparticles from the leaves ofOchrade-
nus baccatus and characterization of their antibiofilm and
protein binding properties.

2. Material Methods

2.1. Bacterial Strains. The bacterial strains used in this
study included Chromobacterium violaceum ATCC 12472,
Escherichia coli ATCC 25922, P. aeruginosa PAO1, Klebsiella
pneumoniaeATCC 700603, SerratiamarcescensATCC 13880,
and Listeria monocytogenes (laboratory strain). All bacterial
strains were cultivated on Luria-Bertani (LB) medium and
maintained at 37∘C, except C. violaceum and S. marcescens,
for which the temperature was 30∘C.

2.2. Preparation of Ochradenus baccatus (OB) Seed Extract.
Ochradenus baccatus leaves were collected and washed sev-
eral timeswith distilledwater to remove the dust particles and
then sun-dried to remove the residual moisture. Leaf extract
was prepared by crushing leaves in a grinder and the resultant
powder (10 g) was homogenized completely in 50ml double-
distilledwater and incubatedwith constant stirring (100 rpm)
at 80∘C for 20min. The resultant mixture was then filtered
using Whatman filter papers No. 1 to remove debris. This
extract was used for generating green zinc nanoparticles.

2.3. Zinc Nanoparticle Synthesis. All the reagents involved
in the experiments were of analytical grade purity and
utilized as received without further purification. Zinc nitrate
(99.999%) was purchased from Sigma-Aldrich.The synthesis
was carried out in a domestic microwave oven (Samsung,
750W). We followed the method described by Al-Shabib et
al. (2016); briefly, 0.05M aqueous solution of zinc nitrate in
100ml distilledwater was prepared inwhich 10mlO. baccatus
leaf extract was added to obtain a mixture solution in a
round-bottom flask and then put into a domestic microwave
oven. Microwave irradiation proceeded at 100% power for
20min. After microwave processing, the solution was cooled
to room temperature. The resulting precipitate was separated
by centrifugation, then washed with deionized water and
absolute ethanol several times, and dried in an oven at 80∘C
for 24 h. Finally, the product was calcined at 800∘C for 2 h
[24].

2.4. UV-Visible Spectroscopy. The UV-visible spectral anal-
ysis was performed by using UV-Vis spectrophotometer
(UV5704S from Electronics, India Ltd.) for surface plasmon
resonance.The absorbance spectra was recorded in the range
of 250–800 nm at room temperature in 1 cm path length
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quartz cuvettes. Double distilled water was used as reference
to correct the background absorption.

2.5. X-Ray Diffraction. The XRD of synthesized OB-ZnNPs
nanoparticleswere obtainedusingMiniFlex II benchtopXRD
system (Rigaku Corporation, Tokyo, Japan). The diffraction
patternwas acquired by CuK𝛼 radiation (𝑘= 1.54 Å) at 30mA
current and operating at 40 kV. The angle of direction (2𝜃)
data was recorded in the range of 20∘–80∘. Average crystalline
size was calculated by Debye-Scherrer’s equation:

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
, (1)

where𝐷 is average crystal size of nanoparticle, 𝛽 is full width
at half maximum of the diffraction peak, 𝜆 is wavelength of
X-ray source used (1.54060 Å), and 𝐾 is constant of Debye-
Scherer equation with value ranging from 0.9 to 1.0 [27].

2.6. Fourier Transform Infrared Spectroscopy (FTIR). The
transmittance spectra recorded by placing the dried powder
of ZnO nanoparticles to spectroscopic grade KBr (mass ratio
of about 1 : 100). FTR analysis was performed onPerkin Elmer
FT-IR spectrometer Spectrum Two (Perkin Elmer Life and
Analytical Sciences, CT, USA) at 4 cm−1 resolutions in diffuse
reflectance mode in KBr pellets.

2.7. Scanning Electron Microscopy and EDX. Scanning elec-
tron micrographs of ZnO nanoparticles were obtained using
JSM 6510LV scanning electron microscope (JEOL, Tokyo, Ja-
pan) equipped with Oxford Instruments INCAx-sight EDAX
spectrometer to carry out analysis of constituting elements.
The electron beams were accelerated at 15 kV. Images were
obtained at 2500–35000x magnification.

2.8. Transmission Electron Microscopy (TEM). Transmission
electron microscopy was done using EOL 100/120 kV TEM
(JEOL, Tokyo, Japan). Aqueous suspension of ZnO nanopar-
ticles was made in double distilled water followed by soni-
cation at 30% amplitude for 15min. About 10 𝜇l of the sus-
pension was transferred to TEM grid for analysis and excess
amount of suspension was removed by soft filter paper. The
grid was then allowed to dry at 80∘ for 6 h. Imaging was done
at 200 kV in the magnification range of 300000–100000x
magnification.

2.9. Determination of Minimal Inhibitory Concentration
(MIC) of OB-ZnNPs. The MIC of OB-ZnNPs against each
test pathogen was determined by the method of Clinical and
Laboratory Standards Institute, USA with some modifica-
tions [28].

2.10. Violacein Inhibition Assay. Violacein production by C.
violaceum (CV12472) in presence of OB-ZnNPs was studied
using method of Blosser and Gray [29]. Briefly, CV12472
culture in the absence and presence of sub-MICs of OB-
ZnNPs was grown overnight. 1ml culture from each flask
was centrifuged at 13000×g for 10min and the pellet was

dissolved in 1ml DMSO. The solution was vortexed vigor-
ously for 30 seconds to completely solubilize violacein and
again centrifuged. Absorbance of the soluble violacein was
read at 585 nm using microplate reader (Thermo Scientific,
Multiskan Ex, India). Reduction in violacein production in
the presence of mango extracts was measured in terms of %
inhibition as [(ODof control−ODof treated)/ODof control]
× 100.

2.11. Alginate Inhibition in PAO1. Overnight culture of P.
aeruginosa (1%) was added to Luria-Bertani broth medium
supplemented with or without OB-ZnNPs (25–200𝜇g/ml)
and incubated overnight at 37∘Cunder shaking. After incuba-
tion alginate production was estimated as described by Gopu
et al. [30]. Briefly, 70 𝜇l of test sample was mixed with 600 𝜇l
of boric acid-sulphuric acid solution (4 : 1) in an ice bath.The
mixture was vortexed for 10 seconds and placed back again
in ice bath. 20𝜇l of 0.2% carbazole dissolved in ethanol was
added to the abovemixture and vortexed for 10 s.Themixture
was incubated for 30min at 55∘C and quantificationwas done
at 530 nm using a microplate reader.

2.12. Prodigiosin Inhibition in S. marcescens. Prodigiosin
production in S. marcescens was assayed using the method
of Morohoshi et al. [31]. Briefly, 1% of S. marcescens cells (0.4
OD at 600 nm) were inoculated into 2ml of fresh LBmedium
and incubated with and without sub-MICs of OB-ZnNPs
(25–100 𝜇g/ml). Late stationary phase cultures were collected
and centrifuged at 10,000 rpm for 10min. Prodigiosin from
the cell pellet was extracted with acidified ethanol solution
(4% 1M HCl in ethanol) and absorbance was read at 534 nm
using a UV-visible spectrophotometer.

2.13. Swarming Motility Assay. Swarming motility of the test
pathogens was determined by the method of Husain and
Ahmad [32]. Briefly, overnight cultures of test pathogens
were point inoculated at the center of the 0.5% Luria-Bertani
agar medium with or without sub-MICs of synthesized OB-
ZnNPs.

2.14. Extraction and Quantification of Exopolysaccharide
(EPS). Test pathogens (P. aeruginosa, E. coli, L. monocyto-
genes, S. marcescens, andC. violaceum) grown in the presence
and absence of sub-MICs of OB-ZnNPs were centrifuged and
supernatant was filtered. Three volumes of chilled ethanol
(100%) were added to the resultant supernatant and incu-
bated overnight at 4∘C to precipitate EPS [33]. EPS was then
quantified by measuring sugars following the method of
Dubois et al. [34].

2.15. Assay for Biofilm Inhibition. Polyvinyl chloridemicrotit-
er plate assay was adopted to study the effect of OB-ZnNPs
on biofilm formation of the test pathogens [35]. Briefly,
overnight cultures of test pathogens were resuspended in
fresh LB medium in the presence and the absence of OB-
ZnNPs and incubated at 30∘C for 24 h. The biofilms in the
microtiter plates were stained with a crystal violet solution
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and quantified by solubilizing the dye in ethanol and mea-
suring the absorbance at OD

470
.

2.16. Protein (HSA) Binding Studies with OB-ZnNPs

2.16.1. Binding of OB-ZnNPs to Human Serum Albumin:
Tryptophan Fluorescence Analysis. Tryptophan fluorescence
analysis of HSA in the absence and presence of NPs was
measured according to previously mentioned procedure [36,
37] with minor modifications. Briefly, intrinsic fluorescence
measurement of HSA (2𝜇M)was performed by titrationwith
NPs (0-1mg/ml) on a Jasco FP-750 fluorescence spectropho-
tometer at 25∘C.The excitation wavelength was set as 295 nm
and the emission spectra obtained were in the wavelength
range of 300–400 nm.The excitation and emission slit widths
were set as 5 nm. Respective blanks were subtracted; inner
filter contribution was minimal and was less than 3%.

2.16.2. Stability of HSA in the Presence of NPs: Circular Dichro-
ism Analysis. NPs induced secondary structural changes
in HSA were measured by circular dichroism (CD) spec-
troscopy technique. Far UV-CD spectra of HSA (0.2mg/ml)
in the absence and presence of various concentrations of
NPs (0.4 and 1mg/ml) were recorded [38]. The samples were
scanned from 200 to 250 nm three times, and the obtained
data was averaged.

2.16.3. Nanoparticles-HSA Interaction: Hydrophobicity Mea-
surement. 8-Anilinonaphthalene-1-sulfonic acid (ANS) is a
frequently used extrinsic fluorophore having the propensity
to interact with the exposed hydrophobic patches and is used
for the determination of surface hydrophobicity in proteins.
ANS fluorescence measurement of HSA (2 𝜇M) incubated in
the absence and presence of NPs (0-1mg/ml) was performed
on Jasco FP-750 spectrofluorometer. The excitation wave-
length for ANS fluorescencemeasurements was set at 380 nm
and emission spectra were recorded in the wavelength range
of 400–600 nm. Both excitation and emission slits were set
at 5 nm. Prior to measurements, aliquots were incubated at
room temperature with 50-fold molar excess of ANS for
30min in the dark [39].

2.17. Toxicity Studies

2.17.1. Animal Treatment Strategy. Twenty-four adult Swiss
albino male adult mice (48–50 g, 6 months old) were bought
from the central animal house, Department of Pharmacy,
King Saud University, Riyadh, KSA. They were kept and
treated under hygienic conditions maintained with 25 ± 5∘C
with 12 h day : night cycle as per the institutional guidelines.
The animals were acclimatized for 10 days before beginning
the treatment on standard pellet mice diet and fresh drinking
water ad libitum. All the animals were randomly divided into
four groups: control (normal without any treatment) named
CN−, control positive (CN+), and CCl4 treated (single dose
of 1mL/kg in liquid paraffin in ratio of 1 : 1 by volume).
The zinc nanoparticles were administered four times (once
a week) at the dose of 2mg/kg and 4mg/kg of body weight

denoted by OB-ZnNPs and OB-ZnNPs’, respectively. All the
doses were given by intraperitoneal mode using 1ml insulin
syringe. Carbon tetrachloride (CCl4), an established hepato-
toxicant, was chosen as positive control for liver damage [40].
In the present study, dose and the duration of treatment were
chosen to investigate if the nanoparticles induced any toxicity
in the animals after repeated dose or not. After the treatment,
all the animals were sacrificed on the same day under light
ether anesthesia. Their livers and blood (with anticoagulant)
were stored at −20∘C until analysis.

2.17.2. Preparation of Samples. The serum was collected after
centrifugation of blood samples at 1000×g for 10min. The
liver samples were homogenized separately at 3000×g in tris-
HCl buffer (pH 7.36, 0.1M) from which their supernatants
were collected for biochemical assays and estimations.

2.17.3. Assay of Superoxide Dismutase (SOD) and Reduced
Glutathione (GSH). The specific activity of SOD was assayed
by autoxidation of pyrogallol in tris-succinate buffer by the
method of S. Marklund and G. Marklund [41]. The level of
GSH was estimated by method of Jollow et al. [42] based on
DTNB reagent.

2.17.4. Estimation of Lipid Peroxidation. The lipid peroxida-
tion was estimated by the method of Buege and Aust [43]
involving the measurement of total malondialdehyde (MDA)
based on reaction with TCA and TBA.

Estimation of SGOT and SGPT as Liver Function Markers.
The activity of serum glutamate pyruvate transferase (SGPT)
and serum glutamate oxaloacetate transferase (GOT) in the
serum was assayed by commercially available estimation kits
(Linear or QCA, Spain).

2.18. Statistical Analysis. All microbiological studies were
performed in triplicate and the data obtained from exper-
iments were presented, as mean values, and the difference
between control and test was analysed using Student’s 𝑡-test.
All the data for the toxicity studies have been expressed
as mean ± standard error of mean (SEM) for 6 different
preparations in duplicate. Their statistical significance was
evaluated by one-way ANOVA followed by Tuckey’s method
based software (Graph Pad prism 5). The treatment and the
experiments were repeated twice to check the reproducibility
of the results.

3. Results and Discussion

3.1. UV-Visible Spectral Analysis. The reducing ability of
Ochradenus baccatus aqueous extract was evaluated for the
synthesis of Zn nanoparticles. The UV-visible spectra of
microwave assisted synthesis of ZnOnanoparticles are shown
in Figure 1(a).The colour of reactionmixture, that is, 10ml of
Ochradenus baccatus aqueous extract and 100ml of 0.05mM
zinc nitrate, was initially yellowish brown.When the reaction
mixture was allowed for radiation in microwave for 20min
at 100% power, the colour of solution changed to off-white.
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Figure 1: (a) UV-Vis absorption spectrum of ZnO nanoparticles Ochradenus baccatus leaf extract; (b) XRD patterns of ZnO nanoparticles
using Ochradenus baccatus leaf extract; (c) FT-IR spectrum of synthesized ZnO nanoparticles.

Change in colour and absorption spectra with 𝜆max at 385 nm
is considered as the preliminary characterization for synthesis
of ZnO nanoparticles which is due to the reduction of Zn2+
ions. Similar result has been reported for synthesis of ZnO
nanoparticles with characteristic peak around 372 nm [44].
ZnO nanoparticles synthesized for the leaf extract of Aloe
barbadensis showed the absorption maxima in the range of
358–375, due to surface plasmon resonance [22].

3.2. X-Ray Diffraction. The XRD analysis was carried out for
the determination of average article of ZnO nanoparticles.
Figure 1(b) shows the XRD pattern of synthesized ZnO
nanoparticles. XRD profile shows that the Bragg reflection
was found to be prominent at 2𝜃 values of 30.8∘, 33.5∘,
and 35.3∘ with intensity of 668.4, 516.6, and 950.7. The full-
width-at-half-maximum (FWHM) value at 35.3∘ was used for

particle’s size calculation.The average particle size was found
to be 16.02 nmwhich was determined using Debye-Scherrer’s
equation.

3.3. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
analysis was carried out to evaluate the presence of various
phytochemicals responsible for the synthesis as well as stabi-
lization of ZnO nanoparticles (Figure 1(c)). The appearance
of peak around 521 cm−1 is characteristic of hexagonal phase
vibrations of ZnO nanoparticles [4]. Broad peak approxi-
mately at 3441 cm−1 is attributed to the vibrations of -OH
group of phenols that might have acted as one of the capping
agents of ZnOnanoparticles [5]. Another transmittancemax-
ima around 1652 cm−1 were due to vibrations of primary am-
ide of proteins. A short peak at 1085 cm−1 might be due to
stretching of primary alcohols {R-CH

2
-OH (1∘)}. Thus, FTIR
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Table 1: Minimum inhibitory concentrations (MICs) of OB-ZnNPs against test pathogens.

Strains MIC of OB-ZnNPs (𝜇g/ml) Sub-MICs of OB-ZnNPs selected for assays (𝜇g/ml)
1/16 ×MIC 1/8 ×MIC 1/4 ×MIC 1/2 ×MIC

P. aeruginosa 400 25 50 100 200
E. coli 50 3.125 6.25 12.5 25
C. violaceum 200 12.5 25 50 100
K. pneumoniae 200 12.5 25 50 100
S. marcescens 100 6.25 12.5 25 50
L. monocytogenes 100 6.25 12.5 25 50

analysis indicates that various phytoconstituents present in
Ochradenus baccatus extract such as phenols, enzymes, pro-
teins, and alcohols would have been responsible for synthesis
and stabilization of ZnO nanoparticles. The capping of ZnO
nanoparticles by these phytochemicals resulted in formation
of protein corona that enhances its dispensability and ulti-
mately lowers the agglomeration rate in aqueous medium.
In addition to the above-mentioned phytocompounds, free
amino and carboxylic groups have also been reported for
their role in the stabilization of ZnO nanoparticles [22].

3.4. SEM and EDX Analysis. Scanning electron microscopy
is one of the most routinely used techniques for the identifi-
cation of shape of nanoparticles. Figures 2(a) and 2(b) show
the scanning electron micrograph (SEM) of ZnO nanopar-
ticles at 15000x and 35000x magnifications at 15 and 20 kV,
respectively. It is evident from the surface scanning that the
nanoparticles were predominantly found to be spherical and
oval in shape. Although the particle size is not determined
by SEM but it can be visualized that the nanoparticles are
<100 nm. Figure 2(c) shows EDXpattern inwhich the highest
elemental weight percent detected was of zinc with 62.0%.
From Figure 2(d), oxygen, carbon, and sulphur were found
to be 13.47, 23.37, and 1.16%, respectively. Nanoparticles with
similar morphology from Aloe barbadensis [22] and Nigella
sativa [24] have been reported.

3.5. Transmission Electron Microscopy. TEM images of
ZnO nanoparticles are illustrated in Figure 2(e) at 30000x
and 100000x magnification, respectively. The nanoparticle’s
micrograph shows that there was variation in shape and size
of nanoparticles.The two-dimensional geometry of nanopar-
ticles was found to be circular, elliptical, and somewhat
hexagonal or irregular. The particles size is less than 50 nm
and is consistent with the results of XRD.

3.6. Minimum Inhibitory Concentration. Minimum inhibi-
tory concentrations (MIC) of OB-ZnNPs were assessed for
all test pathogens and the results are summarized in Table 1.
Concentrations below MIC, that is, sub-MICs, were consid-
ered for all assays.

3.7. Violacein Inhibition Assay in C. violaceum 12472. The
result of the violacein assay is shown in Figure 3(a). The
sub-MICs of OB-ZnNPs exhibited concentration-dependent

inhibitory activity and all tested concentrations ofOB-ZnNPs
led to a statistically significant (𝑝 ≤ 0.05) reduction in
violacein production of C. violaceum compared to that of the
untreated control. Our findings on violacein inhibition are
in accordance with reports with silver nanowires [45] and
zinc oxide nanostructures synthesized from the seed extract
of Nigella sativa [24].

3.8. Inhibition of Alginate Production in P. aeruginosa PAO1.
Alginate is amajor constituent of the EPS of PAO1 biofilm; the
effect of sub-MICs of OB-ZnNPs was studied for its efficacy
to reduce the production of alginate. The obtained results
showed that the alginate production was reduced signi-
ficantly with increasing concentration of the synthesized zinc
nanoparticles. At concentrations ranging 25–200𝜇g/ml, OB-
ZnNPs inhibited alginate production by 34–74% in PAO1
(Figure 3(b)). The concentration-dependent inhibition of
alginate by sub-MICs of OB-ZnNPs depicted in Figure 3(b)
is an important finding as alginate confers resistance to the
pathogens against antimicrobial agents. Inhibition of algi-
nate production would reduce the rate of resistance among
bacteria and make them susceptible to the drugs. Previously,
mycofabricated biosilver nanoparticles have been shown to
inhibit alginate production in P. aeruginosa [46].

3.9. Effect on Prodigiosin Production of S. marcescens.
Dose-dependent decrease in the production of prodigiosin
by S. marcescens was recorded at the sub-MICs ranging
from 6.25–50 𝜇g/ml. Though the inhibition was statistically
insignificant at lower concentrations (6.25 and 12.5𝜇g/ml)
but at higher concentrations, that is, 25 and 50𝜇g/ml signif-
icant (𝑝 ≤ 0.05) reduction of 55 and 60%, respectively, was
recorded (Figure 3(c)). Prodigiosin is considered as a major
virulence factor of the S. marcescens and is quorum sensing
regulated [31]. Hence, inhibition of prodigiosin will reduce
the pathogenicity of S. marcescens. Prodigiosin inhibition is
previously reported with natural products [47] and bacterial
supernatant [48] but this is probably the first report on
zinc nanoparticle impairing prodigiosin production in S.
marcescens.

3.10. Biofilm Inhibition by OB-ZnNPs. In the present study,
subinhibitory concentrations (1/16 ×MIC-1/2 ×MIC) of OB-
ZnNPs were tested against biofilm formation of six human
and foodborne bacterial pathogens, namely, P. aeruginosa
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Figure 2: (a) and (b) show the SEM micrograph of ZnO nanoparticles at 15000x and 35000x magnifications, respectively; (c) and (d) show
EDX pattern; (e) TEMmicrograph of ZnO nanoparticles. Inset shows the corresponding HRTEM image of the synthesized nanoparticles.

PAO1, E. coli 25922, L. monocytogenes, K. pneumonia, S.
marcescens, and C. violaceum 12472. Figure 4 shows the rep-
resentative micrographs indicating that OB-ZnNPs inhibit
biofilm formation in all the test pathogens in a dose-
dependent manner. The data revealed 32, 52, 68, and 84% %
inhibition of biofilm in P. aeruginosa PAO1; 18, 28, 49, and
67% in E. coli 25922; 28, 41, 63, and 78% in L. monocytogenes;
16, 30, 52, and 70% in K. pneumoniae; 39, 57, 69, and 80% in
S. marcescens; and 24, 38, 54, and 64% in C. violaceum 12472,
as compared to untreated control (Figure 4).

Formationofbiofilmnotonly plays an important role in the
pathogenesis but also is responsible for food contamination

and spoilage. Biofilm development is often regulated by
signal-mediated quorum sensing phenomenon [49]. Cells
residing in biofilm are more than 1000 times more resis-
tant to their planktonic forms. Therefore, biofilm poses
a great threat to the current drug therapy. The result of
biofilm biomass assay in the current investigation indicated
reduced production of biofilm biomass in test pathogens
when treated with OB-ZnNPs (Figure 4). Our results are
agreement with previously published report of Kalishwaralal
et al. [50], wherein biologically synthesized Ag nanoparticle
(NPs) showed an antibiofilm activity against P. aeruginosa
and S. epidermis. In an another study, Al-Shabib et al. [24]
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Figure 3: Quantitative assessment of virulence factors in test pathogens at sub-MICs. (a) Violacein inhibition in CV12472 by sub-MICs of
OB-ZnNPs; (b) reduction in alginate production in P. aeruginosa PAO1; (c) reduction in prodigiosin production in S. marcescens. Data are
represented as percentage of inhibition. All of the data are presented as mean ± SD. ∗Significance at 𝑝 ≤ 0.05; ∗∗significance at 𝑝 ≤ 0.005;
∗∗∗significance at 𝑝 ≤ 0.001.

demonstrated broad-spectrum biofilm inhibition in P. aerug-
inosa PAO1, E. coli 25922, L. monocytogenes, andC. violaceum
12472 after treatment with sublethal doses of zinc nanostruc-
tures synthesized from the seed extract of Nigella sativa.

3.11. Inhibition of EPS and Swarming Motility. Exopolysac-
charides (EPS) maintain biofilm architecture and micro-
colony formation [51]. In addition, EPS acts as a protective
barrier and confers resistance to pathogens by preventing the
entry of antibiotics into bacterial cells [52]. Further, increased
EPS secretion means increased resistance to antimicrobials
due to altered biofilm architecture [53]. Hence, inhibition of
EPS production will expose biofilms cells and thus help in
the eradication of biofilm. Owing to this positive correlation
between biofilm formation and EPS production, an attempt
was made to assess the effect of OB-ZnNPs on EPS produc-
tion by test pathogens. EPS extracted fromOB-ZnNPs treated

and untreated cultures of test pathogens was spectrometri-
cally analysed. EPS production in all pathogens decreased
with increasing concentration of OB-ZnNPs (Figure 5(a)).
OB-ZnNPs at highest sub-MICs of 200, 50, 100, 200, and
50 𝜇g/ml exhibited 81, 69, 67, 59, and 68% decrease in EPS
production in P. aeruginosa PAO1, E. coli, L. monocytogenes,
K. pneumoniae, and S. marcescens, respectively. At lower con-
centrations also, significant reduction in EPS production was
recorded for all pathogens (Figure 5(a)). Hsueh et al. [54]
have observed 92% reduced production of EPS by P. aerugi-
nosa upon treatment with 100 ng/ml concentration of copper
oxide nanoparticles. LewisOscar et al. [55] also reported
significant reduction of EPS produced by zinc oxide nanopar-
ticle treated Bacillus subtilis strains.

Swarming motility of bacteria is also considered to be an
important virulence factor, as it helps to initiate the attach-
ment of bacterial cells to the surface [56]. Therefore, any
interference with the swarming motility is bound to effect
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Figure 5: (a) Quantitative analysis of EPS inhibition by sub-MICs of OB-ZnNPs. (b) Inhibition of swarming motility of bacterial pathogens.
Data are represented as percentage of inhibition over untreated control. All of the data are presented as mean ± SD. ∗Significance at 𝑝 ≤ 0.05;
∗∗significance at 𝑝 ≤ 0.005; ∗∗∗significance at 𝑝 ≤ 0.001.

the biofilm formation. The OB-ZnNPs induced reduction
in swarming migration of P. aeruginosa, E. coli, L. monocy-
togenes, K. pneumonia, S. marcescens, and C. violaceum is
shown in Figure 5(b). The test pathogens, P. aeruginosa, E.
coli, L. monocytogenes, K. pneumonia, S. marcescens, and C.
violaceum demonstrated 18–70%, 11–63%, 26–72%, 16–55%,
10–59%, and 14–72% reduction in swarming migration in
presence of sub-MICs (1/16 × MIC-1/2 × MIC) of OB-
ZnNPs (Figure S1). Results obtained in the present study are
comparable to the decrease in swarming motility reported in
recent studies for mycofabricated silver nanoparticles [46],

Ag nanoparticles synthesized from Sargassum polyphyllum
[57], and green zinc oxide nanostructures [24].

3.12. HSA Binding Studies. The quenching in Trp fluores-
cence of HSA has been widely used to determine the mech-
anism by which a ligand interacts with HSA. In the present
study, a progressive decrease in the fluorescence intensity
(85%) of HSA upon NP binding was observed. The results
suggested a perturbation in the microenvironment of Trp-
214 which became less hydrophobic due to the binding of NP
(Figure 6(a)).
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Figure 6: Binding studies of OB-ZnNPs with human serum albumin protein. (a) Tryptophan fluorescence analysis; (b) stability of HSA in the
presence of NPs: circular dichroism analysis; (c) hydrophobicity measurement.

A change in far UV-CD spectra is generally followed to
monitor any change in the secondary structure of the pro-
teins.The far-UV spectra ofHSA in the absence ofOB-ZnNPs
showed characteristic negative bands at 208 nm and 222 nm.
Upon binding at 0.4mg/ml concentration, a marginal
decrease in the far-UVCD spectra ofHSAwas observed, sug-
gesting a partial loss in the secondary structure ofHSA.How-
ever, as the concentration of NPwas increased to 1mg/ml, the
overall secondary structure of HSA also increased, thereby
indicating a gain in the stability of the protein (Figure 6(b)).
The imparted stability of the protein might be due to prefer-
ential exclusion of NPs from the surface of HSA. The results
clearly suggested that the stability of secondary structure
of HSA in the presence of OB-ZnNPs is concentration-
dependent.

ANSdye is commonly used tomap the hydrophobic patch-
es of a protein exposed to the solvent. The results indicate
that OB-ZnNPs binding to HSA induced amarginal decrease
in the overall hydrophobicity of the protein (Figure 6(c)).
These results are in good agreement with the results of Trp
fluorescence which suggested that the microenvironment of
Trp-214 became less hydrophobic upon NP binding.

3.13. In Vivo Toxicity Studies

3.13.1. Effect on Liver Function Tests (LFT). SGOT and SGPT
are chief markers for toxic burden on liver. In the present
study, SGOT was found elevated by 119.42% in the positive
control (CCl4 treated animals) as compared to the con-
trol. However, OB-ZnNPs and OB-ZnNPs’ groups showed
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Figure 7: In vivo toxicity studies with OB-ZnNPs. (a, b) Effect on liver function tests (LFT), serum glutamate pyruvate transferase (SGPT),
and serum glutamate oxaloacetate transferase (GOT) assay; (c) effect on MDA levels; (d) effect on antioxidant parameters.

increase in its activity by 10.14% and 18.91% with respect to
the control (Figure 7(a)).

SGPT activity enhanced in CN+ by 89.46% while it
increased inOB-ZnNPs andOB-ZnNPs’ groups by 3.32% and
5.62% and this is statistically insignificant as compared to the
control (Figure 7(b)).

3.13.2. Effect on MDA Levels. The CN+ group demonstrated
elevation in MDA level by staggering 221.35% while OB-
ZnNPs and OB-ZnNPs’ showed merely 2.2% and 9.15% in-
crease as compared to the control, CN−, group (Figure 7(c)).

3.13.3. Effect on Antioxidant Parameters. In the present study,
SOD and GSH were chosen as antioxidant markers to assess
stress level in the animals after the treatment with test nano-
particles. The CN+ group showed compromise by 66.35%
and 64.34% in the activity of SOD and the level of GSH,
respectively. OB-ZnNPs and OB-ZnNPs’ groups exhibited
decrease in SODactivity by 1.80%and 8.30%whileGSH levels
declined by 7.60% and 15.12% as compared to the control.
This reduction was found to be statistically insignificant
(Figure 7(d)).

In the present study, we were interested to know if the
newly synthesized zinc oxide nanoparticles pose any toxic
insults in vivo or to check its suitability for usage as drug

or drug adjuvant. For this we chose CCl
4
as positive control

which is an established hepatotoxicant in many previous
investigations [58, 59]. From the in vivo results, it is evident
that CCl4 caused severe toxicity in the parameters to assess
liver health status based on significantly enhanced LFTs and
MDA level concomitant with highly compromised activity
of SOD and GSH. As compared to CCl4, both experimental
groups, OB-ZnNPs and OB-ZnNPs’, showed minor toxicity
in vivo (Figure S2).

LFTs and MDA levels in the OB-ZnNPs and OB-ZnNPs’
groups were slightly elevated while GSH level and SOD activ-
ity were quite comparable to the control (CN−). However,
the minor toxicity was observed in OB-ZnNPs’ group as the
dose of nanoparticles was higher than that in OB-ZnNPs
group. Interestingly, OB-ZnNPs group showed all the toxicity
assessing parameters quite comparable to CN−. It entails that
the dose of 2mg/kg of the nanoparticles is well tolerated in
the rodent system. It also suggests that the particles at this
dose can be used as adjuvant with established or new drugs.

It is well established that zinc is an important trace
element for all biological systems as it is involved in various
biochemical and metabolic functions including copper zinc
superoxide dismutase, digestion and absorption of food,
hormonal homeostasis, immunity, general growth, anddevel-
opment [40, 60]. In the present work, it seems that the green
synthesized nanoparticles improve SOD activity and assist in
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absorption and digestion of the food in the treated animals.
That might also improve the GSH level. Our study is well
supported by earlierwork done byChoi et al. [61]who showed
that the zinc nanoparticles are quite tolerable at higher doses
in animals. These particles hence possessed no serious toxic
effect at the dose 2mg/kg and can be used in further animal
model studies for the improvement of established drugs.
However, further studies are required to know the exact
mechanism of action of these particles.

The findings of the current investigation highlight the
broad-spectrum antibiofilm and antivirulence properties of
synthesized OB-ZnNPs against human and food-borne bac-
terial pathogens. Efficient binding with HSA protein without
changing the structure and stability augurs well for future
use. Moreover, the nontoxic nature of these biofilm inhibit-
ing nanoparticles present a possibility for use as potential
nanomaterials to combat drug resistant bacterial infections
and prevent contamination/spoilage of food. Exactmolecular
mechanism of action for these nanoparticles still needs to be
unearthed.
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Bacterial cellulose (BC) and poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels are both considered as biocompatible
materials with potential use in various biomedical applications including cartilage, cardiovascular stent, and soft tissue engineering.
In this work, the “ever-wet” process based on in situ UV radical polymerization of HEMA monomer in BC nanofibrous structure
impregnated with HEMA was used, and a series of BC-PHEMA composites was prepared. The composite structures were
characterized by ATR FT-IR spectroscopy, WAXD, SEM, and TEM techniques. The strategy of using densified BC material of
various cellulose fiber contents was applied to improvemechanical properties.Themechanical properties were tested under tensile,
dynamic shear, and relaxation modes. The final composites contained 1 to 20wt% of BC; the effect of the reinforcement degree on
morphology, swelling capacity, and mechanical properties was investigated. The biocompatibility test of BC-PHEMA composites
was performed using mouse mesenchymal stem cells.

1. Introduction

Bacterial cellulose (BC) has gained considerable attention in
recent years because of its unique structure and properties.
BC is produced by bacteria Gluconacetobacter xylinus in
the form of tree-dimensional network of nanosized fibrils
(fiber diameter 20–100 nm). The remarkable features of BC,
which set it apart from common plant cellulose, are the very
high purity, high crystallinity (80–90%), high water holding
capacity (99% water), and good mechanical stability [1, 2].
Moreover, the possibility of direct control of the biosynthesis
process in terms of final structure and shape together with
inherent biocompatibility and nontoxicity of BC makes this
biopolymer a promising candidate for various biomedical
applications such as wound dressings, artificial skin, scaffolds
for tissue engineering, and soft tissue replacement [3–9].

A number of researchers focused on preparation of
mechanically enhanced BC composites [10] as the scaffolds

fabricated directly frompure BC showmechanical anisotropy
with a high tensile modulus (𝐸 = 2.9MPa) along the fib-
ril layer direction but a low compression modulus (𝐸 =
0.007MPa) perpendicular to the stratified direction [11]. BC
composites have been prepared by addition of reinforcing
agents during the BC biosynthesis (e.g., using silica [12],
titania [13], or silver [14] nanoparticles as fillers), by blend-
ing of BC with various polymers (e.g., with chitosan [15],
polyvinyl alcohol [16, 17], or acrylic resin [18]) or by in situ
polymerization of monomers within the BC network (e.g.,
(meth)acrylates [19–23] or (meth)acrylamides [24–26]).

In our previous work [21] we have demonstrated a suc-
cessful preparation of various BC-methacrylate composites
by UV radical crosslinking polymerization of monomer/
crosslinker mixtures by the “ever-wet” process by impreg-
nating the BC nanofibrous structures with the monomers
(2-hydroxyethyl methacrylate, glycerol monomethacrylate,
and/or 2-ethoxyethyl methacrylate). We have shown that the
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final properties of the composites, especially the swelling and
mechanical properties, can be adjusted in a relatively wide
range of values. The properties of such composites were con-
trolled by the chemical composition of the hydrogel matrix
(i.e., by monomer ratio, crosslink density, or diluent concen-
tration) while keeping the BC content at the level of 1 wt%.
Other authors [19, 27, 28] studied BC composites of different
BC content and showed that mechanical improvement can
be achieved, so that these densified BC scaffolds almost
approached the mechanical requirements of the native tissue.

The objective of this work was the preparation of
mechanically enhanced BC-methacrylate composites, where
the final properties will be mainly adjusted by the degree
of reinforcement, that is, by the BC content in composites.
As a suitable monomer for hydrogel matrix, 2-hydroxyethyl
methacrylate (HEMA) was chosen because HEMA hydro-
gels are nontoxic and biocompatible with longtime and
widespread use in the biomedical applications such as contact
lenses, intraocular lenses, or implants for tissue engineering
[29]. Therefore, combined with BC the high attractiveness
in the field of biomaterials is ensured. The high-modulus
and strength composites described here are considered for
candidates for cartilage, stent, and certain wound-dressing
materials. The PHEMA-based ointment has been commer-
cialized (HEMAGEL�) as a successful wound-healing and
eczema-healing material [30].

The BC-PHEMA composites studied here were prepared
by UV radical polymerization using “ever-wet” process. The
amount of water present in the BC sheets was adjusted
mechanically, and water was subsequently replaced by the
monomer mixture. In this way, the BC/PHEMA ratio in
the composite was controlled. The composite materials were
characterized by swelling; morphology; mechanical proper-
ties in tensile, shear, and relaxation modes; biocompatibility.

2. Materials and Methods

2.1. Chemicals and Materials. 2-Hydroxyethyl methacrylate
(HEMA) (RoehmGmbH), ethylene dimethacrylate (EDMA)
(Aldrich), and Darocur� 1173 (2-hydroxy-2-methylpropio-
phenone) were supplied by Sigma-Aldrich (Czech Republic)
and used as received. Phosphate buffered saline (PBS, pH 7.4)
was prepared from tablets (Sigma-Aldrich, Czech Republic).
Cell culture Dulbecco’s modified Eagle medium (DMEM)
and AlamarBlue Assay were purchased from ThermoFisher
Scientific (Czech Republic), 24-well plates fromTPP (Techno
Plat Product, iBioTech, Czech Republic), and biopsy punch
Stiefel from Servoprax (Wesel, Germany). Mouse mesenchy-
mal stem cells were kindly provided by Dr. Jendelova
(Institute of Experimental Medicine AS CR, Prague, Czech
Republic).

2.2. Preparation of BC. A corn steep liquor medium was
used for cultivation of precultures and bacterial cellulose
production as described elsewhere [31]. Precultures of A.
xylinum subsp. sucrofermentans, BRP2001, trade number 700
178�, purchased from the American Type Culture Collection
(LGC Promochem AB, Borås, Sweden), were prepared as
described by Bodin and coworkers [31]. Bacteria preculture

suspension (2.5ml, cell density 3.7–10 cfu/ml) was added to
each glass bioreactor, and reactors were then put into an
incubator at 30∘C and cultivated for 7 days. Fermented BC
sheets were removed from bioreactors and purified using
0.1M NaOH at 60∘C and then rinsed with distilled water.

The BC sheets of the original cellulose content of 1 wt%
were compressed to obtain BC material with increased
cellulose content of 5, 10, and 20wt%, using the protocol
described elsewhere [9].

2.3. Preparation of BC-PHEMAComposites. TheBC-PHEMA
composites were prepared by crosslinking radical polymer-
ization of mixture impregnated into the BC nanofibrous
network.We followed the methods described in our previous
work [21].Thepolymerizationmixture consisted ofmonomer
(HEMA), crosslinker (EDMA, 0.7 wt% relative tomonomer),
UV initiator (Darocur, 0.5 wt% relative to monomer), and
diluent (water). The water present in BC sheet was included
into the overall calculation of diluent amount to keep the
monomer/diluent (HEMA/water) ratio constant at 60/40.

BC sheets in the form of discs 8 cm in diameter were
immersed into the polymerization mixtures, bubbled with
nitrogen for 10min, and left for 24 h at room temperature
under shaking to allow the liquid interchange. To obtain
samples with defined BC content, the sheets were examined
gravimetrically; the excess of monomermixture was expelled
to obtain the same sheet weight as before immersion.

The sheets were placed on a glass plate and confined
with a silicone rubber frame of 1.0mm thickness, covered
with a polypropylene plate, and firmly closed with screw
clamps into the mold. The polymerization was carried out by
illumination with a UV lamp ReptiGlo 8.0 (60W) for 20min.
The obtained composites were washed in distilled water for
five days (water was changed twice per day) to acquire an
equilibrium swollen state. During the swelling, unreacted
residues present in samples after the polymerization were
washed out. The washing efficiency was checked by UV
spectroscopy.The values of absorbance of the aqueous extract
after 5 days were below the detection limit.The neat PHEMA
hydrogelmatrixwas prepared under the samepolymerization
conditions as the BC-PHEMA composites.

2.4. Characterization of BC-PHEMA Composites. The equi-
libriumwater content (EWC)was determined usingweighing
method. Specimens (1 × 1 cm approx.) were cut from each
equilibrium swollen material at room temperature. Excess
surface liquid was gently blotted with tissue paper, and the
samples were weighed (𝑚sw), then dried in free air at room
temperature for 1 day, and finally dried under vacuum at
elevated temperature (30 Pa at 100∘C) to constant weight
(𝑚dry).TheEWC is defined as EWC = 100×(𝑚sw−𝑚dry)/𝑚sw.
The resulting EWC is expressed as the average of at least six
values (three values of at least two independently prepared
materials of the same composition)± standard deviation (𝑛 =
6).

ATR FT-IR spectra were measured on a Perkin-Elmer
PARAGON 1000PC spectrometer equipped with Specac
MKII Golden Gate Single Reflection ATR System with
diamond crystal (angle of incidence 45∘). Wide-angle X-ray
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Figure 1: Schematic sketch of cut specimens and the direction of applied mechanical stresses in (a) static tensile and (b) dynamic shear
measurements.

diffraction (XRD) patterns were obtained using high resolu-
tion diffractometer Explorer (GNR Analytical Instruments,
Italy). Instrument was equipped with one-dimensional sili-
con strip detector Mythen 1K (Dectris, Switzerland). Samples
were measured in reflection mode. The radiation CuK𝛼
(wavelength 𝜆 = 1.54 Å) monochromatized by Ni foil (𝛽
filter) was used for diffraction. The measurement was done
in range 2𝜃 = 8–30∘ with step 0.1∘. Exposure time at each
step was 10 seconds. Peak deconvolution procedure was
made using the SASfit software [32]. The peak positions
were employed to obtain periodicities and distinguish various
phases according to Bragg’s law, 𝑑 = 𝜆/2 sin 𝜃, where 𝜆 is the
X-ray wavelength and 2𝜃 is the scattering angle.

2.5. Morphology. Scanning electron microscopy (SEM) was
carried out with a SEM microscope Quanta 200 FEG (FEI,
Czech Republic). Samples in dry state were fractured in
liquid nitrogen (in order to avoid plastic deformations during
fracture) perpendicularly to the stratified structure of BC.The
fractured surfaces were sputtered with 4 nm thin platinum
layer (vacuum sputter coater SCD 050, Leica). Samples were
observed in the SEM microscope using secondary electrons
detector either at medium accelerating voltage of 15 kV in
low-vacuum (80 Pa) or at low accelerating voltage of 5 kV in
high vacuum (10−3 Pa).

Transmission electronmicroscopy (TEM) wasmade with
a TEM microscope Tecnai G2 Spirit (FEI, Czech Republic).
The ultrathin sections (40 nm) of the investigated samples
were cut with ultramicrotome (Ultrotome III, LKB) at room
temperature. The sections were transferred to the TEM
microscope and observed at 120 kV using bright field imag-
ing.

2.6. Mechanical Properties. The uniaxial extension test was
done using the Instron 5800 with a crosshead speed of
10mm/min until failure. The dumbbell-shaped samples of
width of 2mm and thickness of 1mm (ISO527-2/5B) were
measured in their water-swollen state at room temperature.

The tests were carried out in the direction parallel to the strat-
ifiedBC layers embedded in the hydrogelmatrix (Figure 1(a)).
The standard deviations of tensile strength (𝜎𝑏), elongation at
break (𝜀𝑏), and Young modulus (𝐸) average were below 10%.

The dynamic mechanical properties were character-
ized using the oscillation-shear rheometer Gemini HR
Nano (Malvern/Bohlin) and the plate-plate geometry. The
cylindrical-shaped samples (12.7mm in diameter) were fixed
between two parallel metal plates and measured in their
equilibrium swollen state in water using a solvent chamber
at 25∘C. The shear was introduced in the direction parallel
to the stratified BC layers embedded in the hydrogel matrix
(Figure 1(b)).The shearmoduli (𝐺 and𝐺) were determined
in the frequency range 0.01–100Hz. The measurements were
done in the experimentally determined linear-viscoelastic
limit of deformations below 0.05% strain.

The relaxation measurements were performed in both
tensile and shear modes. The equilibrium swollen samples
were strained to 0.05% and held for 3 h (shearmeasurements)
or to 5% and held for 10min (tensile measurements).

2.7. Biocompatibility Test. For biocompatibility test, equilib-
rium water-swollen samples were cut by biopsy punch 4mm
in diameter, and cut discs were sterilized under UV light
for 30min. Mouse mesenchymal stem cells (rMSCs) were
resuspended in fresh DMEM and seeded in the 24-well
plates at a density of 5 × 104 cells/well. The insert (porosity
0.45mm, translucent PET membrane, Becton Dickenson,
Czech Republic) with sample disc in 0.5ml of media was
added above the cells. The cells were cultivated for 72 h.
The evaluation of growth and viability of cells was done by
AlamarBlue Assay. The insert with sample was discarded,
and AlamarBlue reagent was added to the medium with cells
and incubated for 4 h at 37∘C.The viable/metabolically active
cells reduced the active component of AlamarBlue reagent
resazurin to resorufin, whose fluorescence was detected
in a plate reader Synergy Neo (BioTek, Czech Republic)
using excitation at 570 nm and emission at 60 nm. The
fluorescence intensity directly correlates with the number of
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Table 1: Specification and equilibrium swelling of BC-PHEMA composites.

Material code BC content [wt%] Equilibrium water content [%]
Initiala Finalb EWC-1c EWC-2d

M - - 40.6 ± 0.1 40.7 ± 0.1
C1 1 2 40.0 ± 0.3 40.1 ± 0.2
C5 5 8 39.8 ± 0.3 39.7 ± 0.3
C10 10 16 39.9 ± 0.6 39.8 ± 0.5
C20 20 30 39.5 ± 0.1 39.6 ± 0.3
aBC content in the initial water-swollen BC; bBC content in composite in dry state; cEWC determined after preparation of composite prior to drying; dEWC
determined after drying of composite and its reswelling in water.

growing/viable cells. The acquired fluorescence was recal-
culated using a calibration curve to determine absolute
number of viable cells under the sample. For calibration
curve, 24-well plates were seeded with various numbers
of cells, and the fluorescence of metabolized component
resorufin was measured. Then, the cells were washed with
PBS and incubated in 0.2mL of trypsin solution (0.05%
trypsin, 0.5mM EDTA in PBS) at 37∘C for 5–10min. The
trypsin was deactivated by addition of 0.2ml of media. The
cells were pipetted out from the well, transferred into the
Eppendorf vial, and centrifuged for 3 minutes at 1200 rpm
at room temperature. The deactivated trypsin solution was
then aspirated, and the pellet fraction (composed of cell and
gel debris) was resuspended in 30𝜇L of the PBS. The Bürker
chamber was used to determine the number of cells per
1mL of solution. To determine the number of viable cells,
the 0.2% Trypan blue and lethal dyes were added in a 1 : 1
ratio.The numbers of viable cells were added to graph against
fluorescent intensities, which gave us calibration curve and
equation for the calculation of cell number growing under
the insert with samples adequate to their fluorescent intensity.
Each sample was conducted in triplicate, and the average
values and their standard deviations were calculated.

The morphologies of cell growth under the insert with
the samples and cell growth without sample (control) were
visualized after 72 h of growth using theOlympusmicroscope
equipped with camera Infinity 2 and FV10-ASW viewer
software (Olympus, Japan). The images were evaluated using
Quick photo 3.0 software.

3. Results and Discussion

3.1. Preparation of BC-PHEMA Composites. In our previous
study [21], we demonstrated that by the combination of
hydrophilic and hydrophobic monomers, it was possible to
obtain composites having properties in awide range of values.
To achieve high level of compressionmodulus (6–8MPa) and
strength, addition of hydrophobic monomer (2-ethoxyethyl
methacrylate) to hydrophilic major monomer was necessary.
However, low swelling (2% of water) renders biomedical
application of such composite material difficult. Using softer
gels (e.g., based on HEMA monomer), an acceptable com-
promise between mechanical properties and swelling can be
achieved. Here, we show that much stronger BC composites

of a wide application range can be obtained by varying the
BC content in the PHEMA matrix. As starting materials, BC
gels with 99, 95, 90, and 80% of water were used (see Table 1,
column “BC Content Initial”). If water present initially in the
BC is completely replaced by the polymerizationmixture, the
BC content in the dry composite ranged from2 to 30wt% (see
Table 1, column “BC Content Final”).

The character of the samples is shown at Figure 2. The
BC-PHEMA composites were considerably more translucent
than the pure BC, but still slightly opaque compared to neat
PHEMA hydrogel matrix.

Figure 3 shows the ATR-IR spectra of pure BC, PHEMA
matrix, and BC-PHEMA composites of various BC contents.
The successful polymerization of HEMA monomer impreg-
nated into the nanofibrous BC structure was confirmed by
the appearance of peaks typical for methacrylate polymers
at around 1720 cm−1 (carbonyl ester group), 1456 cm−1, and
750 cm−1 (CH2 group) and absence of the peak at 1630
attributed to the monomer. Comparing the spectra of com-
posites, the intensity of peaks corresponding to PHEMA
decreased with increased BC content. The presence of BC
is demonstrated by the appearance of the peak at 1110 cm−1
corresponding to -C-O-C- vibration within the glucose ring
which is evident in the spectra of both BC and composites.
Finally, in all spectra the characteristic O-H group stretching
peaks at 3350 cm−1 were detected as a contribution of both
PHEMA and BC component.

The crystallinity character of the materials was examined
by XRD, and the diffractograms are shown in Figure 4. For
pure BC the main diffraction peaks are apparent at 2𝜃 14.5,
16.7, and 22.6∘, while PHEMAmatrix (M) is characterized by
a broad peak centered at around 2𝜃 18.5∘ as typical for fully
amorphous material. All BC-PHEMA composites exhibit the
diffraction profiles very similar to that of pure BC regardless
on BC content (therefore, only data for composites C5 and
C10 are presented).

The equilibrium water content (EWC) of all prepared
materials is given in Table 1. Only a slight decrease in swelling
is observed when comparing hydrogel matrix (M) and com-
posite materials (marked as C with number corresponding
to initial BC content). The EWC of composites are nearly
the same with no obvious dependence on the BC content.
Presumably, PHEMA matrix is a major determinant of the
final EWC of the composites materials, irrespectively of the
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Figure 2: Photographs of water-swollen BC (90% H
2
O) (a), PHEMA hydrogel matrix swollen in water (b), BC-PHEMA composite C10 in

dry (c) and swollen state (d).

BC content in the matrix. The composites as well as PHEMA
matrix swelled reversibly after drying; compare the EWC-
1 and EWC-2 values in Table 1. The formation of PHEMA
matrix within BC nanofibrous network prevents the collapse
of the BC structure and provides thematerials with repeatable
ability to swell. This is a favorable feature of the material
enabling the storage of composites in the dry form to ensure
easier sterility.

3.2. Morphology. The morphology of BC-PHEMA compos-
ites was examined by SEM. Figures 5(a)–5(c) illustrate the
structure of the composites varying in BC content. The
micrographs show darker PHEMA matrix background with
light BC nanofibers protruding to the surface. There are
no apparent fibers in the structure, but only white dots
distributed in the hydrogel matrix, whose number increases
with the increasing BC content in the matrix. To prove
that the “light dots” represent the BC fibers, we specially
prepared hybrid sample of a two-layer structure.TheBC sheet
swollen in the polymerization mixture was polymerized “in
air” contrary to the standard preparation of the composite

which is carried out in closed mold. Oxygen present in
polymerization mixture acts as an inhibitor of the radical
polymerization and causes that polymerization not to be
complete in the surface layer, and therefore no compact
hydrogel matrix is formed as in the inner layers of the
composites. The structure of such a sample is shown in
Figure 5(d); the lower part of the image represents a surface
layer of the sample with the partially preserved BC fiber
structure and the upper part of the image shows the structure
of the inner layer. This is consistent with the structures of the
composites C5–C20. It can be concluded that the light dots
really do represent BC fibers, where individual BC nanofibers
are well wrapped by the PHEMAand are uniformly dispersed
in compact hydrogel matrix.The homogenous distribution of
the BC fibers within the hydrogel matrix without noticeable
aggregates formation is also clearly seen in TEM images of
sample cross-section showing lighter PHEMA matrix with
darker spots or fibers of BC (Figure 6).The results obtained by
the morphological analysis confirm successful impregnation
of BC nanofibrous network by HEMA monomer and in
particular the excellent compatibility between the BC and
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Figure 3: IR spectra of BC, PHEMA hydrogel matrix (M), and CB-
PHEMA composites (C1, C5, C10, and C20).

PHEMAmatrix with strong interfacial adhesion arising from
the presence of hydroxyl groups in both materials.

3.3. Mechanical Properties

Static Tensile Properties. Measurements in uniaxial tension
were performed for PHEMA hydrogel matrix M and BC-
PHEMA composite C10 (Figure 7). The shapes of both
curves are characteristic for viscoelastic materials that do not
exhibit linear stress/strain behavior at low deformations. The
difference in stress (Young modulus) is enormous (see the
insert in Figure 7).

The mechanical parameters are presented in Table 2
together with those for pure BC [11]. The introduction of
BC fibers improved the strength and stiffness of PHEMA
and BC significantly. Taking the composite C10, the tensile
strength increased by a factor of 80 and 10, respectively,
compared to hydrogel matrix and BC; for Young modulus,
𝐸, the factors were 120 and 40, respectively. The elongation
at break decreased only by a factor of 2 compared to the
hydrogel matrix and was even slightly higher than that of
the parent BC. Such improvement in mechanical properties
for hydrogel composites is not associated with a change in
swelling, because EWC values are practically the same com-
pared with PHEMA matrix (see Table 1). The considerable
reinforcement by incorporation of BC into PHEMAmatrix is
apparently caused by good wetting of BC fibers with HEMA
and their good adhesion to the matrix. The strength and
modulus are almost of an order of magnitude better than that
for interpenetrating polymer networks or fiber-reinforced
hydrogels [33], but the latter contain much more water. The
compact structure with good interfacial adhesion between
matrix and BC fibers was also proved by electronmicroscopy.

Table 2: Mechanical properties of hydrogels.

Material code
Extension Oscillatory shearc

𝜎𝑏 𝜀𝑏 𝐸 𝐺 𝐺

(MPa) (%) (MPa) (kPa) (kPa)
BC 2.2a 21.0a 2.9a 0.63 0.07
M 0.3 51.4 1.0 117 16
C1 8.7 38.7 15.2 510 70
C10 25.3 25.5 120 1450 187
ligament 38.6b 17.0b 332b

aValues of tensile properties for pure BC taken from [11]. bValues of tensile
properties for natural ligament taken from [25]. cModuli values at 1 Hz.
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Figure 4: X-ray diffractograms of BC, PHEMA hydrogel matrix
(M), and CB-PHEMA composites (C1, C5, C10, and C20).

The values of tensile properties of composite C10 approach
the values for natural ligament [25] (Table 2). It can be
concluded that the composite C10 mimics well the structure
of the ligament; that is, both materials are composed of a soft
hydrated matrix reinforced by filaments.

DynamicMechanical Properties. Dynamicmechanical behav-
ior can be characterized by storage modulus (𝐺) which is
associated with the elastic energy stored in the material and
loss modulus (𝐺) which describes the viscous behavior and
is associated with the dissipation of the energy caused by
structural rearrangements within the material.

Oscillatory shear measurements of equilibrium water-
swollen hydrogel materials offer frequency dependences of
𝐺 and 𝐺 (Figures 8 and 9). A slight increase in 𝐺 with
frequency was observed for both the PHEMA matrix M and
composites C1 and C10. The increase in 𝐺 with frequency
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(a) (b)

(c) (d)

Figure 5: SEMmicrographs of the fracture surface of dry BC-PHEMA composites with various BC contents: (a) composite C5, (b) composite
C10, and (c) composite C20 (for the codes, see Table 1). (d) SEM micrograph of the composite with two-layer structure.

1 m

(a)

1 m
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Figure 6: TEMmicrographs of the fracture surface of dry BC-PHEMA composites (a) C5 and (b) C10 (for the codes, see Table 1).
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Figure 7: Tensile stress-strain curves for PHEMA hydrogel matrix
M (black line, right 𝑦 axis) and BC-PHEMA composite C10 (grey
line, left 𝑦 axis).
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Figure 8: Frequency dependence of the storage moduli 𝐺 for
PHEMA matrix M (symbol ◼), BC-PHEMA composite C1 (symbol
), and C10 (symbol e).

implies the rubbery-like behavior of the materials (Figure 9).
Similarly to tensile measurements, improvement of 𝐺 by
BC reinforcement is evident (Table 2); the increase in 𝐺
(factor 12) is lower than the increase in 𝐸 (factor 120). This
difference can be explained by the fact that oscillatory shear
measurements are limited to small strains where the matrix
is still disoriented, whereas in the (nonoscillatory) extension
mode the chains can get oriented aided by the adhesion to
nanofibers. The losses (𝐺) are relatively low and the ratio
𝐺/𝐺 (loss-angle tangent) is almost the same.

Relaxation Properties Measurements. Since most natural soft
tissues are of viscoelastic nature, the time-dependent prop-
erties of the designed material are very important. The
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Figure 9: Frequency dependence of the lossmoduli𝐺 for PHEMA
matrix M (symbol ◼), BC-PHEMA composite C1 (symbol ), and
C10 (symbol e).
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Figure 10: Change in relative residual shear relaxation stress over
the time period of 3 h for pure BC, PHEMA matrix M, and BC-
PHEMA composite C10.

stress relaxation measurements were performed for pure BC,
PHEMAmatrixM, and the composite C10. An instantaneous
oscillatory deformation in shear was applied and the time
dependence of the stress required for maintaining that
deformation was recorded.

Very low deformations (0.05%) were applied. For
PHEMA hydrogel matrix almost no decrease in stress over
the time was recorded (Figure 10), and the material showed
almost ideal rubbery network behavior with immediate
response to the applied deformation. On the other hand,
a pronounced time-dependent relaxation behavior of both
parent BC and composites was observed. BC relaxed much
faster and to the lower final stress (20% of residual stress)
compared to composite C10 (45% of residual stress). Such
a behavior suggests that even small mechanical loading
causes the structural rearrangements (reorientation of
BC nanofibers). These rearrangements take place much
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Figure 12: Comparison of relaxation response under tensile and
shear deformation for BC-PHEMA composite C10.

easier in neat BC scaffold than in the composite material
where the fibers are anchored in a hydrogel matrix. This
interpretation was also supported by the results obtained
from relaxation measurements under tensile deformation as
shown in Figure 11. Comparing the relaxation response of
BC-PHEMA composite under tensile and shear deformation,
the tensile relaxation proceeds faster and to a lower residual
stress (Figure 12). The observed viscoelastic behavior of
BC-PHEMA composites can be considered similar to
those of other composite natural tissues such as ligament,
tendon, or cartilage [34, 35]. It would be interesting to
strain the composite in extension or compression during
the process of network formation (irradiation), so as to
reorient continuously the fibers and chains and to fix by
crosslinking the reoriented structure. This may lead to
further enhancement of mechanical properties.

3.4. Biocompatibility. The nontoxicity of BC and PHEMA
hydrogel is known, nevertheless we performed the biocom-
patibility test with our BC-PHEMA composites using rMSCs.
The behavior of these cells is an important indicator in terms
of tissue engineering because they can be differentiated into a
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Figure 13: Number of viable rMSCs after 72 h of growth on BC-
PHEMA composites determined by cell viability AlamarBlue Assay.

variety of cell types, including osteocytes, adipocytes, or also
chondrocytes.

We determined the number of growing/viable cells after
72 hunder theBC, PHEMAmatrixM, andBC-PHEMAcom-
posites incubatedwith the cells in the inserts.The influence of
the sample presence on cell growing compared to the control
test (without insert and any sample) is shown in Figure 13.
It is apparent that the differences in number of viable
cells between the samples and control as well as between
the materials are not significant. Further, we observed the
morphology of growing cells, and the microscopy images are
shown in Figure 14. It can be concluded that the BC-PHEMA
composites regardless of the composition did not influence
the morphology and proliferation of the rMSCs.

4. Conclusions

Composite hydrogels based on poly(2-hydroxyethyl metha-
crylate) (PHEMA) matrix and bacterial cellulose nanofibers
(BC) were successfully prepared by in situ UV radical
polymerization of HEMA monomer impregnated into wet
BC nanofibrous structure. The final properties of com-
posites were tuned by varying the BC content ranging
from 1 to 20wt% relative to swollen composite. The SEM
images confirmed complete and uniform distribution of BC
nanofibers in the hydrogel matrix. A significant improve-
ment in mechanical properties was achieved. Comparing
the PHEMA matrix and BC with the composite containing
10wt% of BC, the tensile strength increased by factors of
80 and 10, respectively, and Young modulus by factors of
120 and 40, respectively. By varying the composition of
BC-PHEMA composites, the mechanical properties can be
adjusted to achieve the mechanical requirements of soft and
semisoft native tissues. Biocompatibility tests demonstrated
that BC-PHEMA composites are nontoxic providing a favor-
able environment for rMSCs proliferation. Therefore, our
composites can be seen as promising for application in the
tissue engineering area, particularly in tissue replacement and
wound healing.
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(a) (b)

(c) (d)

(e) (f)

Figure 14: Light microscopy images of morphology of growing rMSCs at 72 h after seeding in the presence of (a) BC, (b) PHEMA matrix,
and BC-PHEMA composites (c) C5, (d) C10, and (e) C20. Image (f) represents a controlling cell growth. Scale bar 100 𝜇m is the same for all
images.
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This review deals with nanoparticles synthesized using heparin. Such nanoparticles have been widely studied since a long time
ago, obtaining satisfactory outcomes. An outstanding aspect of these nanoparticles is that they possess good biocompatible
characteristics, and since heparin is produced in the human body within the mast cells, this makes these nanoparticles useful for
future applications like imaging, disease and cancer treatment, and antibacterial activity.They can also be used for applications that
are not oriented directly to the medical and biological areas such as in the case of analyte detection in aqueous solution, although
such studies are very few. These nanoparticles synthesis is mainly through wet chemistry methods, using heparin that could have
been modified or not.

1. Introduction

Nanoparticles are defined as dispersions of particles or solid
particles with nanoscale sizes. There are different nanopar-
ticles types; they can be classified as nanopores, nanotubes,
quantum dots, nanoshells, dendrimers, liposomes, nanorods,
fullerenes, nanospheres, nanowires, nanobelts, nanorings,
and nanocapsules. Such categories are pretty general and are
based on dimensionality, morphology, composition, unifor-
mity, and agglomeration [1].

Nanoparticles have been widely studied for many years
and they have also generated an intense scientific interest
due to a wide variety of potential applications in biomedical,
optical, and electronic fields. Nanoparticles have drawn
attention based on the few properties they exhibit like their
surface to mass ratio and the reactivity of their surface
[2]. In general, metal nanoparticles are prepared by top-
down or bottom-up approaches; such methods are useful
for obtaining nanoparticles which are good in their particle
size and particle size distribution but because most of the

reactants used are hazardous, there are times in which they
are not useful for certain further applications, so another
step has to be performed to modify their surface, which also
implies an extra cost and use. Thereupon, another pathway
has to be found to carry out the synthesis procedure to
avoid these problems [2]. Nanoparticles can be prepared
from a variety of materials such as proteins, polysaccharides,
and synthetic polymers. The selection of material depends
on factors such as (a) required size of nanoparticles; (b)
aqueous solubility and stability; (c) surface characteristics as
charge and permeability; or (d) degree of biodegradability,
biocompatibility, and toxicity [3, 4].

Glycosaminoglycans are biomaterials also known as
mucopolysaccharides or polysaccharides, such as heparin,
keratan sulfate, chondroitin sulfate, heparan sulfate, and
hyaluronic acid. They are usually composed of a repeating
disaccharide unit along their structure. In such disaccharide
units, which are variable according to the glycosaminoglycan
being referred to, the amino sugar is always hexosamine,
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either D-glucosamine or D-galactosamine, mostly in the N-
acetylated form; the other monosaccharide is mainly D-
glucuronic acid or L-iduronic acid, except of keratan sul-
fate, in which D-galactose replaces the uronic acid [5]. In
the specific case of heparin, it is composed of repeating
units of 1→4 linked pyranosyl uronic acid and 2-amino-
deoxyglucopyranose (glucosamine) residues.The uronic acid
is composed of L-idopyranosyluronic acid (L-iduronic acid)
and D-glucopyranosyluronic acid (D-glucuronic acid) and it
possesses a high negative charge [5–7].

Heparin was discovered in 1916 in Toronto, Canada, by
Jay McLean under the guidance of William H. Howell. Later,
heparin has been extensively studied and commercialized
and even nowadays there are several aspects about it that are
to be disclosed. Heparin is mainly used as an anticoagulant
and antithrombotic in medicine, although it is used and still
studied for other uses in other therapeutic fields as well, for
example, wound healing, burn injury treatment, inhibition
of inflammation, and metastatic spread of tumor cells [8–11].
Also, it is found within the human body and of animals [12],
specifically, in the mast cells granules where it interacts with
histamine, proteases, and inflammatorymediators. It can also
be synthesized synthetically [6].

Heparin is also known as unfractionated heparin (UHF);
it is polydisperse, mostly obtained from porcine and bovine
mucosa and has been normally utilized for the treatment and
prevention of thrombotic events. Heparin is composed of
molecular chains of varying lengths from2000 to 40,000 kDa;
its use is restricted to an in-hospital setting, where its dosage
can be strictly supervised. On the other hand, low molecular
weight heparins (LMWHs) are smaller chains of UFH that
can be obtained by various chemical and enzymatic depoly-
merization processes, and their weight ranges from 2000
to 15000 kDa. They have reduced inhibitory activity against
thrombin and they exhibitmore predictable pharmacokinetic
properties compared with UFH. Other subcategories of
LMWH involve low and ultra-lowmolecular weight heparins
(ULMWHs) [13].

Apart from its noble anticoagulant properties, heparin
and its derivatives can interact and modulate proteins
involved in different biological process such as inflammation
and angiogenesis [14]. Still, its mechanisms of action are
still under debate. Furthermore, heparin broader use is
still impaired due to its strong anticoagulant activity and
hemorrhagic complications [15, 16]. This work is devoted to
review research on heparin-based nanoparticles for different
applications.

2. Heparin-Based Nanoparticles

Heparin has been used in nanoparticle synthesis procedures
since some time ago. Heparin-based nanoparticles own
enhanced properties when heparin is integrated to them
because of its biological properties [17, 18]. Some works are
related to synthesiswith no specific applications, the synthesis
procedure is proposed only, and some other works aim to
mention the potential ones as follows.

Nobel metal nanoparticles, for example, gold and silver
[19–22] and metal oxide ones [23]; conjugates: silica [24]

and chitosan [25, 26]; and poly(lactide-co-glycolide) [27],
complexes [28, 29], and magnetic particles have been syn-
thesized using heparin [30]. When it comes to specifics and
applications, the most relevant works are related to the health
field, especially cancer treatment, imaging, and detection [31],
and they are many and varied taking advantage of heparin
uses as an anticoagulant for treatment and prophylaxis
of various thromboembolic disease processes, to maintain
anticoagulated states in patients on extracorporeal circulation
or hemodialysis and to help maintain patency of indwelling
vascular catheter [32].

2.1. Cancer Diagnosis and Therapy. Cancer is a quite spread
disease nowadays. It was the leading cause of death world-
wide, accounting for 8.8 million deaths in 2015 [33]. There-
fore, there is an increasing necessity for the development
of treatments beside the ones already available, which are
surgery, chemotherapy, radiation, and targeted, photody-
namic, and immunotherapies. There are some other pro-
cedures which include stem cell transplants, hyperthermia,
photodynamic and photothermal therapies, blood transfu-
sion and donation, and laser treatment [34].

To understand how cancer develops, it has to be men-
tioned that healthy cells usually divide in an ordered way and
they die when damaged or worn down but when cells divide
and grow uncontrollably, they continue forming new ones
that replace the normal cells leading to the growth of a tumor.
Cancer cells can spread to other parts of the body and infect
them, too [35]; therefore, early detection is necessary to avoid
it.

Nanoparticles have been studied since some years ago
to detect and treat cancer [36, 37]. Work has been devoted
to use heparin as a part of a multifunctional nanosystem
[38] to detect and treat cancer since it is a biocompatible
substance and it is well absorbed by the body due to its biolog-
ical interactions with proteins, growth factors, chemokines,
cytokines, enzymes, and lipoproteins, involved in a variety
of biological processes [14]. Also, previous studies have been
on the usage of heparin alone on the treatment of cancer
and the effects that heparin produces [39–42]. There is a list
of drugs that are used for cancer treatment as stated by the
National Cancer Institute [43]. Among them, doxorubicin,
docetaxel (taxotere), paclitaxel (taxol), and sorafenib have
been employed, for example, as part of nanosystems intended
for therapeutic purposes. In all cases, after nanoparticle
synthesis and the usual characterization (UV-Vis spectra
and either TEM/SEM, DLS, or zeta potential), they are
tested for cytotoxicity, biocompatibility, antiangiogenic effect,
differentiation, drug loading efficiency, apoptosis analysis,
cell uptake, and pharmacokinetics, among others. Next, some
works devoted to this topic will be mentioned briefly.

Park et al. synthesized an amphiphilic conjugate made
of heparin and deoxycholic acid within which doxorubicin
was encapsulated in a two-step procedure intended for
action on SCC (squamous cell carcinoma). Then, the as-
produced nanoparticles were tested for toxicity (to assess
their safety as a drug carrier), antitumor effect, and cytotoxi-
city.The conjugate was proved to have high loading efficiency
and release promoting an elevated antitumor effect [44].
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Khaliq et al. designed a composite system in which heparin
was used to form the heparin/DOX/DEVD-S-DOX complex
first.Then, Pluronic F-68 was used to form the composite and
to stabilize it.The task of this system is to deliver doxorubicin
and the DEVD-S-DOX in a specific tumor site, once being
there DOX (doxorubicin) is exposed in the tumor cells
triggering apoptosis that subsequently leads to the repetitive
activation of caspase-3. Caspases are proteases that control
the death and inflammation of cells; they execute apoptosis,
and so in the case of this nanosystem, an amplified apoptosis
is induced. Murine squamous cell carcinoma (SCC-7) cancer
cells were used in this study [45]. Zhang et al. developed
an interesting system which comprises two anticancer drugs,
ATRA (all trans retinoic acid) and DOX (doxorubicin),
the first one being conjugated to LMWH (low molecular
weight heparin) and the second one loaded physically, such
systemwas named asDOX-loaded LMWH–ATRA.Themost
relevant assets in this work are that the cytotoxicity effect
on epithelial MCF-7 cells used was maintained and they
possessed much higher anticancer activity compared to the
free drugs in solution and side effects were reduced [46].
Kim et al. conjugated LMWH(lowmolecularweight heparin)
to (SA) stearylamine in order to create, first, a polymer
that was used to synthesize self-assembled nanoparticles,
and then, docetaxel was loaded within them. The cell lines
used in the study were MCF-7 and MDAMD 231 (human
breast carcinoma). From the results, it was concluded that
heparin conserved 30% of its anticoagulant activity that the
half-life of docetaxel was improved with the formulation
used and the growth of the MDAMD 231 cell line was
inhibited greatly [47]. In other studies, doxorubicin and
letrozole were used to treat this cancer type, too [48–51].
In one study, doxorubicin was combined with curcumin
to be delivered by heparin modified poly(L-lactide) grafted
polyethylenimine nanoparticles [52]. Yang et al. worked on
an immobilized chitosan/heparin Pluronic-coated system for
the delivery of sorafenib in gastric cancers. The line cell used
for the study was the BCG-823 (gastric adenocarcinoma). It
was discovered that these nanoparticles worked better than
sorafenib alone for inhibition of cancer cells [53]. Other
studies related to gastric cancer were developed by Lai et al.
[54].

There is more research that has been carried out concern-
ing cancer but not only of the types already mentioned. For
instance, as for liver cancer, Sun et al. synthesized heparin-
coated gold nanoparticles for liver specific imaging through
computed tomography in vivo [55] and Lin et al. made a com-
bination of nanoparticles, Emodin-Loaded PLGA-TPGS and
Heparin Sodium-Loaded PLGA-TPGS ones for chemothera-
peutic purposes [56]; colon cancer (oral absorption mecha-
nism and antiangiogenesis effect of taurocholic acid linked
heparin docetaxel conjugates) [57]; lung, melanoma, and
ovarian cancers [58–61]; melanoma [62]; and heart, spleen,
lung, and kidney [63–65]. HeLa cells were also used for a
study in which the synthesized nanoparticles did not show an
apparent cytotoxicity indicating good biocompatibility [66].

Some research has been directed to coupling already
existing therapies, photodynamic, photothermal, and
chemotherapy with heparin-based nanoparticles [67] and

photodynamic therapy [68–71]. Some studies have only
proved that heparin-based nanosystems have potential as
drug carriers but they do not focus on a specific cancer
kind (heparin-based nanocapsules as potential drug delivery
systems) [72].There are other works related to potential drug
delivery for cancer treatment, although they do not focus on
a specific kind. They only point out biocompatibility as well
as anticoagulant activity [73].

2.2. Disease Treatment. There are some works on heparin-
based nanoparticles, which has been focused on other disease
types, for example, bacteria-provoked ones. The Helicobacter
pylori bacterium was discovered by Warren and Marshall
in 1982 from patients with peptic ulcer (Helicobacter pylori)
[74]. It is a type of microorganism which enters the gastric
mucosa and triggers its inflammation. It is responsible for
the development of duodenal or gastric ulcers, gastric cancer,
and gastric mucosa- associated lymphoid tissue (MALT)
lymphoma [75, 76]. Heparin-based nanoparticles have been
synthesized with the purpose of treating H. pylori producing
complexes that attack this microorganism. ForH. pylori to be
eradicated, the agent that is used to attack it has to penetrate
the gastric mucosa layer and hold a certain concentration for
antibacterial activity within a fixed amount of time. However,
the available treatments cause undesired side effects such as
bad mouth taste and nausea. Besides this, bacterial resistance
is another issue due to patients leaving treatment too soon
[77, 78]. Chang et al. synthesized a complex formed by
berberine, chitosan, and heparin. Berberine is an alkaloid
derived from the barberry plant and it is known to treat
gastroenteritis and diarrhea; it has also been shown to inhibit
H. pylori. Chitosan was employed in this work because of its
biocompatibility and adhesion properties and heparin was
used because of its ability to bind to cell receptors and to
promote ulcer healing [79]. Lin et al. have developed works
on this H. pylori treatment topic, too. In one of them, a
chitosan heparin complex was developed to encapsulate and
protect a drug from the gastric acids to treat the H. pylori
infection specific sites. It showed good stability at 1.2–2.5
pH values and the latter was the follow-up drug model [80].
In another study, genipin was used. Genipin is a natural
cross-linker, for its choleretic action in liver diseases and its
inhibition of H. pylori. Their results showed that amoxicillin
was successfully released in the specific site avoiding most
of its contact with gastric acids, much better than in the
previous work [81]. There are other more interesting works
related to disease treatment using heparin-based nanopar-
ticles as drug carriers for the treatment of specific illnesses.
Ciprofloxacin is an antibiotic used to treat a variety of bacte-
rial infections, for example, typhoid fever, diarrhea, intestinal
infection, and pneumonia [82]. Kumara et al. came up with
a ciprofloxacin loaded genipin cross-linked chitosan/heparin
nanoparticle system to target enteropathogenic bacteria in a
simulated gastrointestinal system [83]. Other systems have
been developed for multipurpose treatment; Lembo et al.’s
heparin nanoassemblies were based on the autoassociation
of O-palmitoyl-heparin and a-cyclodextrin in water; it was
found that they possessed antiviral activity against herpes
simplex viruses of types 1 and 2 (HSV-1 and HSV-2), human
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papilloma virus 16 (HVP-16), and the respiratory syncytial
virus (SRV) and that this antiviral activity was affected by the
sulphation degree of heparin [84]. More research has been
carried out on the treatment of antithrombosis [85] and some
more on the development of nanosystems although without
mentioning a specific disease to be treated, like in the case
of stealth nanoparticles (PEGylated nanoparticles) (Heparin-
Engineered Mesoporous Iron Metal-Organic Framework
Nanoparticles: Toward Stealth Drug Nanocarriers) [86, 87].

2.3. Other Potential Applications. As it has been described
so far, heparin-based nanoparticles are potential useful tools
in the medicine area, specifically in the cancer and disease
treatment area. Some more applications will be covered in
this section. Most of them still have to do with the medical
area but the studies are fewer than the ones mentioned
in the previous sections. As for the rest, they are focused
on antimicrobial activity, biosensing, and analyte detection.
Medical imaging refers to different technologies used to
view the human body to diagnose, monitor, or treat medical
conditions. Each type of technology gives different informa-
tion about the area of the body being studied or treated,
related to possible disease, injury, or the effectiveness of
medical treatment [88]. Nanoparticles have been engineered
for this purpose to improve the technique [89]. In the case
of heparin-based ones, some studies have been carried out
with good results by using quantum dots (QDs) in in vitro
studies to assess their interaction with different cell lines,
first. For example, in the case of THP-1,A549 and Caco-
2 cell lines, it is proved that the QDs show affinity for
the nuclear compartment of fixed permeabilised THP-1 and
A549 cell lines but that they also remain confined to the
cytoplasm of fixed permeabilised Caco-2 cell lines.This study
is particularly interesting because, among the disadvantages
that QDs pose, they provoke thrombosis and cell death in
in vivo studies, and these heparin-based gelatin QDs may
be useful in the future because of heparin reducing the
presence of thrombogenic complications [90]. In another
study, the QDs were loaded in heparin-deoxycholic acid
conjugates, their oral administration showed no significant
toxicity showing that, like in the aforementioned study, the
use of QDs is being much less limited. This study was carried
out using a rat model [91]. In one more study, QDs were
loaded in heparin-deoxycholic acid (DOCA) nanoparticles
for the imaging of the gastrointestinal tract, which could
be orally administered [92]. On the other hand, not only
QDs have been used for imaging purposes, but also other
conjugate types, for instance, folate-heparin ones which were
loaded with fluorescent dyes within them for tumor imaging
as well [93]. Heparin-based nanoparticles have also been
included in labeling and targeting investigations. Cell labeling
studies have been carried out using superparamagnetic iron
oxide nanoparticles that are coated with heparin (HSPIO).
These nanoparticles were conjugated to a collagen matrix of
cell surface using a polymer linker which remained stable in
in vivo conditions andused as aMagnetic Resonance Imaging
(MRI) agent, offering an alternative to endocytosis [94]. As
for targeting, GonÇalves et al. developed heparin-chitosan
nanoparticles labeled with rhodamine activated derivative

(5[6]-carboxy-X-rhodamine N-succinimidyl ester (ROX)).
The entire system was named CHROX. It was used to target
drugs in vivo to the sciatic nerve, and such system showed
no inflammation issues and good biocompatibility, although
the authors mention that nerve regeneration is the topic that
will be a follow-up to this research [95]. Bone and tissue-
oriented studies have been worked on, too, for example, bone
formation [96] and scaffold [97]; tissue engineering [98]; and
regeneration [99]. Some other potential applications that are
understudied are as follows: antimicrobial activity [100, 101],
glucose biosensing [102], analyte detection in solution using
a colorimetric approach [103], and surface enhanced Raman
spectroscopy [104].

3. Conclusions

The use of heparin-based nanoparticles is an important issue
because although it is a material that was discovered many
years ago, it has been improved and it continues to be studied
to disclose its properties and structure. Additionally, new
uses for it are being explored besides the antithrombotic and
anti-inflammation ones. The most important and relevant
applications are focused on the treatment of cancer and
other diseases, followed by bone and tissue engineering,
antimicrobial activity, biosensing, and detection. Therefore,
the range of potential applications is large and tempting.

As for heparin-based nanoparticles impact, it has to be
pointed out that heparin is a biocompatible material that can
be obtained naturally and synthetically. Its derivatives are
also useful because they have been created to widen its uses
in the medical area or to overcome disadvantages or perils.
When used for nanoparticle synthesis, it can be chemically
modified in several ways, for example, through conjugation
and cross-linking to produce nanobiomaterials that can be
potentially used for different applications giving them certain
functionality for a specific purpose. Heparin can be used
for nanoparticle synthesis without being modified at all, too.
The studies that have been carried out in vitro and in vivo
for medical applications show that in the near future these
heparin-based products could be an excellent option for the
development of other alternatives to treat, detect, and prevent
diseases in human beings. On the other hand, as for imaging,
detection, antimicrobial activity, and biosensing, despite the
fact that there are a few studies, they are areas that can be
worked on further in order to develop very useful materials.
As for nanobiomaterials heparin-based nanoparticles could
be integrated to already existing materials to improve their
antibacterial and antifungal activities, especially because
nowadays several microorganisms have developed a strong
resistance to the available common antibiotics. As for detec-
tion and biosensing, since heparin structure allows it to inter-
act with other materials such as dyes and biomolecules, there
can be a chance to boost the existing detection and sensing
techniques available even at very low concentrations. The
most relevant heparin-based nanoparticles are the conjugated
and cross-linked ones because they are usually synthesized
incorporating different materials, but each one of them has a
defined role in the specific application, for example, adhesion,
biocompatibility, cell uptake, and drug release. In the case
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of heparin, it is usually to promote angiogenesis control,
antithrombic, and anti-inflammation activities.
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[104] M. D. P. Rodŕıguez-Torres, L. A. Dı́az-Torres, and S. Romero-
Servin, “Heparin assisted photochemical synthesis of gold
nanoparticles and their performance as SERS substrates,” Inter-
national Journal of Molecular Sciences, vol. 15, no. 10, pp. 19239–
19252, 2014.



Research Article
Practical Solution for Effective Whole-Body Magnetic
Fluid Hyperthermia Treatment

Hiroaki Mamiya,1 Yoshihiko Takeda,1,2 Takashi Naka,1 Naoki Kawazoe,1

Guoping Chen,1,2 and Balachandran Jeyadevan3

1National Institute for Materials Science, Sengen 1-2-1, Tsukuba 305-0047, Japan
2University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577, Japan
3The University of Shiga Prefecture, Hikone 522-8533, Japan

Correspondence should be addressed to Hiroaki Mamiya; mamiya.hiroaki@nims.go.jp

Received 21 June 2017; Accepted 20 November 2017; Published 13 December 2017

Academic Editor: Mohammad Mansoob Khan

Copyright © 2017 HiroakiMamiya et al.This is an open access article distributed under theCreative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Magnetic fluid hyperthermia therapy is considered as a promising treatment for cancers including unidentifiablemetastatic cancers
that are scattered across the whole body. However, a recent study on heat transfer simulated on a human body model showed
a serious side effect: occurrences of hot spots in normal tissues due to eddy current loss induced by variation in the irradiated
magnetic field. The indicated allowable upper limit of field amplitude 𝐻ac for constant irradiation over the entire human body
corresponded to approximately 100Oe at a frequency 𝑓 of 25 kHz. The limit corresponds to the value 𝐻ac𝑓 of 2.5 × 106Oe⋅s−1 and
is significantly lower than the conventionally accepted criteria of 6 × 107Oe⋅s−1. The present study involved evaluating maximum
performance of conventional magnetic fluid hyperthermia cancer therapy below the afore-mentioned limit, and this was followed
by discussing alternative methods not bound by standard frameworks by considering steady heat flow from equilibrium responses
of stable nanoparticles. Consequently, the clarified potentials of quasi-stable core-shell nanoparticles, dynamic alignment of easy
axes, and short pulse irradiation indicate that the whole-body magnetic fluid hyperthermia treatment is still a possible candidate
for future cancer therapy.

1. Introduction

In principle, “if a steel pan made for induction heating (IH)
cooking appliances is diced up into ultra-small pieces (mag-
netic nanoparticles) and selectively delivered to metastasized
tiny cancers, and if the entire human body is then placed
on a cooking top, all cancers including unidentifiable ones
will be burned without long-term side effects, resulting in a
complete cure.” The realization of this scenario corresponds
to an ideal therapy, and thus complete body magnetic fluid
hyperthermia cancer therapy is intensively investigated by
previous studies as an option in new cancer treatments to
replace surgery, radiation therapy, and chemotherapy [1–8].
However, the selective annihilation of cancer cells, leaving the
normal cells safe, is debatable since normal tissues are also
warmed up due to eddy current loss.

The International Commission on Non-Ionizing Radia-
tion Protection has established guidelines that are intended
to protect the human body from harmful health effects by
restricting exposure to electromagnetic waves [9]. The basic
limit for occupational exposure to the entire body in terms of
specific absorption rate (which is equal to the amount of heat
generated) corresponds to 0.4mW/cm3 based on the guide-
lines [9]. A safety limit based on some clinical tolerance tests
on healthy volunteers has been known as Brezovich criterion
where𝐻ac𝑓 product should not go beyond 6× 106Oe⋅s−1 [10].
However, this value applies to healthy individuals, and it may
not be applicable to individualswho face serious health issues.
Therefore, Hergt et al. [11] proposed a maximum of approxi-
mately𝐻ac𝑓 of 6 × 107Oe⋅s−1 that can be permitted for local-
ized hyperthermia treatments of patients with serious health
conditions. This value is referenced by numerous studies
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and is considered as a de facto standard for magnetic fluid
hyperthermia cancer therapy. Thus, magnetic nanoparticles
corresponding to an ultrasmall IH cooking pan were devel-
oped based on this irradiation condition.

Recently, Dössel and Bohnert [12] simulated the electro-
magnetic field distribution and the flow of heat from irradi-
ation on a detailed human body model. The results at 𝑓 =
100 kHz and 𝐻ac = 100Oe indicated that hot spots appeared
in certain portions of muscles and fat in which the temper-
ature elevation reached 10∘C after 5min despite considering
the cooling effects of blood flow. The temperature elevation
curves were used to estimate the thermal relaxation time 𝜏
of the hot spots that corresponded to several tens of minutes.
This indicated that thermal insulation could be the reason for
the existence of the hot spots. The study surmised that the
allowable upper limit of𝐻ac for constant irradiation over the
entire human body corresponded to 100Oe at 𝑓 of 25 kHz.
The limit corresponds to the value𝐻ac𝑓 of 2.5 × 106Oe⋅s−1. It
should be noted that the condition estimated in the practical
simulation significantly deviates from the long-accepted cri-
teria. This finding is important because we cannot measure
the deep body temperature during the treatment, although
the improvement in accuracy for the simulation is an issue for
future research.

In the present study, the new limit is considered to clarify
whether or not the heating power of the present magnetic
nanoparticles is sufficient to annihilate cancer cells includ-
ing unidentifiable metastatic tiny cancerous areas scattered
throughout the body via conventional magnetic fluid hyper-
thermia therapy. This is followed by a discussion on alter-
native strategies that are not bound by conventional frame-
works of magnetic fluid hyperthermia cancer treatment. It
should be noted that, with the exception of 𝑊, Gaussian-cgs
units are used in the relationship with respect to the tissue
size.

2. Model

2.1. Heating Power of Magnetic Nanoparticles. Magnetic hys-
teresis and eddy current losses heat a pan during IH cooking.
Additionally, an ultrasmall pan (magnetic nanoparticles) can
rotate in the applied magnetic field unlike a regularly used
pan due to its small size. These rotations generate frictional
heat [13].Thus, the study begins by reexamining each heating
mechanism briefly. First, with respect to magnetic hysteresis
losses, the amount of heat generated, 𝑃ℎ, for a unit volume of
magnetic nanoparticles per unit time is derived as follows:

𝑃ℎ = 4𝜋 ⋅ 𝑓∫
Loop

H 𝑑M, (1)

for irradiation of the ac magnetic field, H = 𝐻ac sin(2𝜋𝑓𝑡),
whereH denotes the magnetic field andM denotes the mag-
netization. The value of the integral corresponds to the area
of the hysteresis loop, and it is maximized at 4𝑀𝑠𝐻ac in the
casewhere themagnetization reversal occurs coherently in all
nanoparticles when 𝐻 corresponds to ±𝐻ac, and 𝑀𝑠 denotes
the saturation magnetization. In other words, 𝑃ℎ, is largest
when the magnetic hysteresis loop is a square with width of

2𝐻ac. However, it should be noted that it is not possible to
realize such ideal reversals in actual systems. Hence, the ratio,
𝜂sq, of ∫Loop H 𝑑M to 4𝑀𝑠𝐻ac is considered as an index that
represents the squareness of the magnetic hysteresis loop and
the equation is reexpressed as follows:

𝑃ℎ = 16𝜋𝑀𝑠𝜂sq𝐻ac𝑓. (2)

At this stage, it is necessary to consider the relaxation loss of
magnetic nanoparticles that is generated when the magnetic
response is given by𝑀 = 𝜒𝐻ac sin(2𝜋𝑓𝑡)−𝜒𝐻ac cos(2𝜋𝑓𝑡),
where 𝜒 and 𝜒 denote the in-phase and out-of-phase com-
ponents, respectively, of the ac susceptibility. This loss can be
expressed as 4𝜋2𝜒𝐻2ac𝑓 by substituting𝑀 into (1). It should
be noted that the relaxation loss is actually a type of hysteresis
loss and 𝜂sq = 𝜋𝜒𝐻ac/4𝑀𝑠 is always less than unity.

Friction heat generated from the rotation of particles is
considered. The work Δ𝑊𝑇 performed by the friction torque
T while a small rotation of Δ𝜃 occurs corresponds to T ⋅ Δ𝜃.
For the purpose of simplicity, it is assumed that the magneti-
zation vector 𝜇, which is equal toM𝑉, is fixed in the direction
of the easy axis of particles in a manner similar to a small
permanent magnet, where 𝑉 denotes volume of the particle.
In this case, the friction dominates the rotation with respect
to the inertia-less limit, and T always balances the magnetic
torque corresponding to 4𝜋𝜇 × H. Thus, the following
expression is obtained:

Δ𝑊𝑇 = −4𝜋𝜇𝐻 sin 𝜃Δ𝜃 = 4𝜋𝐻Δ (𝜇 cos 𝜃)
= 4𝜋𝐻𝑉Δ𝑀𝑧,

(3)

where 𝜃 denotes the angle between H and 𝜇 (which is in the
direction of the easy axis).The amount of friction heat𝑃𝑓 gen-
erated per unit volume per unit time is therefore expressed as
follows:

𝑃𝑓 = 𝑓 ⋅ ∫
Loop

𝑑𝑊𝑇
𝑉 = 4𝜋𝑓∫

Loop
H 𝑑M. (4)

This equation is equivalent to (1) and indicates that the
amount of energy dissipated by friction is equal to the input
magnetic energy. Thus, only the names that describe the
evolved heat vary depending on the focus of attention, that is,
hysteresis loss or friction heat as described above.

Conversely, an eddy current loss 𝑃𝑒 exists that corre-
sponds to a heat source derived from electromagnetic induc-
tion. The induced electromotive force in any closed circuit is
equal to the negative of the time rate of change of the mag-
netic flux enclosed by the circuit, and thus the per unit volume
and unit time average of 𝑃𝑒 for a spherical particle with
electrical conductivity 𝜎 and radius 𝑅 are as follows:

𝑃𝑒 = 4
5𝜋
2𝜎𝑅2 ∫[2𝜋𝑓𝐻ac + (𝜕𝑀

𝜕𝑡 )]
2

𝑑𝑡. (5)

Thus, the total amount of heat generated in magnetic
nanoparticles can be expressed as𝑃ℎ+𝑃𝑒, since sources of heat
in the above two cases are completely different.
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2.2. Thermal Models of Tumor and Hot Spot Portion. To
discuss the effectiveness of hyperthermia treatments, it is
necessary to model the heat flow generated in the magnetic
nanoparticles accumulated in a tumor. To consider the tumor,
it is not necessary to use finite element method despite the
significant dependence of thermal conductivity 𝜆 on the
organ type (typically, 0.003–0.006WK−1 cm−1 [14]) because
a feature of this therapy includes treatments of small uniden-
tifiable metastatic cancers with an approximate diameter
𝑑𝑐 of 1 cm, within which thermal properties are assumed
homogeneous. According to Andrä et al. [15], the heat at
2𝜋𝜆Δ𝑇𝑑𝑐 is roughly dissipated by conduction when such a
tumor is steadily maintained at a temperature that exceeds
the temperature of the surrounding area by Δ𝑇. Conversely,
the blood flow in tumor tissues transfers heat at the rate
𝐹𝑏(𝜋𝑑3𝑐/6)𝑐𝑉𝑏Δ𝑇, where 𝐶𝑉𝑏 denotes the blood specific heat
and approximately corresponds to 4 JK−1 cm−3, while 𝐹𝑏
corresponds to the tumor tissue blood perfusion rate and it
varies based on the type, phase, size, and temperature of the
tumor. Typically, 𝐹𝑏 is lower than that of the corresponding
normal tissue and is less than 0.01 s−1 [16]. Therefore, the
heating power density required to elevate the temperature of
tumorwith a𝑑𝑐 of 1 cm corresponds to (12𝜆𝑑𝑐−2 +𝐹𝑏𝐶𝑏)Δ𝑇 ∼
0.1Δ𝑇W/cm3 by assuming higher values for 𝐹𝑏 and 𝜆 as
0.01 s−1 and 0.006WK−1 cm−1, respectively. For the purposes
of subsequent discussion, it is necessary to remember that the
thermal relaxation time in such cancers 𝜏𝑐 = (𝑑2𝑐 ⋅ 𝑐𝑐)/27𝜆
corresponds to 23 s [17] when specific heat, cc, is assumed to
correspond to 3.7 JK−1 cm−3.

Now, the model of the hot spot portions proposed by
Dössel and Bohnert is considered. Specifically, it is necessary
to simulate the temperature distributions in a human body
that is exposed to ac magnetic fields by using Bio-heat equa-
tion. However, it is possible to roughly estimate the tempera-
ture of the hot spot portion 𝑇ℎ by using the following simple
equation because the temperature variation for each organ,
reported by Dössel and Bohnert, is actually approximated by
single exponential relaxation, respectively. This is expressed
as follows:

𝐶𝑛 𝑑𝑇ℎ𝑑𝑡 = 𝑃𝑛 − 𝐶𝑛
𝜏ℎ (𝑇ℎ − 𝑇0) , (6)

where 𝑃𝑛, 𝐶𝑛, and 𝜏ℎ denote the nominal heat generation, the
specific heat, and relaxation time at the hot spot portions,
respectively, and 𝑇0 denotes the original temperature. For
example, the results of curve fitting for the temperature
variations of the hot spot portion in the muscle indicate that
𝑃𝑛 and 𝜏ℎ, correspond to 0.034W/cm−3 and 1.2× 103 s, respec-
tively, for 𝐻ac𝑓 = 5 × 106Oe⋅s−1. For 𝐻ac𝑓 = 1 × 107Oe⋅s−1,
𝑃𝑛 and 𝜏ℎ correspond to 0.137W/cm−3 and 1.2 × 103 s,
respectively. 𝐶𝑛 is set as 3.7 JK−1 cm−3 for the above cases. It
should be noted that long relaxation times indicate thermal
insulation of the hot spot portion. The fact that 𝑃𝑛 is almost
proportional to (𝐻ac𝑓)2 is consistent with the feature of the
eddy current loss, although details of actual current circuits
are unknown. This indicates the validity of the approxima-
tion, and thus the hot spot temperature can be approximately

calculated by using (6) with above parameters derived from
the simulated results.

3. Results and Discussion

3.1. Conventional Magnetic Fluid Hyperthermia. For the pur-
poses of biosafety, magnetic nanoparticles consisting of iron
were examined as various types of nanomedicine because a
high amount of iron (0.1mg/cm3) is always stored in the body.
Specifically, iron oxides, such asmagnetite, were actually used
since metallic iron is easily oxidized in the nanoform.There-
fore, the survey of the conventional method is initiated by
calculating the heating power of the magnetite nanoparticles
by implementing actual figures. Presently, 4𝜋𝑀𝑠,𝜎,𝑅, and the
density are set as 5 kG, 104 Sm−1, 10 nm, and 5.2 g/cm3, respec-
tively. Simple analyses on the results of typical hyperthermia
studies indicate that the values of 𝜂sq are typically in the range
of 0.2–0.3 [18]; and thus 𝜂sq is corresponding to 0.3. With
respect to the condition of irradiating magnetic field, the
value of𝐻ac𝑓= 2.5× 106Oe⋅s−1 is selected as an upper limit as
stated above. The substitution of these values in (2) indicates
that 𝑃ℎ in this instance corresponds to 120W/cm3 (which
is 23W/g) when 𝑃𝑒 corresponds to 1 × 10−4W/cm3 on the
assumption that 𝜇 is reversed in the time scale comparable to
Larmor precession ∼10–9 s. Therefore, it is possible to ignore
the eddy current loss in magnetite nanoparticles in contrast
to the hysteresis loss.

Conversely, it is considered that hyperthermia treat-
ments are conventionally performed in the range of 42-
43∘C although an established value does not exist [1, 3].
The calculation shown in the prior section indicates that
the heating power density for increasing the temperature
of tumor with a 𝑑𝑐 of 1 cm by ΔT = 5K approximately
corresponds to 0.5W/cm3. The heating power density can
be achieved when a large amount of magnetite with 𝑃ℎ of
23W/g is accumulated at a concentration of 22mg/cm3 in
tumor tissues. In contrast, Huang and Hainfeld [19] reported
that they injected ferric oxide nanoparticles intravenously
via a tail vein, and, consequently, the results indicated that
nanoparticles accumulated in the tumor at a concentration of
approximately 1.9mg/cm3. This concentration corresponds
to the top class performance at present. However, it is signif-
icantly less than the required figures. Thus, the current dis-
cussion indicates that conventional hyperthermia treatment
using magnetite nanoparticles is impractical for unidentifi-
able tiny cancers areas scattered throughout the body without
significant advancements in drug delivery technology in the
future.

An easy method involves eliminating the focus on the
whole-body treatment by drug delivery techniques and
focusing instead on identified larger cancer treatments in a
local area by direct injection. This is because the heat gener-
ated by eddy current loss in hot spot portions is proportional
to the cross-sectional area through which the magnetic flux
passes as discussed above. Hence, restricting an irradiation
range to local area suppresses temperature elevation in the
hot spot portion. Furthermore, the temperature elevation of
tumors can become significant as the size of tumors increases
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because the heat dissipation is proportional to the area of
the cancer surface while the heating power afforded by the
accumulated nanoparticles is proportional to the volume.
Additionally, a direct injection on the identified cancers
enables the enhancement of the concentration of nanoparti-
cles inside tumors when compared with that in other drug
delivery techniques. However, we know that larger cancerous
area at knownpositions can be also removed through surgery.
Therefore, it is still important to examine other solutions for
the whole-body treatment by considering points overlooked
in conventional magnetic fluid hyperthermia treatments.

3.2. Alternative Strategies. As described in the preceding
section, the conventional hyperthermia treatment usingmag-
netite nanoparticles is ineffective with respect to tiny cancers
scattered throughout the body. To resolve this, it is necessary
to shift the standpoint by considering steady heating by using
the equilibrium response of stable nanoparticles to those for
temporary heating from a nonequilibrium response of quasi-
stable nanoparticles in order to clarify the manners to max-
imize each factor in (2). First, the saturation magnetization
𝑀𝑠 is considered. For example, only iron oxide nanoparticles
were commercially used for magnetic fluids in machines
due to their excellent oxidization resistance, although metal-
lic iron has much higher 𝑀𝑠. This is because industrial
products generally need durability exceeding ten years. On
the basis of such experience, iron oxide nanoparticles have
been examined for hyperthermia treatments. Nevertheless, it
should be noticed that the hyperthermia treatment period
is significantly shorter. Hence, the iron oxide shell, iron
core nanoparticles can be considered as a candidate despite
instability for long-term usage. This substance includes a
large value of 𝑀𝑠 for the iron core and biocompatibility
of the iron oxide shell. Previous studies indicated that the
nanoparticles with this type of structure possess a saturation
magnetization 4𝜋𝑀𝑠 of 12 kG at 14 nm [20] and 16 kG at
40 nm [21], which is twice that of iron oxide. Little is, however,
known as to their long-term durability. Thus, the stabil-
ity of magnetization for the commercially available core-
shell nanoparticles (4𝜋𝑀𝑠 = 12 kG) obtained from BoutiQ
Nanoparticle Solutions was checked by using an extraction
method (PPMS, QuantumDesign). Consequently, the results
indicated that the magnetization did not decline after six
months from when the substance was received as shown in
Figure 1. As expected, the iron oxide of the shell also serves as
a surface protection layer. Hence, it is applicable for magnetic
fluid hyperthermia treatments because such treatments are
typically completed in half year at most, although it may
become difficult to maintain excellent dispersion stability for
over several months because the larger𝑀𝑠 strengthens effects
of the interparticle interactions.

Subsequently, the squareness of magnetic hysteresis loop,
𝜂sq, is considered. As is widely known, alignment of easy axes
of single domain nanoparticles improves the squareness, and
thus easy axes orientation in static magnetic fields are widely
employed prior to sintering permanent magnets to improve
their performance [22]. In contrast to these types of ceramics,
the easy axes of nanoparticles, starts to thermally fluctuate
immediately after cutting the static magnetic field in the
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Figure 1:Magnetization curves ofmagnetic fluid containing Fe/FeO
core/shell nanoparticles. The red dots indicate the curve immedi-
ately after the nanoparticles are received while the black dots show
the curve after half a year has elapsed.

human body. On the other hand, the continuous application
of a large static magnetic field biases the field variation range
from the hysteresis loop. Therefore, it is actually difficult to
increase the value by 𝜂sq by using a static magnetic field.
Recently, a study employed a Brownian dynamics simulation
for rotatable magnetic nanoparticles and indicated that these
types of nanoparticles form nonequilibrium structure in ac
magnetic fields and the orientation of the easy axes occurs
under a certain condition [13]. Therefore, the capability to
steadily align the easy axes is examined by applying an ac
magnetic field using an in situ small angle X-ray scattering
experiment in static and ac magnetic fields. Insets in Figure 2
show the two-dimensional contour diagrams of the intensity
of X-rays scattered by magnetite nanoparticles (a) in a zero
magnetic field, (b) in static magnetic field of 1000Oe, and
(c) in an AC magnetic field with 𝐻ac of 660Oe and 𝑓 of
100 kHz, where the average size, 𝑀𝑠, and the coercivity of
the nanoparticles correspond to 17.4 nm, 3.5 kG, and 53Oe,
respectively. The findings readily indicate that the contour
lines change from circles to diamonds when static as well
as ac magnetic fields are applied. The intensity dependence
of circumferential angle symmetry is fourfold not only in a
static magnetic field, but also in an AC magnetic field with
comparable oscillation in amplitude as shown in Figure 2.
These results indicate that, apart from the details, the ac
magnetic field can steadily align the cuboidal magnetite
nanoparticles in a manner similar to the static magnetic field.
This fact is consistent with the prediction of the previous
Brownian dynamics simulation, which indicated that 𝜂sq can
be increased to 0.8 [13]. Consequently, the squareness of the
magnetic hysteresis loop can be improved by increasing 𝐻ac
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Figure 2: Two-dimensional contour diagrams of small angle X-
ray scattering intensity for magnetite nanoparticles (a) in a zero
magnetic field, (b) in static magnetic field of 1000Oe, and (c)
in ac magnetic field with 𝐻ac of 660Oe and 𝑓 of 100 kHz. (d)
Circumferential angle dependencies of small angle X-ray scattering
intensities in a scattering vector range from 0.4 nm−1 to 0.6 nm−1.

and decreasing𝑓 even when the value of (𝐻ac𝑓)2 is restricted
to suppress the occurrence of hot spots.

Prior to examining the next topic, it is necessary to focus
attention on the issue of the switching field distribution of
magnetic nanoparticles. As widely known [22], the existence
of the switching field distribution reduces the squareness of
the magnetic hysteresis loop, and thus it is necessary to pre-
pare magnetic nanoparticles without anisotropy dispersion.
However, there is very little agreement with respect to the
effective origin of magnetic anisotropy even for iron oxide
nanoparticles that are widely used for over half a century, not
to mention the recently developed core-shell nanoparticles.
Hence, clarification of the origin is another critical issue.

Finally, it is necessary to consider the remaining param-
eters, 𝐻ac and 𝑓, subject to the occurrence of hot spots.
Recalling daily experiences, the main point here is that
exposure to high temperatures even only for a short period of
time leads to skin burns. For example, the time required for
thermal damage corresponds to a couple of minutes at 50∘C
and to several hours at 44∘C [23]. Interestingly, extant studies
did not focus on this type of temporary heating by pulsed
irradiation in the development of magnetic nanoparticles for
hyperthermia treatments, although researchers in the field
of hyperthermia treatments always considered irradiation
duration. Hence, the present study does not consider the
fixed idea that the treatments are performed in the steady
state and considers the possibility of short pulse heating at
high magnetic field amplitudes prior to storing the heat in
the thermally insulated tissues. An example with 𝐻ac𝑓 of 1
× 107Oe⋅s−1 (10 kHz, 1000Oe) is considered. With respect
to this applied magnetic field, easy axes orientation with
𝜂sq of 0.8 is assumed for the above-mentioned core-shell
nanoparticles with 4𝜋𝑀𝑠, of 16 kG considered as an ideal case.
The concentration of nanoparticles in the tumor involves
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Figure 3: Calculated heating curves of tiny tumors and hot spot
portions in normal tissues by pulsed irradiation of acmagnetic field.
Details are described in the text.

setting the practical value at 2mg/cm3 [19]. Under these
conditions, the maximum generated heat corresponds to
1.2W/cm3 inside the tiny tumorwith a𝑑𝑐 of 1 cm.Under these
conditions, a simple calculation using the above-mentioned
𝜏𝑐 of 23 s and 𝑐𝑐 of 3.7 JK−1 cm−3 indicates that the temperature
of tiny tumors would exceed 49∘C for an exposure time
corresponding to 𝑡 = 60 s as shown in Figure 3. Then, when
the irradiation ceases at a time 𝑡 of 180 s, the temperature
drops rapidly. In this case, the tumor is burned at 50∘C for
2min, which is sufficient to damage the tumor.

It is necessary to check the temperature at the hot spot
portions in normal tissues under the afore-mentioned condi-
tions.The temperature elevation under the same condition of
𝐻ac𝑓 = 1 × 107Oe⋅s−1 curve was calculated by using (6) and
0.137W/cm−3, 3.7 JK−1 cm−3, and 1.2 × 103 s for 𝑃𝑛, 𝐶𝑛, and𝜏ℎ, respectively. The result shown in Figure 3 indicates that
the temperature reaches 44∘C at 𝑡 = 180 s. If the irradiation
is continued constantly, then the temperature increases to
83∘C finally. Conversely, the irradiation is terminated imme-
diately after the temperature reached 44∘C in the example.
Consequently, the temperature of normal tissues does not
exceed 44∘C even at the hot spot portions as indicated by
the solid line. The thermal damage for a couple of minutes
is negligible below 44∘C. Thus, this calculation indicates that
it is possible to eradicate a metastatic cancer of roughly 1 cm
that was not identified in the diagnosis without serious side
effects on normal tissues if irradiation can be performed by
using the ideal magnetic nanoparticles in this manner. The
required concentration of the nanoparticles accumulated in
this type of a metastatic cancer corresponds to 2mg/cm3,
which is one tenth of that in the conventionalmethod and it is
achievable within the framework of the current drug delivery
technology.
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4. Conclusions

In a conventional magnetic fluid hyperthermia therapy for
cancers including unidentifiable metastatic ones scattered in
the whole body needs selective accumulation of the magnetic
nanoparticles at a concentration of 22mg/cm3, which is
significantly higher than the value achieved by current drug
delivery technique. Thus, the present study proposes a shift
from techniques based on static, steady, and equilibrium to
unstable, dynamic, and nonequilibrium scenario, although
other kinds of approaches using assistance of ultrasonic
or photothermal hyperthermic effects have been discussed
[24, 25]. Therefore, the possibility of temporary heating of
tumors was examined by pulsed irradiation using dynami-
cally aligned structures of quasi-stable core-shell nanopar-
ticles. Consequently, the results indicated that the pro-
posed manner allows ideal whole-body cancer treatment
at a realistic nanoparticle concentration via current drug
delivery techniques. However, we must notice that much still
remains to be done in each issue. First, it is not possible to
control magnetic anisotropy even in widely used magnetite
nanoparticles and especially in the recently developed core-
shell nanoparticles. Additionally, there is a paucity of research
on the dynamic alignment of easy axes of nanoparticles
and especially of interacting nanoparticles. Furthermore, it
is necessary to simulate heat transfers during temporary
heating by pulsed irradiation in a detailed human bodymodel
in the next stage. These issues can be examined through
cross-field collaboration since they are correlated with each
other. For example, significance of the synthesis of core-
shell nanoparticles with higher magnetization decreases if
dynamic aligned structures are not formed due to an unbal-
ance between the anisotropy field of the synthesized particles
and the amplitude𝐻ac, which is optimized in the heat transfer
simulation in a detailed human body. However, it is necessary
for this simulation to input heating power of nanoparticles
that depend on both 𝑀𝑠 and 𝜂sq. Although there are many
technical challenges to overcome as discussed here, magnetic
fluid hyperthermia therapy continues to be a promising can-
didate for ideal treatments of cancers including unidentifiable
metastatic cancers scattered throughout the body, preventing
the side effects of the occurrence of hot spots as pointed out
recently.
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The new era of biomaterials for repairing bone tissue injury continues to be a challenge in bone tissue engineering. The fiber
scaffolds allow for cellular interconnection and a microenvironment close to the bone extracellular matrix. The aim of this study
was to evaluate the osteoblast behavior on a 3D textile of PGA (polyglycolic acid) fibers functionalized with the RGD (R: arginine;
G: glycine; D: aspartic acid) peptide.The cellmorphology, proliferation, and calciumphosphate deposition ability were evaluated on
textiles at different time intervals under a confocal laser scanningmicroscope.The osteoblast viability ranged from 92% to 98%, and
cell proliferation was higher in PGA-RGD than control PGA (uncoated). In addition, the osteoblast calcium phosphate deposition
was significantly greater on PGA-RGD in osteogenic inductor medium (OIM) in contrast to controls without inducing factors.The
PGA-RGD fibers supported proliferation and viability of osteoblast and stimulated bone osteogenesis and mineralization. These
results support the adoption of this 3D polymeric textile as a scaffold for bone tissue engineering.

1. Introduction

The healing of damaged or diseased bone is still a challenge
issue for orthopedic surgeon and craniofacial surgeon. To
overcome reduced bone formation and healing, many have
turned to regenerative medicine. Usually, autogenous bone
grafting is the first choice for bridging the bone defect. The
advantages are free of immunogenic response and completely
biocompatible since it comes from patient himself. The dis-
advantages are limited donor source, donor site morbidities,
and variable bone graft survival. Xenograft and allograft are
alternative choices for the treatment. However, immunogenic
reaction and inadequate bone regeneration due to incom-
plete resorption result in nonunion or pathologic fracture.
Recently tissue engineering becomes a promising matter to
improve bone defect reparation [1–4].

The tissue engineering approach is a promising strategy
added in the field of bone regenerative medicine, which aims

to generate new, cell-driven, functional tissues, rather than
just to implant nonliving scaffolds. The manufacture of scaf-
folds mimicking the extracellular bonematrix, which is com-
posed of collagenfibers, calcium, phosphorus, and othermin-
erals, has not yet been resolved [5–7]. Scaffolds made from
polymer fibers have many of the characteristics necessary for
the adhesion, proliferation, and differentiation of mesenchy-
mal stem cells and osteoblasts [8–11]. Cell behavior can be
influenced by the topography of fiber scaffolds; the organi-
zation, alignment, and direction of the fibers allow cells to
attach to multiple textile walls due to their close interconnec-
tivity and larger surface-area [12–15].

One of the goals of bone tissue engineering is to repro-
duce the biological and physiological conditions of bone
within the human body by mimicking the in vivo cellular
microenvironment, which consists of multiple complex fac-
tors. The ideal scaffold for bone engineering should promote
mineralization and support the new osteoid matrix to do
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this; biomaterial surfaces are modified and functionalized
with bioactive factors that stimulate and promote a cellular
response [16].

To repair bone defects and regenerate bone, the induction
of osteogenesis is key. It is also a key determining the capac-
ity of osteoblasts to deposit extracellular matrix and bone
mineralization. The new biomaterials replace not only the
mechanical functions but also the biological characteristics
of the bone tissue [12, 17, 18].

Previous work demonstrated that the biocompatibility of
a 3D polymeric textile intended for use in tissue regeneration
was tested by evaluating the viability, proliferation, and
adhesion of dental pulp stem cells (DPSCs); morphological
parameters were characterized using scanning electronic
microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
and X-ray microtomography (𝜇CT) analyses. The textiles
were functionalized with the RGD (R: arginine; G: glycine;
D: aspartic acid) peptide, which is thought to be the principal
peptide responsible for cell adhesion [19]. Because synthetic
polymers do not have bioactive groups on their surfaces, they
do not promote cellular adhesion and require surface func-
tionalization [20]. The 3D polymeric textile has been shown
to support cell viability; however, it is necessary to perform
studies with cell lineages specific to the tissue that needs to be
regenerated [19].

In this study the behavior of osteoblast on PGA 3D
textile functionalized with RGD to determine their ability
induced of calcium phosphate deposition by used as scaffold
for bone regeneration was evaluated. Additionally, the
capacity of the scaffolds to induce osteoid matrix synthesis
followed directly by mineralization was examined. The
proliferation of osteoblasts on the fibers was evaluated by
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium] (MTS) assay, cell viability
was evaluated with the LIVE/DEAD� Viability/Cytotoxicity
Kit assay under a fluorescence microscope, and mineral
deposition was evaluated with the Osteogenesis Quantitation
Kit (Millipore).

2. Materials and Methods

2.1. Textile Fabrication and RGD Textile Functionalization.
The textiles were fabricated and characterized as described
in previous work. Briefly, the textiles were knitted by Cen-
texbel (Verviers, Belgium) from resorbable threadmade from
polyglycolic acid (PGA) multifilaments. After cutting, clean-
ing, drying, and undergoing 2 hours of UV sterilization and
generating textile samples of anoverall dimensionof 0.2× 0.5×
0.5 cm (ℎ 𝑤 𝑑), the materials were stored under vacuum at
−20∘C until future use. The RGD (R: arginine; G: glycine; D:
aspartic acid, A8052 Sigma-Aldrich) was physically absorbed
by the textiles by incubating them in a solution of RGD
(1mg/mL) plus 0.1M PBS (phosphate saline buffer) for 6 h
at 4∘C. Next, the textiles were washed with PBS and dried for
1 h under sterile conditions. The 𝜇CT and XPS analyses were
conducted to analyze the porosity and surface properties of
the fabrics, respectively [19].

2.2. Osteoblast Culture. Human osteoblasts (hOB) were iso-
lated from the maxillary tuberosity using the explant tech-
nique during thirdmolar surgery.This study was approved by

the Institutional Ethics Committee (UASLP CEIFE-032-012).
The hOBwas cultured in 75 cm2 cell culture flasks containing
Dulbecco’s Modified Eagle Media (DMEM, Sigma-Aldrich,
St. Louis, USA) supplemented with 10% fetal bovine serum
(FBS, Biosciences, USA) and antibiotic solution (strepto-
mycin 100 𝜇g/mL and penicillin 100U/mL, Sigma-Aldrich).
The cell cultures were incubated in a 100% humidified envi-
ronment at 37∘C in an environment of 95% O

2
and 5% CO

2
.

The hOB from passages 2–6 were used for all of the experi-
mental procedures. For in vitro osteogenic differentiation,
cells were cultured in an osteogenic inductor medium (OIM)
consisting of complete DMEM medium supplemented with
50 𝜇g/mL of ascorbic acid, 10mM of b-Glycerophosphate,
and 10−7M of Dexamethasone (all from Sigma-Aldrich St.
Louis, USA).During the experiment, the culturemediumwas
changed twice per week.

2.3. Seeding on Textiles. The hOB were cultured in a 75 cm2
cell culture flask upon reaching 90% confluence and then
washed with PBS. The cell monolayer was detached using 1x
Trypsin-EDTA (0.25%) solution (Gibco, Life Technologies,
USA). The human osteoblastic cells were seeded at a concen-
tration of 1 × 104 cells/textile onto the upper surface of the
PGA textiles and allowed to infiltrate into the textiles within
Millicell EZ SLIDE 8-well glass slides (Millipore-USA). The
samples evaluated in the study were PGA-RGD and PGA
with andwithoutOIM induction. Cells were culturedwithout
agitation at 37∘C in a humidified atmosphere under 5% CO

2
.

Conventional polystyrene 24-well culture plates were used as
a control. The medium was changed twice per week [19].

2.4. Cell Viability. The cell viability was determined at 3, 9,
and 12 days of cell culture with the in vitro LIVE/DEAD
Viability/Cytotoxicity Kit assay (Invitrogen) according to
manufacturer’s instructions. The cells were observed under
a confocal laser scanning microscope (CLSM, Leica Model
DMI4000B, Germany) using a laser beam emitted at 488 nm
and 532 nm wavelengths. Images were processed and ana-
lyzed using the LASAF� software (Leica, Germany). Adher-
ent live and dead cells were counted manually based on 10
images (1 × 1mm) per textile acquired randomly.The percent
viability was calculated using the following formula: number
of live cells/number of total cells at each time × 100.

2.5. Cell Proliferation. Proliferation of hOB cells seeded onto
PGAat a concentration of 1× 104 cells/textilewas quantified at
3, 5, and 7 days of culture using the Cell Titer 96TMAqueous
One SolutionCell ProliferationAssay (Promega), also known
as the MTS assay. This assay is based on the ability of mito-
chondrial dehydrogenases in living cells to oxidize the MTS
tetrazolium compound forming a colored formazan product
that is soluble in tissue culture medium. The concentration
of colored product is directly proportional to the number of
metabolically active cells. The hOB seeded at the indicated
times onto PGA textile material and PGA textile material
functionalized with RGD were washed with PBS, incubated
with fresh culture medium containing 20𝜇L of the stock
solution, and incubated for 3 h at 37∘C. After incubation, the
absorbance was quantified by spectrophotometry at 490 nm
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Figure 1: Image shows representative LIVE/DEAD fluorescent staining of osteoblasts seeded onto culture plates. 25% (a), 50% (b), and 75%
(c) of osteoblasts showing flattened morphology at 3 days (d), 9 days (e), and 12 days (f).

with a plate reader (Epoch, BioTek). During the experiment,
the culture medium was exchanged for fresh medium every
two days. All MTS experiments were conducted in triplicate
and repeated at least three times.

2.6. Mineralization Analysis and Calcium Phosphate Deposi-
tion. An osteogenesis quantization assay kit (Millipore) was
used to determine the degree of mineralization, which is
related to calcium content, during osteogenesis of human
osteoblasts cultured onto the PGA textile for 4, 14, and 21 days
with and without OIM. This assay is based on the quantifi-
cation of Alizarin Red Stain (ARS), which binds selectively
to calcium phosphate deposits (mineralization nodules).
After incubation, the PGA textiles were carefully washed
with PBS, fixed with 10% formaldehyde for 1 h at room
temperature, carefully washed with distilled H

2
O three times

(5–10 minutes), and then stained with ARS solution (40mM)
for 30min at room temperature. After several washes with
distilled H

2
O to remove excess dye, the PGA textiles were

examined under an optical microscope (Leica DMIL LED),
and images were processed and analyzed using the LAS EZ
software (Leica, Germany). Aftermicroscopic analysis ofARS
staining, the dye was extracted from the PGA textile by
treatment with 10% acetic acid for 30min. After neutral-
ization with 10% ammonium hydroxide, the optical density
of ARS was measured at 405 nm with a spectrophotometer

(Epoch, BioTek). The concentration of ARS was determined
by correlating the absorbance of the experimental samples
with a standard curve of known ARS dye concentrations.

2.7. Statistical Analysis. Significant differences between
experimental groups were determined using the Kruskal-
Wallis and Wilcoxon tests, with 𝑝 < 0.05 considered signifi-
cant. Data were analyzed using SigmaPlot Ver. 11.0 statistical
software (SPSS Inc., Chicago. IL, USA).

3. Results

3.1. Cell Viability. The viability of human osteoblast cells
isolated using the explant technique was evaluated by
LIVE/DEAD Viability/Cytotoxicity Kit assay. The results
show more than 92% viability with well-defined polygonal,
spindle shaped cell morphology (Figures 1(a)–1(c)). The cell
morphology was observed at different intervals throughout
the viability assays (Figures 1(d)–1(f)). Our results showed
that the viability of human osteoblasts cultured on PGA
textile fibers functionalizedwithRGDpeptide in the presence
of OIM at 3, 9, and 12 days was significantly greater for all
time intervals than viability of osteoblasts cultured on control
PGA (Figures 2(a)–2(f)). However, no differences in biocom-
patibility were found when human osteoblasts were cultured
onto PGA-RGDandPGA textile in normal completemedium
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Figure 2: Images taken using a CLSM on PGA textiles at 3, 9, and 12 days. Osteoblasts were stained using the LIVE/DEAD
Viability/Cytotoxicity Kit assay (10x). PGA-RGD-OIM at 3 days (a), 9 days (b), and 12 days (c). PGA-OIM at 3 days (d), 9 days (e), and
12 days (f). PGA-RGD control at 3 day (g), 9 days (h), and 12 days (i); control PGA at 3 days (j), 9 days (k), and 12 days (l).
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Figure 3: Osteoblast proliferation on the functionalized and non-
functionalized textiles over time as measured by MTS assay, which
represents active mitochondrial activity of living cells. Cell density
was significantly higher on the PGA-RGD-OIM textile at 3, 5, and 7
days compared to control PGA ∗(𝑝 < 0.05). Cells proliferated faster
on PGA–RDG than control PGA.

(Figures 2(g)–2(l)). The percent cell viabilities determined by
image analysis of the PGA textiles ranged from 92% to 98%.
Moreover, the morphology of human osteoblasts cultured on
control PGA textiles were round to oval in shape compared
to the flattened morphology of osteoblasts cultured on PGA-
RGD (Figures 2(c) and 2(f)).

3.2. Cell Proliferation. Proliferation of osteoblasts cultured on
both textilematerials after 3, 5, and 7 dayswas evaluated using
a proliferation assay kit. The absorbance level confirmed that
human osteoblasts grow on PGA textiles in the presence
and absence of OIM, indicating good proliferation without a
cytotoxic response to the multifilament polymeric structures
(Figure 3). The results showed that human osteoblasts grow
faster on textiles of PGA functionalized with RGD peptide
compared to the control PGA. Nevertheless, an increase in
cell number was detected following growth on both surfaces
during the course of the experiment. In the PGA-RGD-OIM
group, there were significant differences between the three
incubation times. The PGA-RGD only showed significant
differences during the 3–7 day and 5–7 day intervals (𝑝 <
0.05). The PGA-OIM and PGA-RGD-OIM groups both
showed significant differences at 3, 5, and 7 days. Comparing
cell proliferation among the four groups at 3 days, there was
a significant difference between PGA-RGD and control PGA.
At 5 days, there were significant pairwise differences between
all groups except PGA-OIM versus PGA. Lastly, at 7 days,
there was also no significant difference for PGA-OIM versus
PGA.

3.3. Mineralization Analysis and Calcium Phosphate Depo-
sition. The amounts of calcium phosphate in the secreted

mineral matrix of osteoblasts were quantified using ARS.The
osteoblasts cultured on both PGA-RGD and control PGA
in the presence of OIM stained positive for the presence of
mineral nodules of calcium by ARS staining assay at 4, 14,
and 21 days. The results indicating that the mineral nodules
increased in number and became larger with prolonged
induction in OIM (Figures 4(a)–4(f)); in comparison with
cells cultures on PGA-RGD and control PGA with complete
normalmedium, there was either a slight presence or absence
of calcium phosphate deposits or mineral nodules (Figures
4(g)–4(l)). As a negative control, we used the osteoblasts
cultured in plates with DMEM where calcium phosphate
deposits did not form, and as a positive control, we used
osteoblasts cultured in OIM.

Images of the mineral deposits were confirmed by quan-
titative analysis of ARS extraction, which indicated that poly-
meric textile scaffolds of PGA-RGD-OIM and control PGA-
OIM have an enhanced calcium phosphate deposition in
the extracellularmatrix comparedwith cultures withoutOIM
(Figure 5).

4. Discussion

Designing the ideal bone graft requires understanding the
nature of the materials with which cells interact. Osteoin-
ductive activity is one of the most important properties of
the materials [21]. Methods exist to evaluate the behavior of
cells on fibrous membrane surfaces tailored for bone tissue
engineering [14]. In the present study, cell viability, prolif-
eration, morphology, and calcium phosphate deposition by
osteoblasts on the polymeric 3D textiles functionalized with
RGD were evaluated.

The main characteristic of a biomaterial is its biocompat-
ibility, and in our hands, the PGA-RGD fibers show a high
level of cell viability (from 92% to 98%). This result could
mean that the PGA-RGD fibers provide an appropriate envi-
ronment for osteoblast cells where they can proliferate and
migrate betweenmultiple fibers and attach to the textile fibers
and walls. In our previous studies, DPSCs were used and had
a cell survival rate ranging from 94% to 100%.The parameters
that probably play important roles in these textiles, such as
surface roughness, 3D structure, and high interconnectivity,
permit osteoblasts tomigrate through the pores of the textiles
and increase the surface available for protein adsorption,
leading to cell attachment to the fibrous surface topographies
of the PGA textile [19].

The morphology of the polymeric fiber textiles is a 3D
structure with the fibers knitted in one orientation and
aligned such that cells grow in the direction of the multifil-
aments. In previous studies that cultivated DPSCs on textiles,
cells grew along the longitudinal axis of the fiber, which offers
greater surface-area compared with monofilament mesh
fabrics [19].

Studies have reported significantly higher cell mobility
on aligned poly(methyl methacrylate) fibers than on ran-
dom fibers, probably because there is less distance between
the fibers and there is increased cell-cell communication
[22]. Moreover, the cells orient, elongate, and spread along
poly(styrene) fibers [16]. Alignment of cells is regulated by
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Figure 4: Cell aggregates grown in OIM stain positive with ARS solution, indicating osteoblast differentiation and mineralization. Phase
contrast micrographs at a total magnification of 10x. PGA-RGD-OIM at 4 days (a), 14 days (b), and 21 days (c). PGA-OIM at 4 days (d), 14
days (e), and 21 days (f). In the case for the aggregates in non-OIM at 4, 14, and 21 days showed no calcium deposition; PGA-RGD at 4 days
(g), 14 days (h), and 21 days (i). PGA at 4 days (j), 14 days (k), and 21 days (l).

fiber densities and patterns; therefore, the growth patterns
depend on cell-cell communication and cell alignment [14].

The cell morphologies observed under CLSM include
elongated and polygonal morphology and the presence of
flattened and cytoplasmic extensions between the multifila-
ments. Cell infiltration is possible due to the porosity and the
morphological parameters of the fiber. Cell morphology is
one way to determine if the substrate is suitable for the cells.

The osteoblasts cultured on textiles had an elongated mor-
phology with abundant cytoplasmic cell processes, filopodia,
and lamellipodia, connected to the fiber matrix and to
neighboring cells. These morphological characteristics are a
key factor in many biological processes [23].

The proliferation assay demonstrated that all cells could
proliferate after they adhered to the textiles. The fiber
scaffold structures were shown to promote cell attachment;
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Figure 5: Quantitative Alizarin Red Staining after 4, 14, and 21
days of cell culture.There were significant differences on PGA-RGD
and PGA with osteogenic inductor medium at 4, 14, and 21 days
∗(𝑝 < 0.05).

nevertheless, surface functionalization stimulated protein
adsorption, which represents the first step in cell adhesion.
Studies have provided evidence that synthetic fibers may
exhibit certain properties that are comparable to natural col-
lagen fibers; thus, the nanofibrous architecturemay be a supe-
rior scaffold versus the solid-walled architecture for promot-
ing osteoblast differentiation and biomineralization [24–28].

Calcium phosphate deposition was evaluated by ARS
staining, which is used to visually detect mineralization in
bone tissue. In the textiles functionalized with RGD in the
presence of OIM, the presence of ARS demonstrates calcium
phosphate deposition throughout the multifilament poly-
meric textiles. In the case of control PGAwithout functional-
ization, but with osteoblasts cultured in OIM, lower amounts
of ARS were observed. We supposed that RGD promotes
the growth of osteoblasts and produces a greater amount of
mineral nodules deposition on PGA-RGD.The growth rate of
osteoblasts on control PGA textiles was slower than on func-
tionalized textiles. This result may be related to the different
degrees of cell spreading on these two surface types.

Studies have demonstrated that culturing osteoblast cells
on nanofibers made of poly(L-lactic acid) results in much
higher levels of alkaline phosphatase in cells than culturing on
flat films in complete induction medium [29], while growth
on polycaprolactone/gelatin electrospun scaffolds inmedium
with osteogenic supplementation promoted bone osteogene-
sis and mineralization [30]. In collagen/hydroxyapatite com-
posite nanofibrous scaffolds, the mineralization reflects the
functional activity of osteoblasts [31].

5. Conclusions

The interaction between osteoblasts and biomaterials
depends on the biomaterial surface roughness, topography,

chemistry, and functionalization.The PGA textiles function-
alized with RGD in inductive conditions tend to deposit
calciumphosphate, which is an indicator ofmatrix formation.
The osteoblast viability ranged from 92% to 98%, and cell
proliferationwas higher in PGA-RGD than control PGA.Our
data showed that the adhesion and proliferation of osteoblasts
cultured on PGA-RGD-OIM were significantly increased
relative to control. In addition, the calcium phosphate
deposition fromosteoblastswas significantly greater onPGA-
RGD-OIM. The PGA-RGD fibers supported proliferation
and viability of osteoblast. These results suggest that this
3D polymeric textile can be employed as a scaffold for bone
tissue regeneration. Future in vivo studies should be per-
formed as well.
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The aim of the present study is to determine what effect the different concentrations of 15 nm gold nanoparticles (AuNPs) will
have on the immunophenotype, synthesis collagen type I, ability to direct differentiation and spectroscopic characteristics of bone
marrow mesenchymal stem cells (MSCs). The AuNPs in concentrations of 1.5–9 𝜇g/ml did not lead to changes in the level of
expression of CD 45, CD 90, and CD 73. It should be noted that AuNPs in concentrations of 6 and 9𝜇g/ml led to a decrease in CD
44 cells by 6% and 9%, respectively.The content of CD 105 cells was reduced by 5% when AuNPs were applied at a concentration of
9𝜇g/ml. It was found that AuNPs in concentrations of 1.5–6 𝜇g/ml are safe for MSCs, while the increase up to 9 𝜇g/ml has a toxic
effect, manifested by the reduction of synthesis collagen type I and ability of adipogenic differentiation. IR spectroscopy data have
shown that the AuNPs at concentrations of 9𝜇g/ml under conditions of adipogenic differentiation to MSCs lead to the destruction
processes in the cells.Theobtained results are related to the field of applied nanotechnology, which extends to regenerativemedicine,
especially in development of bioimplantology.

1. Introduction

Nanotechnology involves the design, characterization, and
application of structures or systems at the nanometer scale
(size range, 1–100 nm) which includes nanofibers, nanotubes,
nanogels, and nanoparticles (NPs, e.g., rods, cubes, and
spheres) [1–3]. Applications related to engineering, informa-
tion technology, and diagnostics are examples of consumer
applications that directly improve our lives. This technology
is intrinsically multidisciplinary and is reliant on techniques
and methodologies from many fields such as chemistry,
physics, electrical engineering, material science, and molec-
ular biology. Our current knowledge of the health effects of
nanomaterials is limited and therefore this aspect deserves

special attention, particularly the potential long-term adverse
effects on living organisms [4–6].

The gold nanoparticles (AuNPs) are very attractive for
usage in biomedical products due to their unique physical and
chemical properties and conventional methods of synthesis
[4, 7]. Many approaches to development of medical nan-
otechnology are based on involvement ofmetal nanoparticles
[8, 9]. These nanoscale metals can have different impact on
both physical and chemical properties of cells, depending on
their quantity or therapeutic dose [10]. AuNPs are used for
cancer targeted therapy and as a contrast agent for biomedical
imaging; hence, identification of their possible cytotoxic
effects is an important direction of nanobiotechnological
research [11, 12].
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The impact of metal NPs on stem cells has been scarcely
studied so far [3, 13]. Possible interaction could lead to
unpredictable consequences in the functioning of organs
and tissues as long as all the cells encountered in the
primary division of stem cells do not cease to exist. In
2006 the International Society for Cellular Therapy (ISCT)
proposed basic criteria for determiningMSCs, namely, adhe-
sive fibroblast-like cells that are CD105, CD73, and CD90
positive and CD45, CD34, CD14, or CD11b, CD19, or CD79a
and HLA-DR negative, capable of directed differentiation
into adipogenic, osteogenic, and chondrogenic lineages. This
minimum set of phenotypic criteria for MSCs identification
is not associated with their origin [14]. MSCs are normally
taken from various tissues, such as bone marrow, fat, and
muscles involved in tissue homeostasis and regeneration [15].
We selected bone marrow MSCs of rats as a model object
for studying the effect of AuNPs on stem cells. It is likely
that mesenchymal stem cells will come into close contact
with any AuNPs coated implants. Furthermore, due to their
high differentiation capacity, these cells represent an optimal
cellular model for analysis of a possible influence of AuNP on
cell differentiation. As it has been reported [13] AuNPs have a
size-dependent cytotoxicity and NPs less than 15 nm are only
considered to be toxic.

Determination of the metal NPs’ influence on different
types of cultured cells requires evaluation of morphological
and functional parameters, namely, viability (membrane
integrity) and capacity of adhesion and proliferation [16, 17].
To determine the biosafety and compatibility of metal NPs
with cells, most researchers used cytological, biochemical,
and biophysicalmethods. Infrared andRaman spectroscopies
are complimentary informative and noninvasive techniques,
able to provide the essential information for the diagnosis
and evaluation of the cell’s functionality without damaging
it and use of additional markers [18]. Generic from them
is the Single Cell Raman Spectroscopy (SCRS), a label-free
method for the analysis of individual parameters of living
cells both in vivo and in vitro [19], because obtained spectrum
contains the marker bands (associated with characteristic
functional groups) of nucleic acids, proteins, carbohydrates,
and lipids, thus reflecting cellular genotypes, phenotypes, and
physiological states.

Here we present the study of what effect different concen-
trations of 15 nmAuNPs will have on the immunophenotype,
synthesis collagen type I, ability to direct differentiation and
spectroscopic characteristics of bone marrow MSCs.

2. Materials and Methods

2.1. Obtaining and Cultivation of MSCs. MSCs were isolated
from resected femur of rats (𝑛 = 7, weighing 220–225 g)
by washing out with Hanks’ solution (PAA, Pasching, Aus-
tria), followed by flushing through a needle with gradually
decreased diameter. The next step was centrifugation at
834×g for 5min. The cells were resuspended in culture
medium and plated on culture flasks (PAA) with 103 cells per
cm2 density. Cultural medium contained: Iscove’s Modified
Dulbecco’s Medium (PAA), 10% fetal bovine serum (FBS)

(HyClone, Logan, UT, USA), gentamicin (150mg/mL) (Far-
mak, Kiev, Ukraine), and amphotericin B (10mg/mL) (PAA).
Cultural medium was changed every three days. We used
standard culture conditions (37∘C, 5%CO2, 95%humidity) in
a CO2 incubator (Sanyo, Osaka, Japan). MSCs were detached
with 0.25% trypsin-EDTA (Hyclone), which was replanted in
other flasks with 1 : 2 ratios at 80% confluence. Third-passage
MSCs were used in all experiments.

2.2. Manipulations with AuNPs. AuNPs were obtained by
citrate synthesis [20] with an initial metal concentration of
45 𝜇g/ml. The average size of AuNPs was 15 nm.The range of
investigated concentrations was 1.5, 3, 6, and 9𝜇g/ml. AuNPs
were introduced in cells by passive diffusion at 37∘b. Cells
without AuNPs under the same conditions were taken as
control ones.

2.3. MSCs Immunophenotyping. For immunophenotypic
analysis MSCs after 1 hour incubation with AuNPs were
stained with mouse -anti- rat CD45-FITC, CD44-FITC,
CD73-FITC, CD90-FITC, and CD105-PE monoclonal
antibodies (BD Biosciences, USA) according to the manu-
facturer’s instructions. Measurements were performed on
flow cytometer BD FACS Calibur (Becton Dickinson, USA).
Data were analyzed using WinMDI v.2.8.

2.4. Immunohistochemical Study of Type I Collagen. Staining
for collagen type I was performed using monoclonal anti-
bodies to COL-1 (Sigma-Aldrich, USA) in dilution 1 : 2000
andCFTM488A (Sigma-Aldrich, USA) according to theman-
ufacturer’s instructions. The cells nuclei were additionally
stained with DAPI (Sigma-Aldrich, USA) at a concentration
of 1 𝜇g/mL for 30min. Fluorescent microscopy of MSCs was
performed using confocal scanning microscope LSM 510
Meta (Carl Zeiss, Germany).

2.5. Directed Adipogenic Differentiation. For directed differ-
entiation into adipogenic lineage standard nutrient medium
in cultures after reaching confluency was changed for dif-
ferentiation medium consisting of IMDM, 1% fetal bovine
serum, 10−7M dexamethasone, and 10−9M insulin (all from
PAA, Austria). Further cultivation was carried out for 3
weeks changing medium twice a week. To confirm the
differentiation, the cells were stained with Oil red (Fluka,
Germany) and under a light microscope we counted the
number of cells with lipid droplets (orange stain), calculating
the percentage of the total number of cells. The control ones
for spontaneous differentiation were cells cultured without
specific inductors.

2.6. Directed Chondrogenic Differentiation. For directed dif-
ferentiation in chondrogenic lineage, standard nutrient
medium in cultures after reaching confluency was changed
for differentiation medium consisting of IMDM, 10−5
ascorbate-2-phosphate (PAA, Austria), and 10 ng/ml TGF-
𝛽 (Sigma, USA). Further cultivation was carried out for
3 weeks changing medium twice a week. To confirm the
differentiation, the cultures were stained with Toluidine
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Table 1: Immunophenotype of MSCs after 1 hr incubation with AuNPs.

Sample Expression level, %
CD 44 CD 45 CD 73 CD 90 CD 105

Control 97.7 ± 0.2 1.12 ± 0.11 97.3 ± 0.8 91.5 ± 1.2 95.4 ± 0.4

Au NPs 1.5 𝜇g/ml 97.2 ± 0.4 0.91 ± 0.12 96.5 ± 0.4 92.1 ± 0.5 93.4 ± 0.3

Au NPs 3 𝜇g/ml 97.1 ± 0.3 1.07 ± 0.13 96.5 ± 0.3 91.1 ± 0.3 93.1 ± 0.4

Au NPs 6 𝜇g/ml 92.5 ± 0.4∗ 1.09 ± 0.08 96.7 ± 0.3 91.3 ± 0.2 93.2 ± 0.5

Au NPs 9 𝜇g/ml 89.5 ± 0.3∗ 1.11 ± 0.15 96.5 ± 0.6 91.1 ± 0.1 90.3 ± 0.4∗

Note. ∗𝑝 ≤ 0.05 is significant versus the control.

blue (Fluka, Germany) and we counted the number of
cells with proteoglycans in the extracellular matrix (blue
stain). Number of differentiated cells was counted under a
light microscope and we calculated the percentage of the
total number of cells. The control ones for spontaneous
differentiation were cells cultured without specific inductors.

2.7. IR Spectroscopy. The spectroscopic characteristics were
determined on the 21st day of adipogenic differentiation of
MSCs. The IR spectra were acquired in reflection mode on
a FTIR Spectrometer VERTEX-70 equipped with Hyperion
1000 Microscope (Bruker). For the data processing the fol-
lowing protocol has been adopted: (1) collecting IR spectrum,
(2) baseline correction, (3) spectrum normalization in OH-
NH range, (4) spectrum normalization in Amide I range, and
(5) spectrum normalization in Amide II region.

2.8. Statistical Analysis. Testing of the normality was carried
out using common test for asymmetry and kurtosis. At the
normal distribution of variables, reliability of differences
between groups was evaluated using Student’s 𝑡-test. Differ-
ences are significant at 𝑝 ≤ 0.05. Analysis was performed
using MS Excel (Microsoft, USA) and Statistica 8 (StatSoft
Inc., USA) software.

3. Results and Discussion

3.1. Effect of AuNPs on Immunophenotype of MSCs. MSCs
populations derived from bone marrow were characterized
by immunophenotype presented in Table 1.

The cells revealed typical mesenchymal phenotype with
high expression (≥90%) of CD44, CD90, CD105, and CD73
and low expression (≤1%) of hematopoietic marker CD45.
Addition of the investigated concentrations of AuNPs did not
lead to significant changes in the level of expression of CD 45,
CD 90, and CD 73.

It should be noted that AuNPs in concentrations of 6
and 9 𝜇g/ml led to a decrease in CD 44 cells by 6% and
9%, respectively. The content of CD 105 cells was reduced by
5% when AuNPs were applied at a concentration of 9 𝜇g/ml.
The effect of gold at a concentration of 6 and 9𝜇g/ml on
the decrease in the expression level of the markers CD 44
and CD 105 (9 𝜇g/ml of AuNPs) is probably due to the
oppression of the functional state of cells when interacting
with nanoparticles. It is known that the CD 44 marker is
responsible for the basic functions of the cell, including cell

adhesion, cell homing in peripheral and lymphoid organs
and inflammatory foci, cellular activation, and increased pro-
duction of cytokines and growth factors [21]. When 9 𝜇g/ml
of AuNPs was applied, a decrease in the expression of the
CD105 (endogen) marker of type I membrane glycoprotein
was observed, which functions as an additional receptor for
the transforming growth factor beta (TGF-𝛽) superfamily,
including TGF-𝛽1 and TGF-𝛽3, activin A, and BMP-7. Also,
CD 105 is involved in the regulation of migration and the
processes of reorganization of the cytoskeleton [14]. These
changes in the immunophenotype of the MSC of the bone
marrow when interacting with AuNPs give the prerequisites
for the detection and prevention of disturbances in the
processes of proliferation and differentiation.

3.2. Effect of AuNPs on Synthesis Collagen I Type of MSCs.
Morphological characteristics of the studied cells and their
ability to produce collagen type I are shown in Figure 1.
The control samples of MSCs of were characterized by the
presence of spindle-shaped and sail-shaped cells, in which
89.6 ± 2.7% were positively stained for type I collagen. The
relative number of cells that synthesized type I collagen, in
cultures of MSCs with addition of AuNPs at a concentration
of 1.5 and 3𝜇g/ml, did not differ significantly from the
corresponding index in the control and was 87.4 ± 3.1%
and 87.6 ± 1.9%, respectively. The glow in the green region
of the spectrum was bright and intense. The use of AuNPs
at concentrations of 6 and 9 𝜇g/ml led to a decrease in the
relative number of cells positively stained for type I collagen;
they were 57.6 ± 2.1% and 53.4 ± 2.5%, respectively. The
luminescence of MSCs cultured with the addition of AuNPs
of 9 𝜇g/ml was not intense and covered by small sections of
cells (in most cases around the nucleus).

The results of the study of the effect of AuNPs on synthetic
processes in MSCs bone marrow showed that the use of con-
centrations of 6 and 9𝜇g/ml led to a decrease in the relative
number of cells positively stained with collagen type I. As is
known, the decrease in the synthetic activity ofMSCs of bone
marrow is one of the main indicators of attenuation of their
functioning [22]. Based on the results of our previous studies,
by using confocal laser microscopy of bone marrow MSC
culture preparations, it has been shown that low-frequency
gold does not remain on the plasma membrane of cells. The
localization was partially observed in the cytoplasm and in
the cell nucleus [23, 24]. It can be assumed that the AuNPs,
by binding to the nucleus cell membrane, have the potential
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Control

Au_NPs_1.5 g/ml Au_NPs_3 g/ml

Au_NPs_6 g/ml Au_NPs_9 g/ml

Figure 1: The effect of AuNPs on synthesis collagen I type of MSCs, 10th day. Control cells were not incubated with AuNPs. Fluorescent
microscopy, immunological staining of MSCs on type I collagen (green light), nucleus stained of DAPI (blue light).
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Table 2: Ability to direct adipogenic and chondrogenic differentiation of MSCs cultured with addition of AuNPs.

Samples

Adipogenic
differentiation,
positive staining
with Oil red

Chondrogenic
differentiation,
positive staining

with Toluidine blue
Spontaneous
differentiation

Induced
differentiation

Spontaneous
differentiation

Induced
differentiation

Control — + — +
Au NPs 1.5 𝜇g/ml — + — +
Au NPs 3 𝜇g/ml — + — +
Au NPs 6 𝜇g/ml — + — +
Au NPs 9 𝜇g/ml — ± — +
Notes. “+”: differentiation of more than 50% cells; “±”: differentiation of less than 50% cells; “—”: no differentiation.

to influence the synthetic processes in the MSCs of the bone
marrow at the transcriptional and posttranscriptional levels.

3.3. Effect of AuNPs on Ability to Direct Adipogenic and Chon-
drogenic Differentiation ofMSCs. Ability to direct adipogenic
and chondrogenic differentiation of MSCs is presented in
Table 2 and Figure 2.

The first signs of adipogenic differentiation, evidenced
in changing the morphology of cells (roundness, cytoplasm
granularity), were observed on 5–7th day in the case of con-
trol samples and at the addition of AuNPs at concentrations
of 1.5–6 𝜇g/ml.

Application ofAuNPs at a concentration of 9𝜇g/ml inhib-
ited the process of adipogenic differentiation in the cultures
studied, which was manifested in the delay in the appearance
of the first signs of differentiation, which appeared on
9-10th days. In all investigated concentrations of AuNPs,
spontaneous adipogenic differentiation was not observed.
Cytochemical staining of MSCs with dye Oil red on 21st day
after the initiation of adipocyte differentiation revealed the
presence of orange lipid droplets in the cytoplasm of more
than 64.7 ± 6.2% of cells. The use of AuNPs at concentrations
of 1.5, 3, and 6 𝜇g/ml did not lead to significant changes in
the number of cells with signs of adipogenic differentiation;
namely, the index was 64.2 ± 4.1%, 59.7 ± 5.6%, and 61.3 ±
5.7% of the cells, respectively. In the culture of MSCs with
the addition of AuNPs at a concentration of 9𝜇g/ml, the
number of cells with signs of adipogenic differentiation was
32.6 ± 6.5%.

In the study of directed chondrogenic differentiation, the
first signs of a change in the morphology in the control
samples were observed on the 3-4th day of cultivation and
on the 5-6th day in the case of using AuNPs in all the
concentrations studied. Since the 8th day of chondrogenic
differentiation in cultures, we observed areas of high cells
concentration. In further observations, cell density increased
and on the 21st day there was creation of formed struc-
tures with large amount of extracellular matrix, which was
confirmed by their staining with Toluidine blue for the
proteoglycans. The total percentage of bone marrow cells
differentiated in the chondrogenic direction of the control
samples was 71.3 ± 5.2%, with the addition of AuNPs of

1.5 𝜇g/ml - 68.7±7, 1%, AuNPs of 3 𝜇g/ml - 68.2±4.8%,AuNPs
of 6 𝜇g/ml 62.5 ± 5.3%, and AuNPs of 9 𝜇g/ml 62.7 ± 7.4%.
In all investigated concentrations of AuNPs, spontaneous
chondrogenic differentiation was not observed.

In the studies of authors the effect of AuNPs on direct
multilinear differentiation of MSCs was reported [16, 17, 25–
28]. Yi et al. reported that uncoated AuNPs decrease the
adipogenic differentiation of murine MSCs in a time and
dose-dependent manner. The work of Fan et al. showed that
althoughAuNPs hadminor cytotoxicity to the cells, they sup-
pressed osteogenic and adipogenic differentiation of hMSCs
on days 7 and 14. In our study, we have shown that 15 nm
AuNPs led to a decrease in lipid formation in dependency on
the applied particle concentration. The MSCs were probably
more fragile during adipogenic differentiation; hence, they
may constitute a cell system to detect the cytotoxic effects of
nanoparticles and other chemical substances [17].

3.4. SpectroscopicData. With the aimof havingmore detailed
information about how AuNPs influence the cell, the follow-
ing issues should be addressed: (i) a possible impact of AuNPs
on cellular metabolism; (ii) applicability of AuNPs as cellular
markers; (iii) an identification of cellular components, which
might get affected by AuNPs, for example, lipid membrane or
macromolecular nucleic acids (DNA, RNA); and, finally, (iv)
which cellular components give maximum contribution to
the IR signal from a single cell with AuNPs.Working on solv-
ing this puzzle we analyzed the profiles of so-called marker
bands of a cell’s main components, which are presented in
Table 3.

The results of the histochemical study showed no influ-
ence of AuNPs on MSCs under chondrogenic differentiation
conditions (Table 2). Therefore the next step was to obtain
more information about chemical and biochemical changes
influenced by AuNPs in MSCs under adipogenic differenti-
ation conditions. We proceeded by performing FTIR spec-
troscopy of MSCs as such (control set) and those cultivated
with AuNPs in concentrations of 1.5, 3, 6, and 9 𝜇g/ml for 21
days of adipogenic differentiations.

The FTIR spectra presented on Figure 3 show a significant
increase of the intensity of IR bands from cells with gold
concentration of 1.5𝜇g/ml due to the Surface Enhanced
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Control (−) Control (+)

Au_NPs_1.5 g/ml Au_NPs_3 g/ml

Au_NPs_6 g/ml Au_NPs_9 g/ml

Figure 2:The effect of AuNPs on ability of adipogenic differentiation ofMSCs, 21st day. Control cells were not incubatedwithAuNPs. Control
(−) cells were not induced to differentiate and control (+) cells were induced to differentiate. Oil red O staining was used to assess adipogenic
differentiation by staining for lipid deposits.

Table 3: The regions of marker bands for a cell.

Amide I, cm−1 Amide II, cm−1 Nucleic acids, cm−1 ]bX2, cm
−1 ]bX3, cm

−1

1600–1710 1483–1595 1000–1140 2900–2944 2945–2980

Infrared Absorption (SEIRA) effect. In case of SEIRA effect
the enhancement of IR absorbance is provided by huge
increasing of electromagnetic field in the area aroundAuNPs.
Increase in intensity of IR bands from all cell components,
especially enhancement of the signals from the cell nucleus,
might indicate that at small concentration of 1.5𝜇g/mlAuNPs
mostly pass through the membrane inside the cell. Further
increase in gold concentration leads to decrease in IR spectral
intensity, which is probably caused by excessive deposition of

AuNPs and cluster’s formation of that on a cellmembranes. In
this case AuNPs still remain a good enhancement factor for
cell membrane, which is revealed in strong lipid peaks, but
prevent obtaining a good signal from the cell as a whole.

The results of analysis of the intensities of absorption
bands of Amide I and Amide II in the IR spectra, which have
been measured on the samples of cell cultures with directed
adipogenic differentiation and different concentrations of
AuNPs are given in Table 4. In the studied samples, the



Journal of Nanomaterials 7

Table 4: Calculated value of Amide I/Amide II ratio in MSC of bone marrow under adipogenic differentiation conditions.

Sample IR band for Amide I IR band for Amide II Amide I/Amide II Standard deviation
Position, cm−1 Intensity, a.u. Position, cm−1 Intensity, a.u.

Control (no AuNPs) 1645 0.126 1541 0.095 1.309 ±0.0007
Au NPs 1.5 𝜇g/ml 1646 0.46 1545 0.38 1.269 ±0.0007
Au NPs 3 𝜇g/ml 1645 0,196 1541 0.14 1.255 ±0.0007
Au NPs 6 𝜇g/ml 1645 0.11 1536 0.095 1.408 ±0.0007
Au NPs 9 𝜇g/ml 1642 0.14 1536 0.11 1.422 ±0.0007
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Figure 3: FTIR spectra of pristine MSCs (labeled as control cell,
black) and of MSCs incubated with AuNPs in concentrations of
1.5 (red), 3 (blue), 6 (green), and 9 (magenta) 𝜇g/ml for 21 days
of adipogenic differentiations. Resolution 2 cm−1; 234 scans are
collected. The spectra background are subtracted.

Amide I/Amide II ratio was higher by 7% and 8% for
samples of AuNPs with concentrations of 6 and 9 𝜇g/ml,
respectively, as compared to the corresponding reference
indicator. This points to the necessity of taking into account
the specific biochemical changes inherent to each process of
differentiation when assessing the nature of the change in
Amide vibrations as an apoptotic marker [25].

The ratios between the signals in the 2853–2291 cm−1
region (absorption of CH2 groups) and in the 2945–
2980 cm−1 region (absorption of CH3 groups) were analyzed.
An increase of the CH2/CH3 ratio is observed during the
cells growth in one type of cell culture. The results presented
in [29] showed that changes were observed in the ratio of
CH2/CH3 in the process of cell growth and are not the only
characteristic of apoptosis.

The IR spectrum presented on Figure 4 and in Table 5
shows the ratio of asymmetric stretching modes of CH2/CH3
hydrocarbon functional groups as markers of apoptosis in
cells with directed adipogenic differentiation. In this case, the
ratio of CH2/CH3 asymmetric modes increases with the rise
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Figure 4: FTIR spectra of pristine MSCs (labeled as control cell,
black) and of MSCs incubated with AuNPs in concentrations of
1.5 (red), 3 (blue), 6 (green), and 9 (magenta) 𝜇g/ml for 21 days of
adipogenic differentiations enlarged in the region of CH vibrations.
Resolution 2 cm−1; 232 scans are collected. The spectra background
are subtracted.

of the AuNPs concentration and most sufficient growth is
observed at concentration of 9 𝜇g/ml.

The experimental data obtained regarding the change in
the CH2/CH3 ratio are not fully understood and, therefore,
cannot be considered as characteristic of apoptosis. On the
contrary, they may be associated with an increase in the
number of lipids in the secondary messenger that regulates
cell growth. Another explanation is the possible reduction of
the cell volume and, hence, of the actual number ofmolecules
with CH2/CH3 during the cell growth and are not the only
characteristic features of apoptosis [30].

It is important to note that IR spectroscopy does not dam-
age the cells and provides both qualitative and quantitative
information related to proteins, lipids, and nucleic acids of
living, necrotic, or apoptotic cells within one experimental
point without manipulation or staining of the sample.

The molecular mechanism behind the increase in the
CH2/CH3 ratio is still unclear, but this may be due to an
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Table 5: Ratio of intensities of asymmetric bands bX2/bX3 in MSCs under conditions of adipogenic differentiation.

Sample IR band for CH2(as) IR band for CH3(as) Ratio of CH2/CH3 Standard deviation
Position, cm−1 Intensity, a.u. Position, cm−1 Intensity, a.u.

Control (no AuNPs) 2921 0.123 2956 0.082 1.502 ±0.0006
Au NPs 1.5 𝜇g/ml 2921 0.087 2960 0.076 1.513 ±0.0006
Au NPs 3 𝜇g/ml 2917 0.058 2956 0.043 1.531 ±0.0006
Au NPs 6 𝜇g/ml 2921 0.044 2956 0.040 1.547 ±0.0006
Au NPs 9 𝜇g/ml 2921 0.037 2957 0.032 1.762 ±0.0006

increase in the number of lipids in the secondary messenger
that regulates cell growth or a slight decrease in cell volume
after the cells have grown. Indeed, the decrease in the volume
of cells corresponds to a relative increase in surface area.This
can lead to an increase in the proportion of phospholipids in
biomass and, respectively, a major increase in CH2 in relation
to CH3 groups.

Thus, based on the IR spectroscopy data, it has been
established that the AuNPs at concentrations of 1.5–6𝜇g/ml
do not affect the structure of the MSC of the bone marrow.
It is shown that the addition of the AuNPs at concentrations
of 9 𝜇g/ml under conditions of adipogenic differentiation
to MSCs of the bone marrow leads to the formation of
the Amide I shoulder in the region of 1617–1630 cm−1
[31, 32], increasing lipid content; appearance of inten-
sive peak at 1740 cm−1, which is usually associated with
the non-hydrogen-bonded ester carbonyl C=O stretching
mode within phospholipids; and increasing the shoulder at
∼1725 cm−1 which is associated with hydrogen-bonded C=O
groups. An increase in a peak at ∼1725 cm−1 was seen by
[33] for investigated cells that had experienced necrosis and
was visually changed morphologically because of a loss of
cell membrane integrity. The results are likely to indicate the
destruction processes in the studied cells. The fact that the
∼1740 cm−1 peak in Figure 3 is significantlymore intense than
the ∼1725 cm−1 peak implies that the C=O ester carbonyl
groups of lipids in the cell are becoming predominantly
non-hydrogen-bonded, which would be in agreement with
oxidative damage having occurred. Apoptosis is associated
with, among other factors, increased oxidative damage [34,
35]. Therefore, the cells with the AuNPs at concentrations of
9 𝜇g/ml that we measured may have been in the early stages
of apoptosis and not a lysosomal type of death whereas cells
visually observed to have lost membrane integrity were most
likely lysosomal and had different IR spectral characteristics.

4. Conclusions

It was shown that the use of AuNPs in concentration of
1.5–9𝜇g/ml did not lead to significant changes in the level
of expression of CD 45, CD 90, and CD 73. It should be
noted that AuNPs in concentrations of 6 and 9 𝜇g/ml led
to a decrease in CD 44 cells by 6% and 9%, respectively.
The content of CD 105 cells was reduced by 5% when
AuNPs were applied at a concentration of 9 𝜇g/ml. It was
found that AuNPs in concentration of 1.5–6 𝜇g/ml are safe
for MSCs, while increase up to 9 𝜇g/ml has a toxic effect,

manifested by the reduction of synthesis collagen type I,
adipogenic differentiation ability, and apparent apoptosis. IR
spectroscopy data have shown that the AuNPs at concentra-
tions of 1.5–6 𝜇g/ml do not affect the structure of proteins,
lipids, and nucleic acids of the MSC of the bone marrow.The
addition of the AuNPs at concentrations of 9 𝜇g/ml under
conditions of adipogenic differentiation to MSCs leads to
the destruction processes in the cells. The obtained results
are related to the field of applied nanotechnology, which
extends to regenerative medicine, especially in development
of bioimplantology.
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To develop bone implant material with excellent antibacterial and biocompatible properties, nanotubular titanium surface
was coated with hydroxyapatite (HA) and graphene oxide (GO). Layer-by-layer deposition was achieved by coating HA on
an anodic-grown titanium dioxide nanotube array (ATi) with electrolytic deposition, followed by coating with GO using
anodic-electrophoretic deposition. The antibacterial activity against both Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria was determined based on the percentage of surviving bacteria and the amount of ribonucleic
acid (RNA) leakage and correlated with membrane disruption. The oxidative stress induced in both strains of bacteria by GO
was determined by cyclic voltammetry and is discussed. Importantly, the antibacterial GO coatings on HA-ATi were not cytotoxic
to preosteoblasts and promoted osteoblast proliferation after 5 days and calcium deposition after 21 days in standard cell culture
conditions.

1. Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a mineralogic
component of natural bone with a molar calcium to phos-
phate ratio of 1.67 [1]. Several methods for coating HA onto
biomaterial surfaces include plasma spray, microarc oxi-
dation, and electrodeposition. Electrodeposition is an easy
method that allows for adjustment of the thickness and
porosity of the HA coating, increased corrosion protection,
and reduced release of metal ions by changing systemic
parameters.HAmay be electrodeposited on an anodic-grown
titanium dioxide (TiO2) nanotube array on titanium (Ti),
which is widely used in orthopedic implants to form a direct
bone-to-metal interface, referred to as osseointegration [2, 3].
TiO2 nanotubes fabricated by anodization are highly ordered
and highly adhesive to the substrate due to the intrinsic
chemical bonds between the nanotubes and Ti.

Bioactive HA has been widely used as a coating mate-
rial for dental and orthopedic implants for many years,
but by itself, it does not prevent bacterial infection after
implantation. Infections associated with surgical implants are
generally difficult to be suppressed and may require a longer
period of antibiotic therapy and repeated surgical procedures
[4]. Antibacterial property of HA coating could be improved
by adding other nanomaterials such as graphene oxide.

Graphene oxide (GO) has antibacterial activity that can
reduce the risk of bacterial infection. GO nanosheets inhibit
bacterial growth [5, 6]. GO coatings also promote osteoblast
function and the antibacterial properties of implantmaterials
[3, 6–8]. A hydrothermal synthesized nanocomposite of HA
nanorods on GO sheets showed faster adsorption of bovine
serum albumin in adsorption-desorption process on its sur-
face [9]. Such nanocomposite was suitable for drug delivery
due to its biocompatibility, high drug loading efficiency,
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and biodegradability. The nanocomposite of HA on reduced
GO was also used as enzymatic electrochemical glucose
biosensors which exhibited a superior detection limit and
higher sensitivity [10]. Graphene cytotoxicity in neural cells
is due to the production of reactive oxygen species (ROS) in a
concentration- and time-dependentmanner [11, 12].The anti-
bacterial mechanism of another carbon-based nanomaterial,
carbon nanotubes (CNTs), is induced by oxidizing a cellular
structure or component of bacteria with CNTs [13]. For
example, the increased cytotoxicity of single-walled CNTs
might be due to an increase of in cellular oxidative stress
and a loss of cell membrane integrity [14]. It remains unclear,
however, whether intracellular ROS are most likely induced
by external ROS produced by GO outside of the bacteria or
whether intracellular ROS are directly produced by the GO
surface.

Oxidative stress (or ROS formation) generated fromother
carbon nanomaterials, such as graphene [12], fullerene [15],
and CNTs [16], is a key antibacterial mechanism. Many
studies have measured oxidative stress and its relationship to
disease, such as in acute pancreatitis and hemorrhagic shock
syndrome [17, 18]. In the present study, electrochemical
method was used to indirectly detect ROS in bacteria on the
electrodeposited GO coatings. Once ROS react with an
electron-acceptor protein at the cell membrane, an electri-
cal signal is detected from the bacteria-seeded electrode
in an electrochemical cell. Here, oxidative stress in both
Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria was studied after they colonized on
GO coatings after 24 h. In addition, preosteoblast (MC3T3-
E1) cell proliferation and calcium deposition under standard
cell culture condition were examined to determine the early
osteoblast response to electrodeposited GO coatings in vitro.

2. Experimental Materials and Methods

2.1. Anodic-Electrophoretic Deposition of Graphene. GO solu-
tions were prepared by dispersing GO in isopropyl alcohol
(Ajax Finechem, New Zealand) at concentrations of 50, 100,
150, and 200𝜇gml−1, named GO1, GO2, GO3, and GO4,
respectively. GO was deposited by anodic-electrophoretic
deposition on HA-ATi samples prepared as described pre-
viously [3, 19]. A direct current of 10V was applied at
room temperature for 10min during anodic-electrophoretic
deposition. HA-ATi layers without GO (GO0) were used as a
control.

2.2. Physical and Chemical Characterizations. The surface
morphology of the coatings was characterized by scanning
electron microscopy (SEM, CamScanMX2600, UK) with a
10 keV electron beam. The amount of GO was indirectly
analyzed using image analysis software (ImageJ version 1.32,
Montgomery, National Institutes of Health, Maryland). The
crystal structures of the coating were examined using an X-
ray diffractometer with CuK𝛼1 radiation (Shimadzu Model:
XRD 6000, Japan) at a scanning rate of 1∘/min.

2.3. Bacterial Responses. All samples were tested against S.
aureus and E. coli bacteria as Gram-positive and Gram-
negative models, respectively. The bacteria were cultured in

Mueller-Hinton broth (Thailand Science Park, Thailand) at
37∘C for 24 h with shaking at 200 rpm. The bacteria were
then centrifuged at 5000 rpm for 5min. The bacteria pellet
was added to 10ml sterilized saline solution to reach a
concentration of bacteria of 106 colony forming units (CFU)
per milliliter.

2.3.1. Antibacterial Drop Test. Each sample was placed into
a sterilized 24-well plate. Then, 100 𝜇l of diluted bacterial
suspension was spread on the surface of the sample. After
sonication of the sample at 37∘C for 60min, the bacteria
were washed from the surface of the sample with 1.5ml
sterilized phosphate-buffered saline (PBS) in the sterilized
24-well plate. Then, 50 𝜇l of each bacterial suspension was
added toMueller-Hinton broth and incubated at 37∘C for 24 h
to measure bacterial absorbance using a spectrophotometer,
and percent of relative bacterial cell survival was calculated
(1). The reported data are the mean value of three indepen-
dent experiments.

% Relative cell survival

=
Absorbance of sample × 100%

Absorbance of control
.

(1)

2.3.2. Measurement of Ribonucleic Acid (RNA) Efflux. First,
the media remaining from oxidative stress measurement of
each sample were centrifuged at 13,000 rpm for 2min. The
supernatant of the solution was then used to measure the
RNA efflux of the bacteria. RNA was separated using a RNA
purification kit (RBC Bioscience, Taiwan) in which single-
strandedRNAand double-strandedRNAofmore than 200 to
1000 of base pairs in length were efficiently purified. Elution
solutions of RNA were measured to determine the RNA
concentration with a microplate reader (Infinite� 200 PRO
NanoQuant, Switzerland).

2.3.3. Determination of Bacterial Oxidative Stress Using
the Electrochemical Method

(1) Preparation of Samples for Electrochemical Measurements.
Oxidative stress was studied electrochemically using cyclic
voltammetry (CV) technique. CV analysis was selected as
a reliable and effective method to measure oxidative stress
without pretreating the sample surface or using any specific
chemical before analysis. Effects of various GO concentra-
tions and initial-seeding cell concentrations on oxidative
stress in bacterial cells were studied. The oxidation mea-
surement area, 0.25 cm2, was controlled by coating with
corrosion-protective paint (Jotun, Thailand), as shown in
Figure 1. Prior to testingwith bacteria, sterilized sampleswere
exposed to 30,000𝜇WScm−2 of 254 nm UV energy (JKL,
USA) for 4 h on each side.

(2) Culture of Bacterial Cells for Electrochemical Measure-
ments. The samples (Figure 1) were placed in a sterilized
24-well plate. Then, 1ml of the diluted bacterial suspension
(106 CFUml−1) was spread onto the sample surface. The bac-
teriawere cultured inMueller-Hinton broth at 37∘C for 24 h at
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Figure 1: Scheme of sample preparation for electrochemical mea-
surements.

an angular velocity of 200 rpm.The samples were placed in a
three-electrode electrochemical system to measure oxidative
stress. Bacteria absorbance in the medium of each sample
was measured using a microplate reader (Infinite� 200 PRO
NanoQuant, Switzerland). Relative bacterial cell survival was
calculated using (2).Themean percent of relative cell survival
was determined from three independent experiments.

Relative cell survival (%)

=
Absorbance of sample × 100%

Absorbance of control (polystyrene plate)
.

(2)

(3) Cyclic Voltammetry. A three-electrode electrochemical
system was used in this study. Samples with living bacteria
were used as the working electrodes. A silver/silver chloride
(Ag/AgCl, 6.0726.107, Metrohm Autolab B.V., Switzerland)
and a platinum coil (Alfa Aesar) were used as reference
and counter electrodes, respectively. The changes in the
electrical current through working electrodes were recorded
with a potentiostat PGSTAT 302N (Metrohm Autolab B.V.)
with the NOVA program (version 1.9.16, Metrohm Autolab
B.V.). Prior to measurement, all electrodes were cleaned

with deionized water. All electrodes were connected to an
electrochemical workstation and immersed in electrolyte
solution, a 1x PBS (Gibco) solution. CV was also performed
in 1.0mM K3[Fe(CN)6] (Ajax Finechem, New Zealand)
dissolved in 0.1MNaH2PO4/Na2HPO4 (Ajax Finechem,New
Zealand) buffer to test for a direct electron transfer at
electrodes without living bacteria. The scan rate for CV was
100mV s−1, whereas the potential step was 0.00244V with a
start potential of −1.0 V.The upper vertex potential, the lower
vertex potential, and the stop potential were +1, −1, and −1 V,
respectively. Three independent samples were tested for each
condition.

2.4. Osteoblast Responses

2.4.1. Cell Culture. Preosteoblasts (MC3T3-E, passage num-
ber = 11, Mahidol University, Thailand), were cultured in
alpha-modified minimal essential medium (alpha-MEM;
Invitrogen Corporation, Paisley, UK) supplemented with
10 vol% fetal calf serum (Dominique Dutcher, Brumath,
France) and 1 vol% penicillin/streptomycin (Invitrogen Cor-
poration). Cells were cultured at 37∘C in a humidified atmos-
phere of 5% CO2 in air andmedia were replaced every 3 days.

2.4.2. Cell Viability. Cells were subcultured through
trypsinization (0.25% trypsin and 0.53M EDTA; Invitrogen
Corporation) and then seeded onto plastic polystyrene
(control) at a density of 4 × 104 cells cm−2 in 24-well culture
plates. Cell viability was tested using a commercial MTT
assay (Sigma-Aldrich, Thailand). The 10 vol% solution of
MTT in 1x phosphate buffer saline was mixed with alpha-
MEMwithout phenol red to form a yellowish solution before
being added to the cell-seeded samples at day 5 of the
culture. Mitochondrial dehydrogenases of viable cells cleave
the tetrazolium ring, yielding purple formazan crystals
on cell-seeded samples after incubation for 1 h. The blue
formazan crystals trapped in the cells were dissolved in
sterile DMSO (100 𝜇l) by incubating at 37∘C for 30min.
Absorbance of the purple solution was measured at 550 nm
using a spectrophotometer (SynergyMxMulti-Mode Reader,
US). A concomitant change in the amount of formazan
formed correlates to the change in the number of viable cells
in the samples.Therefore, the percentages of viable cells in the
samples are calculated as shown in

Cell viability (%) =
Absorbance of colored solution incubated with samples × 100%

Absorbance of colored solution incubated with control (polystyrene plate)
. (3)

2.4.3. Calcium Deposition Assay

(1) Induction of Osteogenic Differentiation. Preosteoblasts or
bone-forming cells were used in this study.The cells were cul-
tured in alpha-MEM(InvitrogenCorporation) supplemented
with 10 vol% fetal calf serum (Dominique Dutcher, Brumath,
France), 1 vol% penicillin/streptomycin (InvitrogenCorpora-
tion), 5mM𝛽-glycerophosphate (Sigma-Aldrich), 50𝜇gml−1

ascorbic acid (Sigma-Aldrich), and 100 nM dexamethasone
(Sigma-Aldrich) [20]. The initial cell seeding density was 4
× 104 cells cm−2 at 37∘C in a humidified atmosphere of 5%
CO2 in air. The cell culture media were replaced every 3 d.
The calcium content was monitored at 21 d of culture.

(2) Cell Lysis and Calcium Content Analysis. After removing
the culture media and washing the samples with PBS, 200 𝜇l
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SDS lysis buffer was added to each sample. The samples
were shaken using an orbital shaker at an angular velocity of
200 rpm for 5min and then incubated in a CO2 incubator at
37∘C for 1 h. Incubated samples were placed into a mixture
of 5N HCl solution (Ajax Finechem, New Zealand) and the
cell lysate, with a fixed ratio as 250𝜇l of 5N HCl per 1ml of
cell lysate. The solution was mixed with the samples using an
orbital shaker at 200 rpm for 5min. The samples were then
incubated at 4∘C for 4 h.

Calcium quantification was performed after cell lysates
were incubated more than 4 h. The cell lysates were then
mixed with ethanolamine buffer as 10 𝜇l per 1000 𝜇l in auto-
claved microcentrifuge tubes, and 100 𝜇l ortho-cresolphthal-
ein (0.63mM; Sigma-Aldrich)was added to the ethanolamine
and cell lysate solution in microcentrifuge tubes to obtain
a purplish red color of solution. The light absorbance of
calcium in the supernatant was measured using a microplate
reader at a wavelength of 570 nm.The calcium concentration
was calculated according to a standard curve generated from
a serial dilution of standard calcium solutions. Calcium
content was reported as micrograms of calcium per square
centimeter of the sample area (𝜇g cm−2). Nine samples in
each group were tested at culture day 21. The experiment was
repeated three times.

2.5. Statistical Analysis. Analysis of variance (ANOVA) and
independent-samples t-test were used with Minitab� 16
(Minitab Inc., USA). A probability of 0.05 was considered
statistically significant.

3. Results and Discussion

3.1. Anodic-Electrophoretic Deposition of a Graphene Oxide
and Hydroxyapatite Coating. SEM images of GO coatings
on HA-ATi by anodic-electrophoretic deposition are shown
in Figures 2(a)–2(e). The SEM images show thin layers
of GO coatings on top of HA layers. Our previous study
confirmed the presence of the carbon content of the GO
on the coatings after electrodeposition by energy-dispersive
X-ray and Fourier transform infrared spectroscopy [10]. In
the present study, quantitative analysis of the carbon content
was conducted by indirectly measuring HA intensity using
ImageJ. The results in Figure 2 suggest that the HA content
decreases when the electrodeposited GO content increases,
and the highest GO content was found on the GO4 sample
(200𝜇g ml−1) compared to the other coatings. This implies
that a thick GO coating is obtained when using a high con-
centration of GO in the electrolyte during the electrophoretic
deposition process. The crystal structures of the samples in
the present study were analyzed using XRD, as shown in
Figure 3.The results of XRD spectra confirmed that the layers
of HA (Ca10(PO4)6(OH)2) and TiO2 (anatase phase) existed
on all surfaces; however, the intensity of their peaks was
lower on the GO-coated samples. In our previous work, XRD
spectrum of GO powder (before electrodeposition) showed a
peak at two Theta = 10.16∘ [21]. However, the XRD patterns
of GO1, GO2, GO3, and GO4 samples (Figure 3) did not
show the peaks at two Theta range of 10–12∘. The previous
study reported that the absence of the peak at two Theta

approximately to 10–12∘ was found in reduced GO [22].
It is possible that reduced GO coating is formed after the
electrophoretic deposition in the present study. In addition,
if GO content in coating is less than 5wt%, its peak would
not showdue to limitation of the technique. Although theGO
peaks did not appear, it may be implied from XRD patterns
that GO existed on the surface due to reduction of apatite
and anatase peaks with an increase of GO content used in
the anodic-electrophoretic deposition. The reduction of the
peaks may be resulted from an increase of GO concentration
on the coatings.

3.2. Bacterial Responses

3.2.1. Measurements of Bacterial Survival and RNA Leakage.
GO0 samples had weak antibacterial activity.The GO-coated
samples, however, exhibited considerable antibacterial activ-
ity. Specifically, after 1 h of culture, 98% (GO1), 49% (GO2),
34% (GO2), and 37% (GO4) of the E. coli survived on the
surface of the GO-coated samples. Figure 4 shows similar
results for S. aureus. Similar to E. coli, the GO was toxic to
S. aureus. The GO exhibited stronger antibacterial activities
against S. aureus than against E. coli. In fact, only 86% (GO1),
57% (GO2), 23% (GO3), and 26% (GO4) of the S. aureus
survived on the GO surface after 1 h of culture. Although
electrodeposited GO on HA-ATi was toxic to both types of
bacteria, it was more toxic to the Gram-positive (S. aureus)
bacteria.

The results confirmed that the GO-coated samples
reduced bacterial survival. The mechanisms to kill the bac-
teria were likely oxidation and membrane disruption. There-
fore, the toxicity of the samples to bacteria through mem-
brane damage can be investigated by measuring intracellular
materials such as RNA in the supernatant surrounding
the bacteria exposed to the GO-coated samples [9]. Thus,
the efflux of the cytoplasmic materials of the bacteria was
examined by measuring the concentration of RNA in the
solution (Figure 4). The RNA concentrations in the solutions
of bacteria exposed to GO-coated samples at each concentra-
tion were significantly higher than that of the control samples
(GO0), except that for GO1 against E. coli bacteria. This is
due to direct contact between GO and bacteria causing RNA
leakage. Because GO has extremely sharp edges, it could
damage the bacterial membrane [23]. In the present study,
when the GO concentrations increased, RNA leakage also
increased.

The RNA effluxes from S. aureus exposed to GO were
significantly higher than those of E. coli under the same
culture conditions. This may be due to the greater resistance
of E. coli in direct contact with the edge of the GO compared
with S. aureus. Although S. aureus is a Gram-positive bacteria
whose peptidoglycan layer provides additional strength to
the cell wall, which is also thicker (20–80 nm) than that
of E. coli (Gram-negative) bacteria (7-8 nm) [9, 24, 25],
the S. aureus was less resistant than E. coli. Gram-negative
E. coli has a much thinner layer of peptidoglycan, but it
also has a layer of lipopolysaccharides that might protect
the cell. A previous report indicated that E. coli exhibited
more resistance to direct contact interaction induced by
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Figure 2: SEMmicrographs of GO coated on HA-ATi in a layer-by-layer deposition method on (a) HA-ATi or GO0 and HA-ATi coated with
various GO concentrations. (b) GO1; (c) GO2; (d) GO3; (e) GO4. Inset micrographs show ImageJ analysis of the figures; (f) a comparison of
HA intensity, derived from ImageJ analysis. The 𝑝 value was calculated using one-way ANOVA;𝑁 = 3, ∗𝑝 < 0.05. Scale bars are 5 𝜇m.
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Figure 4: Bacterial survival and RNA efflux in PBS after bacteria
were cultured on the GO coatings with an antibacterial drop test.
The 𝑝 value was calculated using one-way ANOVA; ∗𝑝 < 0.05when
compared with other coating conditions.

an atomic force microscopy tip than S. aureus due to
the outer membrane of the Gram-negative E. coli bacteria
[26]. Moreover, comparison between the stiffness of Gram-
positive and Gram-negative bacterial cells suggested that, for
these particular strains of bacteria, the stiffness of S. aureus
(95MPa) was lower than that of the E. coli (220MPa) [27].
Therefore, E. coli should be more resistant to membrane
damage than S. aureus.

3.2.2. Determination of Bacterial Oxidative Stress Using the
Electrochemical Method. Bacterial survival percentages of

S. aureus and E. coli were presented in Figure 5(a). GO0
samples exhibitedweak antibacterial activity for both bacteria
strains. In contrast, GO-coated samples exhibited consider-
able antibacterial activity based on a toxicity test.The number
of both bacterial species was significantly reduced with an
increase in the GO concentration. Relative survival of bac-
teria on the GO3 sample, however, did not differ significantly
from that on theGO4 sample (𝑝 > 0.05). Antibacterial activi-
ties against S. aureus of the GO-coated samples were stronger
than those against E. coli. Importantly, GO on HA-ATi sam-
ples was more toxic to Gram-positive S. aureus than Gram-
negative E. coli. The exact mechanism of damage to the
bacteria remains unclear. There are other models, however,
suggesting that bacterial adhesion is influenced by some force
factors such as electrostatic forces, van der Waals forces,
hydrophobic forces, hydrogen bonding, and covalent bond-
ing of bacterial cells and substrates [28, 29]. Mafu et al.
reported that the first and the most important such force
was the electrostatic force of charges between the surface
substrate and bacterial membrane [29]. They show that GO
being negatively charged due to the presence of carboxyl,
hydroxyl, and epoxy groups is less repulsive to Gram-positive
bacteria than Gram-negative bacteria [25].

CV is fundamental electrochemical method, applied
for many electrochemical characterizations. This technique
can be used to analyze oxidation/reduction behaviors or
antioxidants without requiring any pretreatment, catalysts,
or use of specific reagents [30]. CV was used in this study
to demonstrate the oxidation signals of both S. aureus and
E. coli after treatment with different GO concentrations on
HA-ATi (Figures 5(b)-5(c). One of the most widely used
redox systems utilizes the redox couples of Fe(CN)6

4−/3−

(Figure 6(a)). The redox couple potentials of Fe(CN)6
4−/3−

were at −0.27/−0.40VAg/AgCl for GO-HA-ATi samples. The
oxidation peaks at −0.95VAg/AgCl were usually redox couple
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Figure 5: (a) Cytotoxicity of GO coating on HA-ATi to E. coli and S. aureus exposed to various concentrations of GO coating on HA-ATi
samples, for 24 h.The 𝑝 value was calculated using one-way ANOVA;𝑁 = 3; ∗𝑝 < 0.05. Cyclic voltammograms of detected (b) S. aureus and
(c) E. coli ROS. The bacteria were incubated on GO-HA-ATi and CV was measured in PBS electrolyte at room temperature after 24 h.

potentials of O2/H2O [31]. The other controls were samples
without an oxidation reaction in PBS solution. There was no
oxidation peak but there was a reduction peak, which may be
due to the reduction of some of theC-C bonds ofGOdetected
in PBS (Figure 6(b)). Such behavior was previously reported
by Kamyabi and Shafiee [32].

The cyclic voltammograms, Figure 5(b), showed the elec-
tron exchange of S. aureus with the GO coating on HA-
ATi samples. The redox peak was observed in samples with
GO coatings.The cyclic voltammograms of GO0, GO1, GO2,
GO3, and GO4 in Figure 5(c) showed two pairs of well-
defined redox peaks. The oxidation/reduction peaks were at
−0.14/−0.36 (GO0), −0.15/−0.32 (GO1), −0.18/−0.33 (GO2),

−0.18/−0.36 (GO3), and −0.17/−0.40VAg/AgCl (GO4). The
cyclic voltammograms shown in Figure 5(c) demonstrated
the electron exchange of E. coli with GO coatings on HA-
ATi samples. A redox peak was observed for all GO coat-
ings except GO0. The cyclic voltammograms of GO1, GO2,
GO3, and GO4 in Figure 5(c) showed two pairs of well-
defined redox peaks. The oxidation/reduction peaks were at
−0.21/−0.35 (GO1), −0.20/−0.30 (GO2), −0.20/−0.34 (GO3),
and −0.19/−0.33VAg/AgCl (GO4). The redox peaks demon-
strated a shift of the potential for samples incubated with S.
aureus with various GO concentrations on HA-ATi samples.
Qiao et al. reported that the redox peaks resulted from the
electron transfer from inside to outside through the cell
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Figure 6: (a) Cyclic voltammograms of the Fe(CN)6
4−/3− redox system were used as a positive control and (b) samples without adhered cells

in PBS solution were used as a negative control.

membrane using a mediator (outer membrane cytochromes
and/or conductive pili) at a voltage of −0.14 to −0.40VAg/AgCl
[33].

Furthermore, a shift in the higher oxidation current with
an increase in GO concentration was observed (Figures 5(b)-
5(c)). For a better understanding of the induced oxidative
stress, voltammograms were replotted to compare peak cur-
rents, which are representatives of the oxidative power of
the materials on each bacterial species, with the GO con-
centrations (Figure 7). An increase in the GO concentration
increased the oxidative current peaks in S. aureus, which
can be explained in two ways. First, it is possible that a
high GO concentration causes high oxidative stress, resulting
in high oxidation peak [8]. Second, the increase of GO
concentration increased an electrical conduction between
bacteria and electrode when GO was used as the mediator
of the sensor system [34]. The effect of GO concentration
on peak current for E. coli, however, was much lower. As
discussed previously, the cell membrane of each bacterium
affects adhesion to the substrate. For S. aureus, there was a
higher potential to adhere on the surface, as shown in the
cyclic voltammograms (Figure 7).

To better understand the oxidative stress mechanism,
more studies of this bacterial process are needed. Moreover,
these GO-coated samples show the potential to be used as
sensors to detect biological matter [12]. In situ diagnosis
using this GO-coated material will be a new trend for an
implantable label-free sensor. Biocompatibility testing will
be required to develop this new potential use of this novel
material.

3.3. Osteoblast Responses

3.3.1. Preosteoblast Proliferation (MTT Assay). To evaluate
the biological responses to biomaterials, the osteoblast cell
density of 4 × 104 cells cm−2 was seeded on samples in each
well. An MTT test was performed to evaluate cell viability.
Cell viability was higher in GO3 than in the other samples
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Figure 7: Plot of the samples with anodic peak current analysis. A
𝑝 value was calculated using one-way ANOVA; 𝑁 = 3;∗𝑝 < 0.05
when compared with coating incubated with S. aureus. ∗∗,#𝑝 < 0.05
when compared with coating incubated with E. coli.

(Figure 8). Although MTT activity on HA-ATi (GO0) was
high, it was still lower than those on the other GO-coated
samples. Thus, the GO did not exert any cytotoxic effects
on the cells and actually promoted osteoblast cell attachment
and proliferation. Several previous reports focused primarily
on the biocompatibility of GO films [14, 35, 36]. The results
of the previous studies are generally consistent with those
of the present study with regard to the finding that GO
film enhances mammalian cell proliferation. Taken together,
these findings indicate that GO supports osteoblast growth
and proliferation. GO effects on cellular inhibition are dose-
dependent, as reported by Chang et al. [14]. They found that
the GO did not enter A549 (adenocarcinoma human alveolar
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Figure 8: MTT test on osteoblast cultures 5 d after cell seeding.
Percentages of cell viability were analyzed using absorbance at
550 nm. The 𝑝 value was calculated using an independent-samples
t-test; 𝑛 = 3;𝑁 = 3; ∗𝑝 < 0.05.

basal epithelial cells) and had no obvious cytotoxicity. GO
causes dose-dependent oxidative stress in the cell and high
concentrations of GO induce a slight loss of cell viability.
Moreover, Wojtoniszak et al. reported that GO at concen-
trations ranging from 3.125 to 25 𝜇gml−1 exhibited the best
biocompatibility with mouse L929 fibroblast cells [37].

The osteoblast cell membrane has the same negative
charge as bacterial cell membranes. The negative charge is
due to phosphate groups on the bilayers. The charge of
the membrane protein does differs, however, from that of
the extracellular matrix. To adhere onto negatively charged
surfaces, Gongadze et al. reported that the mechanism was
established in two steps [38]. The osteoblast cell membrane
first makes nonspecific contact caused by electrostatic forces.
Positively charged proteins then attach to the negatively
charged surface, followed by specific binding involving an
integrin assembly [39]. A number of questions arise regarding
the protective mechanism that preosteoblast cells use to pro-
tect themselves from GO. Almeida reported that, to prevent
oxidative stress, cells utilized diverse mechanisms involving
both enzymatic reactions and altered gene transcription [40].
These mechanisms are superior to those of bacteria with
respect to stability and high reducing power. In another study,
glutathione reductases from Saccharomyces cerevisiae and E.
coli were rapidly inactivated following aerobic incubation
with NADPH, NADH, and several reductants in a time- and
temperature-dependent manner [41]. Therefore, to eliminate
the effect of ROS inside the cells, ROS reduction in mam-
malian cells must be easier than that in bacteria. The toxicity
of GO nanomaterials, however, is concentration dependent
for both bacterial and mammalian cells.

3.3.2. Preosteoblast Differentiation (Calcium Deposition).
Proliferation of osteoblasts on material surfaces alone, how-
ever, is not sufficient to achieve long-term osseointegration
for orthopedic implants. For this reason, long-term (in the
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Figure 9: Calcium deposition after 21 d of preosteoblast cultures on
theGOcoating onHA-ATi and polystyrene surface (PS).The𝑝 value
was calculated using independent-samples t-test; 𝑛 = 3;𝑁 = 3; ∗𝑝 <
0.05.

order of days to weeks) functions of osteoblasts on the GO-
coated HA-ATi materials were investigated using a calcium
deposition assay.Themineralization process of preosteoblasts
in in vitro culture was used as a model to test the effects of
biomaterial surfaces on bone cell differentiation and bone
formation. Calcium deposition is an indicator of successful
in vitro bone formation and can be measured specifically by
calcium deposition assay [1].

A calcium deposition assay was performed to evaluate
different GO-coated HA-ATi surfaces. For any test period,
there were barely detectable amounts of calcium deposited
on the polystyrene substrates (Figure 9).The calcium content
in the extracellular matrix in all samples in this study was
significantly (𝑝 < 0.05) greater than that on polystyrene sub-
strate formulations after 21 d of culture. The GO3 surface
had the highest ability to support the mineralization of pre-
osteoblast cells after 21 d. Moreover, compared with GO0,
the calcium content in the extracellular matrix for GO3 was
significantly (𝑝 < 0.05) greater after culture for 21 d.

The findings of the present study supported previous
cell proliferation studies indicating that GO3 exhibited the
highest potential to support cell growth compared with the
other concentrations of GO. Proliferation and differentiation
showed similar trends. At the beginning, cell-biomaterial
interactions during the first period (such as cell adhesion
and proliferation) could affect long-term cell function, such
as synthesis of extracellular matrix proteins or calcium
deposition [42, 43].

The effect of GO-coated HA-ATi on bacterial behavior
and the response of preosteoblast cells are summarized in
Table 1. The cytotoxic effects of the materials on cell survival
were classified as medium if cell survival was lower than
70% according to the ISO 10993-5 standard [44]. In the cases
of GO0 and GO1, there was no sign for toxicity toward
MC3T3-E1, S. aureus, and E. coli. High GO concentrations
(GO2, GO3, and GO4) exhibited slightly toxic effects on
both types of bacteria (S. aureus and E. coli.), but not for
MC3T3-E1.These findings indicated that biomaterials coated
with GO2, GO3, and GO4 had antibacterial properties.
Moreover, they were cytocompatible with preosteoblast cells
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Table 1: Toxicity of GO-coated sample onMC3T3-E1, S. aureus, and
E. coli. (+) indicates cytotoxicity and (−) indicates no harmful effects
to the cells.

GO concentration on HA-ATi Organism Toxicity (+, −)

0 𝜇g/ml
MC3T3-E1 −

S. aureus −

E. coli −

50 𝜇g/ml
MC3T3-E1 −

S. aureus −

E. coli −

100 𝜇g/ml
MC3T3-E1 −

S. aureus +
E. coli +

150 𝜇g/ml
MC3T3-E1 −

S. aureus +
E. coli +

200 𝜇g/ml
MC3T3-E1 −

S. aureus +
E. coli +

and promoted cell proliferation and calcium deposition.
Importantly, the highest cell viability and calcium deposition
were observed for GO3. Thus, this novel material has the
potential to promote osseointegration of surrounding bone
cells. The results of the in vitro study revealed that GO-
coated HA-ATi enhanced long-term functions (specifically,
concentration of calcium deposition) of preosteoblasts when
the GO concentration in electrolyte was 150 𝜇gml−1. More
studies of long-term osteoblast cultures are needed to ensure
differentiation on GO-HA-ATi.

The cytotoxicity of GO is expected to differ significantly
from that of widely studied three-dimensional CNTs [45].
The two materials have a similar crystalline structure, how-
ever, but a different shape (flat atomic sheets for GO and
tubular for nanotubes). Zhang et al. studied GO interactions
with neuron-like cells (PC12) in vitro and found that GO
cytotoxicity in PC12 cells was relatively low compared with
CNT; both GO and CNT induced concentration- and shape-
dependent cytotoxic effects [11]. Zhang et al. [11] also sug-
gested that fibroblast adhesion and proliferation should be
studied in addition to preosteoblasts to examine the inte-
gration between implants with the surrounding soft tissues.
Moreover, the solubility of GO composite in stimulated body
fluid solution should be tested to confirm the stability of this
composite material in the host [46].

4. Conclusions

The antibacterial properties and osteoblast response (prolif-
eration and calcium deposition) of GO on HA-ATi samples
were studied. The GO coatings on HA-ATi were prepared
using anodic-electrophoretic deposition. Various GO con-
centrations in electrolytes were used to deposit GOnanowalls
on HA-ATi. Based on the antibacterial drop test, GO reduced
the growth of bacteria in both strain models: S. aureus and
E. coli. The results of RNA leakage tests revealed that direct

contact of the bacteria with GO causes membrane stress,
leading to irreversible damage. The RNA efflux indicated
greater damage to the cell membrane of S. aureus compared
with the cell membrane of E. coli. The higher resistance of
E. coli against interaction with the nanowalls compared with
S. aureus might be due to the greater stiffness of E. coli.
The increased current density of oxidative peaks in the CV
tests in this study positively correlated with the number of
surviving bacteria, suggesting that the increase in cytotoxicity
was due to an increase in cellular oxidative stress (similar
to the result of membrane stress causing RNA leakage).
Therefore, the findings of the present study indicated that
survival of bacteria, oxidative stress, and membrane stress
were GO-concentration-dependent mechanisms. The results
also suggested that GO-HA composite coatings decreased
susceptibility to both S. aureus and E. coli and thus could be
applied as effective antibacterial agents to suppress bacterial
invasion in orthopedic implants. Moreover, the osteoblast
responses demonstrated that the GO-HA composite coatings
increased osteoblast proliferation after 5 d of cultures. The
results from the calcium deposition assay after culture for
21 d confirmed that GO-HA composite coatings supported an
early stage of osteoblast differentiation. Electrodeposited GO
at concentrations of 150𝜇gml−1 and 200𝜇gml−1 was found
to be optimal in this study because GO coatings at these
concentrations induced cell death in both strains of bacteria
but promoted high proliferation and calcium deposition of
preosteoblasts. Therefore, GO electrodeposited on HA-ATi
are very promising not only for antibacterial applications, but
also for orthopedic applications. Further in vitro studies and
in vivo studies are needed to examine long-term osteoblast
differentiation, protein, and gene expression of osteoblasts.
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