
N
a

no
m

a
te

ri
a

ls

The Potential of 
Nanomaterials for Drug 
Delivery, Cell Tracking,  
and Regenerative 
Medicine 2014

Guest Editors: Krasimir Vasilev, Haifeng Chen, Patricia Murray,  
and Diego Mantovani

Journal of Nanomaterials



The Potential of Nanomaterials for Drug
Delivery, Cell Tracking, and Regenerative
Medicine 2014



Journal of Nanomaterials

The Potential of Nanomaterials for Drug
Delivery, Cell Tracking, and Regenerative
Medicine 2014

Guest Editors: Krasimir Vasilev, Haifeng Chen,
Patricia Murray, and Diego Mantovani



Copyright © 2015 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Journal of Nanomaterials.” All articles are open access articles distributed under the Creative Com-
mons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Editorial Board

Katerina Aifantis, Greece
Nageh K. Allam, USA
Margarida Amaral, Portugal
Xuedong Bai, China
Enrico Bergamaschi, Italy
Theodorian Borca-Tasciuc, USA
C. Jeffrey Brinker, USA
Christian Brosseau, France
Xuebo Cao, China
Sang-Hee Cho, Republic of Korea
Shafiul Chowdhury, USA
Cui ChunXiang, China
Miguel A. Correa-Duarte, Spain
Shadi A. Dayeh, USA
Ali Eftekhari, USA
Claude Estournes, France
Alan Fuchs, USA
Lian Gao, China
Russell E. Gorga, USA
Hongchen Chen Gu, China
Mustafa O. Guler, Turkey
John Zhanhu Guo, USA
Smrati Gupta, Germany
Michael Harris, USA
Zhongkui Hong, USA
Michael Z. Hu, USA
David Hui, USA
Y.-K. Jeong, Republic of Korea
Sheng-Rui Jian, Taiwan
Wanqin Jin, China
Rakesh K. Joshi, India
Zhenhui Kang, China

Fathallah Karimzadeh, Iran
Do Kyung Kim, Republic of Korea
Kin Tak Lau, Australia
Burtrand Lee, USA
Benxia Li, China
Jun Li, Singapore
Shijun Liao, China
Gong Ru Lin, Taiwan
J.-Y. Liu, USA
Jun Liu, USA
Tianxi Liu, China
Songwei Lu, USA
Daniel Lu, China
Jue Lu, USA
Ed Ma, USA
Gaurav Mago, USA
Sanjay R. Mathur, Germany
Nobuhiro Matsushita, Japan
A. McCormick, USA
Vikas Mittal, UAE
Weihai Ni, Germany
Sherine Obare, USA
Edward Andrew Payzant, USA
Kui-Qing Peng, China
Anukorn Phuruangrat, Thailand
Ugur Serincan, Turkey
Huaiyu Shao, Japan
Donglu Shi, USA
Suprakas Sinha Ray, South Africa
Vladimir Sivakov, Germany
Marinella Striccoli, Italy
Bohua Sun, South Africa

Saikat Talapatra, USA
Nairong Tao, China
TitipunThongtem, Thailand
Somchai Thongtem, Thailand
Valeri P. Tolstoy, Russia
Tsung-Yen Tsai, Taiwan
Takuya Tsuzuki, Australia
Raquel Verdejo, Spain
Mat U. Wahit, Malaysia
Shiren Wang, USA
Yong Wang, USA
Cheng Wang, China
Zhenbo Wang, China
Jinquan Wei, China
Ching Ping Wong, USA
Xingcai Wu, China
Guodong Xia, Hong Kong
Zhi Li Xiao, USA
Ping Xiao, UK
Shuangxi Xing, China
Yangchuan Xing, USA
N. Xu, China
Doron Yadlovker, Israel
Ying-Kui Yang, China
Khaled Youssef, USA
Kui Yu, Canada
Haibo Zeng, China
Tianyou Zhai, Japan
Renyun Zhang, Sweden
Yanbao Zhao, China
Lianxi Zheng, Singapore
Chunyi Zhi, Japan



Contents

The Potential of Nanomaterials for Drug Delivery, Cell Tracking, and Regenerative Medicine 2014,
Krasimir Vasilev, Haifeng Chen, Patricia Murray, and Diego Mantovani
Volume 2015, Article ID 869308, 2 pages

Nanosuspension Technologies for Delivery of Poorly Soluble Drugs, Roya Yadollahi, Krasimir Vasilev,
and Spomenka Simovic
Volume 2015, Article ID 216375, 13 pages

Therapeutic Potential of Inorganic Nanoparticles for the Delivery of Monoclonal Antibodies,
Christopher T. Turner, Steven J. P. McInnes, Nicolas H. Voelcker, and Allison J. Cowin
Volume 2015, Article ID 309602, 11 pages

Enhanced Critical Size Defect Repair in Rabbit Mandible by Electrospun Gelatin/𝛽-TCP Composite
Nanofibrous Membranes, Mingming Xu, Xuehui Zhang, Song Meng, Xiaohan Dai, Bing Han,
and Xuliang Deng
Volume 2015, Article ID 396916, 9 pages

Synthesis ofThermal Polymerizable Alginate-GMAHydrogel for Cell Encapsulation, Xiaokun Wang,
Tong Hao, Jing Qu, Changyong Wang, and Haifeng Chen
Volume 2015, Article ID 970619, 8 pages

Sustained Release and Cytotoxicity Evaluation of Carbon Nanotube-Mediated Drug Delivery System for
Betulinic Acid, Julia M. Tan, Govindarajan Karthivashan, Palanisamy Arulselvan, Sharida Fakurazi,
and Mohd Zobir Hussein
Volume 2014, Article ID 862148, 11 pages



Editorial
The Potential of Nanomaterials for Drug Delivery, Cell Tracking,
and Regenerative Medicine 2014

Krasimir Vasilev,1,2 Haifeng Chen,3 Patricia Murray,4 and Diego Mantovani5

1Mawson Institute, University of South Australia, Mawson Lakes, SA 5095, Australia
2School of Advanced Manufacturing, University of South Australia, Mawson Lakes, SA 5095, Australia
3Department of Biomedical Engineering, College of Engineering, Peking University, Beijing 100871, China
4Institute of Translational Medicine, The University of Liverpool, Liverpool L69 3GE, UK
5Department of Min-Met-Materials Engineering & CHU de Quebec Research Center, Laval University, Quebec City, Canada

Correspondence should be addressed to Krasimir Vasilev; krasimir.vasilev@unisa.edu.au

Received 5 May 2015; Accepted 5 May 2015

Copyright © 2015 Krasimir Vasilev et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Nanomaterials have become the building blocks of revolu-
tionary technologies that have opened unprecedented oppor-
tunities across the entire global economy. Nanomaterials are
particulates of various shapes and forms and assemblies that
typically have a size range between 1 and 100 nm. Nature has
designed and used nanomaterials for billions of years. For
instance, proteins and viruses are complex nanoengineered
structures that have been designed by Nature to perform
highly specific and refined roles. It was only in the last
two decades that we learned how to engineer and use
materials at the nanoscale in a relatively large scale. Despite
revolutionizing many technologies, these materials are far
from the perfection that Nature has created. Thus, scientists
and engineers are presented with enormous challenges and
opportunities to explore, interrogate, and utilize the unique
properties of nanomaterials to improve standards of living
and drive economic prosperity.

An area where nanomaterials had a profound implication
is medicine. Medical treatments and diagnoses of previously
unknown and incurable diseases have become possible.
Biological phenomena responsible for various medical con-
ditions have been elucidated through nanotechnology and
nanomaterials. For example, magnetic and gadolinium oxide
nanoparticles have brought the sensitivity of MRI imaging,
magnetic immunoassays, and magnetic hyperthermia to a
new dimension. Nanocarriers made possible delivery of
pharmaceuticals directly and specifically to cancer cells.
Gold nanoparticles have been utilized in thermal imaging
and thermal treatment of cancers. Silver nanoparticles have

become a common antibacterial agent and were commer-
cially employed on wound dressings and catheters. These are
just a few examples of the wealth of revolutionary biomedical
applications that have become possible owing to the unique
properties of nanomaterials.

This special issue contains a collection of excellent contri-
butions from established laboratories around the world.

In an excellent review paper, C. T. Turner et al. critically
review the therapeutic potential of inorganic nanoparticles
for the delivery of monoclonal antibodies. Monoclonal anti-
bodies (mAbs) are emerging as the fastest growing area of
therapeutic drug development because of their ability to bind
with a high degree of specificity to target proteins involved
in diseases. However, optimising the delivery, absorption,
and distribution of the mAbs, whilst minimising potential
side-effects, remained the key problems.This review outlines
recent advances in nanoparticle technology and how they can
be of benefit as therapeutic mAb delivery/targeting vehicles.

In another review article, R. Yadollahi et al. provide a
comprehensive summary of recent developments in nanosus-
pension technologies for delivery of poorly soluble drugs
and their applications in various fields. The problem with
many drugs is their poor solubility in aqueous medium
and the associated poor bioavailability. Many anticancer
and anti-inflammatory drugs fall in this category. To deal
with this hurdle in drug therapies, scientists have developed
various nanosuspension technologies which have overcome
the problem of poor drug aqueous solubility. In the case of
nanosuspension, bringing drug particle size to the nanoscale
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allows for an increased surface to volume ratio and with this,
improved solubility.

X. Wang et al. report on the “Synthesis of Thermal Poly-
merizable Alginate-GMA Hydrogel for Cell Encapsulation”.
These promising three-dimensional porous structures that
were evaluated in vivo and in vitro showed potential in
in situ tissue engineering scaffold applications. In another
report, J. M. Tan et al. studied the sustained release and
cytotoxicity of a carbon nanotube-mediated drug delivery
system for betulinic acid (BA). These workers used car-
boxylic acid-functionalized single-walled carbon nanotubes
(f-SWCNTs) to bind the water-insoluble anticancer drug BA
to produce f-SWCNTs-BA conjugates via noncovalent 𝜋-𝜋
stacking interaction.These conjugates were characterized for
drug loading capacity, physicochemical properties, surface
morphology, releasing characteristics, and cytotoxicity. In
another excellent research article,M. Xu et al. reported on the
“Enhanced Critical Size Defect Repair in Rabbit Mandible by
Electrospun Gelatin/𝛽-TCP Composite Nanofibrous Mem-
branes”. This work demonstrates that nanofibrous gelatin/𝛽-
TCP composite membranes could serve as efficient barrier
membranes for guided tissue regeneration.

Finally, the Editorial team would like to thank all con-
tributing authors for making this special issue a success.
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Poor aqueous solubility of some drug molecules is a major problem in drug formulation. Drug nanosuspensions emerged as one
solution to delivering such hydrophobic drugs. Scaling down to nanoparticles enhances drug aqueous solubility and bioavailability
by increasing drug surface area that comes into contact with biological media. Nanosuspensions that have attracted particular
attention are those sterically stabilised by steric polymers such as polyethylene glycol (PEG) with a typical size range of 10–100 nm.
These nanoparticles are capable of accumulating in targeted areas such as cancer tissues and infarct zones with minimal damage to
healthy tissues. Nanosuspensions are often prepared by commercially available methods such as high pressure homogenization,
media milling, emulsification, and melt emulsification. Solidification and surface modification methods are post-processing
techniques used to add particular properties for advanced therapies. In this review, we firstly describe preparation methods for
nanosuspensions. Secondly, we highlight typical characterization techniques. Finally, we describe several practical application of
applications for drug delivery design and different administration routes such as parenteral, pulmonary, oral, and ocular.

1. Introduction

More than 40% of new chemical entities (NCE) are lipophilic
compounds. Currently, poorly soluble drugs make up 1/3 of
United States Pharmacopeia recognised drugs [1, 2]. Lipo-
philic compounds have poor aqueous solubility and imper-
fect dissolution profile which causes their low bioavailability.
Bioavailability is percentage of the drug which reaches the
systemic circulation [3]. Therefore, formulating new poorly
water soluble molecules to obtain an adequate bioavailability
has become a serious and challenging scientific, industrial,
and medical issue. “Grease ball” and “brick dust” molecules
are two types of poorly soluble drug compounds [4]. Grease
ball molecules are highly lipophilic with high log𝑃 due to no
interactions with water. Brick dust molecules have melting
point above 200∘C and low log𝑃. Their poor solubility in
water is caused by the strong intermolecular bonding and
high lattice energy in solid state. Log𝑃 or partition coefficient
is defined as logarithm of the ratio of concentration of a
compound in a mixture of two immiscible solvents which are

typically octanol and water. Log𝑃 determines the hydropho-
bic or lipophilic nature of molecules [5, 6].

Poorly water soluble molecules are typically formulated
using various excipients with the aim of improving dissolu-
tion rate and storage stability. Excipients increase drug disso-
lution rate by increasing active drug surface area in contact
with the dissolution medium [7]. Examples of excipients
include

(i) cosolvents such as PEG-400 [8],
(ii) wetting agents such as sorbitan ester derivatives [9],
(iii) disintegrants such as croscarmellose sodium [10],
(iv) cyclodextrins such as 𝛽-cyclodextrins [11–16],
(v) micelles and lipid-based systems such as emulsions

[17, 18], microemulsions, liposomes [19], solid lipid
nanoparticles [20], and solid dispersions [21–23].

The use of excipients in formulations of poorly soluble
drugs has been demonstrated to increase dissolution rate.
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However, limitations such as toxicity of surfactants which
are often used in high doses to keep drug in the dispersed
state and limited drug loading have been identified [24].
Micronization is another approach used to increase drug
solubility. Colloid mills or jet mills are examples of the
micronization technique. The obtained particle size varies
in the range from 0.1 𝜇m to 25𝜇m and very small fraction
of drug particles is below 1 𝜇m [25]. Transferring micron
size drug particles into nanoscale was the next development
stage [26, 27]. Gassmann et al. produced drug nanoparticles
using a precipitation method [28]. The limitation of this
technique is the requirement for the drug to be soluble in
at least one solvent and that solvent needs to be miscible
with a nonsolvent [29]. To overcome these problems, in
1995, Müller et al. [30, 31] prepared nanosuspensions by a
dispersion method. These workers have demonstrated that
pure drug particles within the size range of 10 to 1000 nm
became stable in the presence of surfactants and polymers.
Since these pioneering reports, nanosuspensions have been
defined as drug carriers with particle size range within 10–
1000 nm [32]. It is now well established that nanosizing
increases drug saturation solubility and dissolution rate [33].
Furthermore, nanosuspensions reduce drug administration
doses, side effects, and cost of therapy [34]. Specific type of
nanosuspensions is PEGylated nanoparticles in the size range
10–100 nm for passive targeting. PEGylated nanoparticles are
colloidal structures with a cargo space for drugs, segregated
from the environment by hydrophilic PEG corona that
prevents recognition by macrophages and enables long-term
circulation upon intravenous (i.v.) administration [35]. The
size of the nanoparticles (10–100 nm) permits their extravasa-
tion and accumulation in tumour and infarct sites, known as
enhanced permeability and retention (EPR) effect [36]. Pas-
sive targeting is based on pathophysiological characteristics
unique to solid tumours: hypervascularity, irregular vascular
architecture, potential for secretion of vascular permeability
factors, and the lack of effective lymphatic drainage that
prevents efficient clearance of macromolecules [37].

Nanosuspensions have been demonstrated to have a
number of advantages compared to traditional forms of drug
delivery. These advantages are summarised below:

(i) solving the problem of poor aqueous solubility and
poor bioavailability of the drugs from biopharma-
ceutical classification systems (BCS) II and IV. BCS
allocates drugs to one of 4 classes: high solubility,
high permeability (class I); low solubility, high per-
meability (class II); high solubility, low permeability
(class III); low solubility, low permeability (class IV)
[38]. Table 1 shows examples of drugs which belong to
the different biopharmaceutical classes [39, 40]. For
example, nanosizing of azithromycin has proven to
increase considerably its dissolution rate; that is, more
than 65%was dissolved after 5 hours compared to just
20% that was dissolved from microsized system [34];

(ii) increased drug bioavailability [41];

(iii) applicability to most drugs which are poorly soluble
in both aqueous and organic media;

Table 1: Examples of drugs in different BCS classes.

BCS class Drug examples
I Propranolol, metoprolol, and theophylline
II Piroxicam, naproxen, and cyclosporine
III Ranitidine, cimetidine, and metformin
IV Furosemide, hydrochlorothiazide

(iv) simple production methods [29];
(v) possibility to incorporate nanosuspensions in various

dosage formats such as tablets, pellets, and capsules
following standard manufacturing techniques. For
example, ketoprofen nanosuspension has been suc-
cessfully transformed into pellets [42];

(vi) lower fed/fasted variability [43].

2. Production Methods for
Preparing Nanosuspension

2.1. Media Milling. The media milling technique was devel-
oped by Liversidge et al. [45, 46]. In this method high-shear
media mills or pearl mills are used to produce nanosuspen-
sion. The media mill consists of a milling chamber, a milling
shaft, and a recirculation chamber (Figure 1). The milling
media or balls are framed in ceramic-sintered aluminium
oxide or highly cross-linked polystyrene resin. The milling
chamber is fed with an aqueous suspension of the drug,
stabilizer, and themillingmedia or pearls rotate at a very high
shear rate.This procedure can be carried out under controlled
temperature.The friction and collisions among drug particles
and pearls generate nanoparticles. Ease of scale-up and little
batch-to-batch variation are the advantages of media milling.
Disadvantage of this method is the erosion of pearls which
leads to contamination of the final product and subsequently
problems upon administration [47]. Table 2 shows examples
of marketed nanosuspensions that have been produced by
media milling technique [48, 49].

2.2. High Pressure Homogenization. High pressure homog-
enization is a commonly employed method for produc-
ing nanosuspensions of poorly soluble drugs [50–55]. This
method involves forcing a suspension, which contains drug
and stabilisers, through a valve with a small orifice under
pressure.

High pressure homogenization is often classified into two
groups:

(i) Dissocubes (homogenization in aqueous media),
(ii) Nanopure (homogenization in water-free media or

water mixtures).

Dissocubes operates at high pressure of up to 1500 bar
where a suspension passes through a small gap.This causes an
increase in the dynamic pressure with simultaneous reduc-
tion in the static pressure which reduces the boiling point
of water to room temperature. Consequently, at room tem-
perature water starts boiling creating gas bubbles. When the
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Figure 1: Schematic of media milling process. Adopted from [44].

Table 2: Examples of marketed nanosuspensions produced by media milling technique.

Trade name Drug Indication Dosage form Company Status

Rapamune Sirolimus Immunosuppressive
Oral

suspension/tablet
1-2mg

Wyeth Marketed in 2000

Tricor Fenofibrate Hypercholesterolemia Oral tablet
48–145mg

Abbott Marketed in 2004

Emend Aprepitant Antiemetics Oral capsule
80–125mg

Merck Marketed in 2003

Megace ES Megestrol Antianorexia, cachexia Oral suspension
125mg/mL

Par Pharmaceuticals Marketed in 2005

suspension departs the gap and the pressure returns to atmo-
spheric level, the gas bubbles implode. This phenomenon
is called cavitation. The combined forces of cavitation, high
shear, and collisions lead to fracture of the drug micro-
particles into nanosized particles [56]. Homogenization pres-
sure, number of homogenization cycles, hardness of drugs,
and temperature (when thermosensitive drugs are processed)
are factors that influence the physical characteristics (such as
particle size) of the resulting nanosuspensions. Metal conta-
mination due to the erosion is less pronounced in this tech-
nique than in media milling. High pressure homogenization
is considered as a safe technique for producing nanosuspen-
sions. Less than 1 ppm metal contaminations were detected
under processing condition of 20 cycles and pressure of
1500 bar [56–58]. The main drawback of this method is the
need for pretreatment to obtain microparticles before start-
ing the homogenization process and the many cycles of hom-
ogenization [59, 60].

For some purposes such as dispersing drug nanocrystals
in low molecular weight PEG or in oil, liquid nanosuspen-
sions are dispersed in nonaqueous media or media with
reduced water content. Because of the high boiling point and
low vapour pressure of oily fatty acids and oils, the drop in
pressure is not sufficient for cavitation and thus the latter
is not a determining factor in this process. To compensate
for insufficient drop in pressure, the Nanopure process is
conducted at low temperature which is often referred to
as “deep-freeze” method. Conducting the process at 0∘C or
even below the freezing point produces results comparable to
those achieved using dissocubes [61]. Table 3 shows examples
of drugs processed by high pressure homogenization and
corresponding references.

2.3. Microprecipitation-High Pressure Homogenization (Nano-
edge Technology). Nanoedge Technology was developed by
Müller et al. [75]. The technology consists of two processes:
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Table 3: Some examples of drugs produced by high pressure
homogenization technique.

Model drug Literature reference
Albendazole [53]
Amphotericin B [62]
Omeprazole [50]
Fenofibrate [63]
Azithromycin [34]
Budesonide [64]
Buparvaquone [55, 65, 66]
Clofazimine [67]
Glucocorticoid drugs [68]
Paclitaxel [29]
Spironolactone [54]
Oridonin [69]
Melarsoprol [70]
Tarazepide [71]
Nimodipine [72]
Amphotericin B [73]
Itraconazole [74]
Nifedipine [52]

precipitation of drug particles and their fragmentation by
using high pressure homogenization. Generally, this tech-
nique includes mixing of two different solutions. The drug is
dissolved in an organic solvent which is miscible with water
and forms the organic phase. The stabilisers are dissolved in
the aqueous phase in which the drug is insoluble. Mixing
these two solutions causes precipitation of drug particles.The
last step of the process is high pressure homogenization [76].
Nanosuspension of itraconazole is an example of “Nanoedge
Technology” [77].

2.4. Emulsion Diffusion Method. This method uses partially
water-miscible and volatile organic solvent such as butyl
lactate, benzyl alcohol, triacetin, and ethyl acetate as the
dispersed phase [78, 79]. The emulsion is prepared by
dispersing the drug loaded in a mixture of solvents or an
organic solvent and forming emulsion with water by high
pressure homogenisation or other techniques. Dilution leads
to formation of nanosuspensions by diffusion of the internal
phase into the external phase when droplets convert into
solid particles. The size of the emulsion droplets determines
the particle size. The use of organic solvents such as ethyl
acetate, ethanol, methanol, and chloroform and the presence
of residual solvents in the final products are major drawbacks
of this technology due to potential environmental hazards
and human safety issues [78]. Acyclovir nanosuspensions
have been produced by emulsion diffusion method [80].

2.5. Melt EmulsificationMethod. Melt emulsificationmethod
has been used to prepare solid lipid nanoparticles [81, 82].
Kocbek et al. [78] are the first authors to use the melt
emulsification technique to prepare 100 nm ibuprofen nano-
suspensions with traditional excipients such as Tween 80

and polyvinylpyrrolidone. The first step in melt emulsifica-
tion involves dispersing the drug in aqueous solution with
stabiliser. Secondly, the nanosuspension is heated above the
melting point of the drug andhomogenisedwith a high-speed
homogeniser to produce an emulsion. During this procedure
the temperature must be controlled and maintained above
the melting point of the drug. The final step of the melt
emulsificationmethod is cooling off the emulsion to a suitable
temperature, either at room temperature or in an ice bath.
Factors affecting particle size include drug and stabiliser con-
centrations, type of stabiliser, and cooling condition. Solvent-
free prepared nanosuspensions are particularly important
from toxicity point of view. Therefore, the advantage of
this method over solvent diffusion method is avoidance of
organic solvents. Ibuprofen nanosuspensions prepared by
this technique have been reported to increase the dissolution
rate to over 65% after 10min compared to just 15% for
micronized ibuprofen dissolved after the same period [78].

3. Nanosuspension Characterisation

3.1. Size. Themost important characteristics of nanosuspen-
sions are particle size and polydispersity index (PI: particle
size distribution). Particles size of nanosuspensions critically
determines the following characteristics of nanosuspensions
[56]:

(i) drug saturation solubility,
(ii) physical stability,
(iii) dissolution rate,
(iv) bioavailability.

According to Noyes-Whitney equation (1), which is based
on Fick’s first law of diffusion, decreasing particle size causes
an increase in particle surface area that in turn increases
drug solubility in aqueousmedia contributing to an enhanced
dissolution rate [83, 84]:

𝑑𝑀

𝑑𝑡

=

𝐷𝐴

ℎ

(𝐶Bulk − 𝐶Eq) , (1)

where 𝑑𝑀/𝑑𝑡 is the rate of dissolution, 𝐷 is the average
diffusion coefficient, 𝐴 is the surface area of the solid, 𝐶Bulk
is the concentration of drug in the bulk solution, 𝐶Eq is the
concentration of drug in the diffusion layer surrounding the
drug, and ℎ is the diffusion layer thickness.

Increased solubility with reduction of particles size is also
demonstrated by Ostwald-Freundlich equation (2) [41, 85]:

𝐶 (𝑟) = 𝐶 (∞) exp(
2𝛾𝑀

𝑟𝜌𝑅𝑇

) , (2)

where 𝐶(𝑟), 𝐶(∞) are the solubilities of a particle of radius 𝑟
and infinite size,𝑀 is themolecular weight, 𝜌 is the density of
the particle, 𝛾 is the interfacial tension, 𝑟 is the particle radius,
𝑅 is the gas constant, and 𝑇 is the temperature.

Figure 2 shows surface area as a function of particle size
[86]. It has been experimentally demonstrated that particle
size affects drug saturation solubility and dissolution rate.
In vivo studies of Wang et al. [87] have demonstrated that
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Figure 2: Surface area as a function of particles size. Adopted from
[86].

particle size affects drug pharmacokinetic characteristics. In
addition, from a perspective of practical application, drug
particles have to be within specific size ranges. For example,
capillaries typically have diameters of 5-6 𝜇m [84] so the
presence of large particles in parenteral formulations leads to
embolism and capillary blockage. Photon Correlation Spec-
troscopy (PCS) (also known as Dynamic Light Scattering)
is a technique often used to determine particle size and
PI of drug nanosuspensions. PCS is capable of accurate
measurements of particle sizes in range of 3 nm to 3 𝜇m.
However, this technique is not accurate when particles size is
above 3 𝜇m [56, 88]. In this technique, the Brownian motion
(movement in random direction) of particles is measured as
a function of time. Larger particles move with lower velocity
than smaller particles. In addition, larger particles may settle
out of the measurement zone. Hence, these factors limit
capability for measuring particle sizes above 3 𝜇m [89]. Laser
Diffraction (LD) is typically used to measure particle size
range of 0.05–80 𝜇m up to 2000𝜇m. This technique can also
be used to detect and quantify particle size ranges during the
production procedure [56, 88]. Other techniques routinely
used for measuring particle size are optical and electron
microscopy. Scanning Electron Microscopy (SEM) [90, 91],
Atomic ForceMicroscope (AFM) [90–92], and Transmission
Electron Microscopy (TEM) [91–93] are also routinely used
to characterize nanoparticles size and morphology. Further-
more, the Coulter Counter analysis can be used to determine
the absolute number of particles per unit volume for different
particle sizes [88]. Fluorescence Correlation Spectroscopy
(FCS) [94, 95], Nanoparticle Tracking Analysis (NTA) [94,
96], and Flow Field Flow Fractionation (FIFFF) are other
examples for size analyses of nanoparticles [94, 97]. Details
are available in [98].

3.2. Crystalline State and Particle Morphology. The high
energy amorphous form of drugs is thermodynamically
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Figure 3: Schematic of the electric double layer formed around a
charged particle.

unstable and changes to a crystalline form during storage.
The amorphous form is preferred due to superior dissolution
characteristics and consequently higher bioavailability of the
drugs [99]. Transformation from amorphous to crystalline
forms over storage is one of the issues that should be consid-
ered when formulating nanosuspensions. In order to inves-
tigate amorphous and crystalline fractions X-ray powder
diffraction (XRPD) is used. XRPD is sometimes considered
to be the most appropriate method for evaluating drug crys-
talline structure, since each crystal has a specific diffraction
pattern [100]. However, it should be taken into consideration
that there is a slight difference in the crystal structure of
the same drug as observed by Tian et al. who studied the
crystalline forms of carbamazepine [101]. Terahertz spec-
troscopy is a relatively new analyticalmethod used to evaluate
crystalline form of drugs where each crystalline polymorph
form exhibits specific terahertz absorption spectrum [102–
104]. Differential Scanning Calorimetry (DSC) is another
commonly used technique for determining crystalline and
amorphous fractions. It measures the temperatures and heat
flows associated with the transition in drugs from crystalline
to amorphous state as a function of time and temperature in a
controlled atmosphere. DSC can also be used in conjunction
with XRPD [105, 106].

3.3. Particle Charge (Zeta Potential). Particle charge plays
an important role in ensuring stable nanosuspensions. The
electric charge on a particle surface provides electrostatic
repulsion between the drug nanoparticles and in this way
prevents particles from aggregation and precipitation. The
schematic in Figure 3 provides an illustration of the electric
double layer around a charged particle. The double layer
consists of a stern layer and a diffusion layer of opposite
ions. The electric potential at the shear plane is known as
the zeta potential [107]. It is considered that a minimum
zeta potential of ±30mV is required to ensure pure electro-
static stabilisation. When electrostatic stabilisation is com-
bined with steric stabilisation (by using appropriate poly-
mers), zeta potential of ±20mV could be sufficient to pre-
vent drug particles from aggregation and precipitation [64].
Steric stabilisation is defined as stabilisation caused by the
adsorbed and hydrated polymer layers on the dispersed
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particle [108]. Particles charge is typically determined by
measuring electrophoretic mobility upon application of an
electric field which is then converted to zeta potential by
using the Helmholtz-Smoluchowski equation [109]. The zeta
potential can also be measured by applying an ultrasound
wave which induces the so-called electroacoustic phenomena
[110].

3.4. Stability. Reduction in particle size results in increased
surface energy due to the greater number of unstable surface
atoms and molecules. This destabilises the colloidal suspen-
sion. Therefore, the use of stabilisers is often necessary to
avoid particle agglomeration and reduce the possibility for
Ostwald ripening [111]. Common stabilisers used to formulate
nanosuspensions include polysorbates, povidones, polox-
amer, lecithin, polyoleate, and cellulose polymers [111, 112].
Mixture of surfactants and polymers has been found to be
beneficial for long-term stabilisation of nanosuspensions [78,
113, 114]. Polymeric materials and surfactants act as an ionic
barrier and/or inhibitors of the close interaction between
particles. Surfactants can increase the electrostatic repulsion
and improve particle stability by altering the zeta potential
[115]. Precipitation of particles is another phenomenon that
should be taken into account when considering stability of
nanosuspensions. According to Stoke’s law (3), decreasing
particle size, reducing the density difference of solid phase,
and increasing the viscosity of the medium decrease the
precipitation velocity [116]:

𝑉 =

2𝑟
2

(𝜌
1
− 𝜌
2
) 𝑔

(9𝜂)

, (3)

where 𝑉 is the precipitation velocity, 𝑟 is the particle size, 𝜌
1

is the mass density of particles, 𝜌
2
is the mass density of fluid,

𝑔 is the gravitational acceleration, and 𝜂 is the viscosity of the
medium.

The stability of nanosuspension system can also be
increased by increasing the uniformity of particle sizes by
using centrifugation or other techniques to remove larger
particles [117].

4. Postproduction Processing

4.1. Solidification Techniques. Nanosuspensions are thermo-
dynamically unstable. Solidification techniques transform
nanosuspensions into solid dosage forms such as tablets,
capsules, and pellets. Solid dosage forms increase the storage
stability of nanosuspensions. It is also convenient from
marketing perspective and is practically important for patient
convenience. Pelletization, granulation, spray drying, and
lyophilisation are the unit-operations of the solidification
technique [118, 119]. Matrix formers (e.g., mannitol, cellulose
derivatives) are usually added to the nanosuspensions before
solidification to prevent destabilisation of particles due to
creating additional thermal stresses such as heating during
spray drying or freezing during lyophilisation. For example,
microcrystalline cellulose was used by Bernard et al. as a
matrix former during the freeze drying process of itracona-
zole nanosuspensions [120].

4.2. Surface Modification Techniques. Rapid or burst release
of nanosuspensionsmay cause toxicity and severe side effects.
Hence, surface modification is required in order to control
drug release and/or prolonged residence at the site of action.
For instance, nanosuspensions used for targeting the mono-
cyte phagocytic system (MPS) in the treatment of lymphatic-
mediated diseases [121] can cause toxicity due to accumula-
tion of drug. Surface modification can be understood if we
compare drug release from coated and uncoated surfaces.
Tan et al. showed that by layer-by-layer nanogels coating
of procaine hydrochloride decreases the burst release of
drug [122]. Another example is comparison between bupar-
vaquone nanosuspensions with and without mucoadhesive
polymers. A significant reduction in the infective score of
Cryptosporidium parvum after oral administration of bupar-
vaquone nanosuspensions with mucoadhesive polymers was
attributed to adhesion and prolonged residence of drug parti-
cles at the absorption sites in the gastrointestinal tract (GIT)
[55, 123].The surface engineering by surface coating is impor-
tant for targeted drug delivery systems. PEG is commonly
used to modify nanoparticle surface. This leads to reduced
protein adsorption and opsonization of nanoparticles and
leads to prolonged systematic circulation time [124]. Longer
circulation time is required to allow nanoparticles sufficient
time to leak out of vasculature in infective and inflammatory
areas including cancer tissues [125, 126]. Carefully engineered
nanoparticles surface can also effectively target the diseased
tissue. For instance, Kreuter et al. have demonstrated that
polyisobutyl cyanoacrylate nanoparticles stabilised by classic
surfactants (Tween 20, 40, 60, and 80) can deliver peptide
dalargin across blood-brain barrier [127].

5. Application of Nanosuspensions

Nanosuspensions are used as oral, parenteral, ocular, and
pulmonary drug delivery systems.

5.1. Oral Administration. Oral administration is the first
patient choice because of painless and noninvasive admin-
istration [128, 129]. In addition, oral formulations have
several advantages for the pharmaceutical industry such as
easy manufacturing, short production time, and reasonable
production cost [128]. Oleanolic acid, which has many appli-
cations such as hepatoprotective, antitumour, antibacterial,
anti-inflammatory, and antiulcer effects, has low aqueous
solubility which results in erratic pharmacokinetics after
oral administration. Applying oleanolic acid in the form
of nanosuspension increases dissolution rate to about 90%
in the first 20min compared to just 15% for micronized
drug powder [130]. Reduction of drug particle size to the
nanoscale leads to an increased dissolution rate and can
improve adhesion of the drug particles to the mucosa. Better
contact with intestinal cells (bioadhesive phase) and a greater
concentration gradient between blood andGIT increase drug
intestinal absorption [130–132]. Nanosuspensions are also
used to control infections. Atovaquone and buparvaquone for
the treatment of leishmaniasis and opportunistic Pneumocys-
tis carinii infections inHIVpatients are effective in high doses
due to low bioavailability. A comparative study of atovaquone
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in the form of micronized particles and nanosuspensions
showed that the latter decreased infectivity from 40% to 15%
[29]. In another example, buparvaquone nanosuspensions
reduced infection from 2.0 to 1.02 and micronized particles
only to 1.47 [29].

5.2. Parenteral Administration. In emergency cases such as
cardiac arrest and anaphylactic shock parenteral adminis-
tration is the first choice [133]. Parenteral administration
includes administration of dosage forms by subcutaneous,
i.v., intramuscular, and intra-arterial methods [134]. Advan-
tages of this type of administration include avoidance of
first-pass metabolism, reliable doses, and higher bioavail-
ability. Control over the dose and rate allows more pre-
dictable pharmacodynamic and pharmacokinetic profiles
after i.v. administration compared to oral administration
[135]. Administered drug particles are required to be smaller
than 5 𝜇m to prevent blockage of capillaries [32]. A study on
mice investigated tumour growth inhibition rate and showed
that oridonin in the form of nanosuspension decreased
considerably the volume and weight of the tumour. Oridonin
in the form of nanosuspension raised the rate of tumour inhi-
bition to 60.23% compared to 42.49% for the conventional
form [136]. Nanosuspensions improve therapeutic efficiency
and reduce the cost of therapy through improved dosing
efficiency and smaller injection volumes.

5.3. Pulmonary Drug Delivery. Pulmonary drug delivery
aims at treating several respiratory conditions such as asthma
and chronic obstructive pulmonary diseases [137, 138]. Ad-
vantages of pulmonary drug delivery over oral and parenteral
drug administration include direct delivery to the site of
action which leads to decreased dosage and side effects [139].
Conventional pulmonary delivery systems provide only rapid
drug release, poor residence time, and lack of selectivity [140].
Nanosuspensions can solve problems of poor drug solubility
in pulmonary secretions and lack of selectivity through direct
delivery to target pulmonary cells. Adhesiveness of nanosus-
pensions to mucosal surfaces leads to improved selectivity
because of minimal drug loss and prolonged residence time
at target site [64]. Pulmonary nanosuspensions improve drug
diffusion and dissolution rate and consequently increase
bioavailability and prevent undesirable drug deposition in the
mouth and pharynx. Surface engineered nanosuspensions
may provide quick onset followed by controlled drug release
which is optimal drug delivery pattern for most pulmonary
diseases. Moreover, nanosuspensions for treating lung infec-
tions have demonstrated good proportion between actual and
delivered drug concentrations in each actuation [141]. The
internalisation rate for nanoparticles of 0.5 𝜇m diameter into
the pulmonary epithelial cell has been reported to be 10 times
higher compared to particles of 1 𝜇m and 100 times higher
compared to particles of 2-3 𝜇m [142, 143].

5.4. Ocular Administration. Major problems in ocular ther-
apy include

(i) poor drug solubility in lachrymal fluids,
(ii) repeated instillation of conventional eye drops due to

drainage through the nasolacrimal duct,

(iii) repeated instillation and systematic drug absorption
often causing side effects [144].

Nanosuspensions as ocular drug delivery systems offer
several advantages.

(i) Nanoparticle modified surface by appropriate bio-
erodible polymer causes prolonged residual time
in cul-de-sac desired for effective treatment. Com-
monly reported polymers in ocular nanosuspensions
are poly(alkyl cyanoacrylates), polycaprolactone, and
poly(lactic acid)/poly(lactic-co-glycolic acid) [145].
Employing polymers in ocular drug delivery sig-
nificantly prolongs drug ocular residence time and
improves bioavailability [146].

(ii) Positively charged nanoparticles have strong adhe-
sion to negatively charged mucin which extends
the drug release. For example, polymer Eudragit
RS 100 was used in ibuprofen nanosuspensions to
increase drug residence time by creating positively
charged surface which resulted in improved corneal
adhesion [56]. Flurbiprofen nanosuspensions covered
by Eudragit polymers RS 100 and RL 100 exhibited
prolonged drug release [147]. Chitosan is another
mucoadhesive cationic polymer used in ocular drug
delivery to bond with negatively charged mucin and
enhance drug residence time [146].

(iii) Reduced drug loss because of the natural adhesive-
ness of drug nanoparticles [56, 148].

(iv) Enhanced rate and extent of drug absorption: for
instance, in a study by Kassem et al., nanosuspen-
sions of hydrocortisone, prednisolone, and dexam-
ethasone were prepared by high pressure homogeni-
sation. Measured intraocular pressure of normoten-
sive Albino rabbits demonstrated that glucocorti-
coid drugs in the form of nanosuspensions unlike
conventional dosage forms significantly increase the
absorption rate and the therapeutic efficiency [68].

Employing polymers with the ability of in situ gelling
(instilled in a liquid form and transformed to a gel in
the cul-de-sac) controls the drug release. Study by Gupta
et al. suggested that formulating forskolin nanoparticles in
conjunction with in situ gel forming polymers noveon AA-1
polycarbophil/poloxamer 407 controls drug release through
increased corneal contact time and slower drug diffusion
within the viscous polymer medium [149].

6. Conclusions and Prospective

This review presents the recent progress in therapeutic
nanosuspensions produced by various techniques such as
high pressure homogenisation, media milling, and emulsi-
fication. Attractive characteristics of nanosuspensions such
as uniform nanosized particles, improved solubility in bio-
logical media and adhesiveness (sugar versus ground sugar),
increased drug concentrations, and residence time at the
absorption sites enable the innovative design of a new class
of drug delivery systems. Such nanosized drug formulations
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have a number of benefits for drug therapies including
high surface area, controllable nanosize dimensions, and
tailored surface chemistry. However, in early stages, several
in vivo studies clearly demonstrate the potential of these drug
delivery vehicles in parenteral, oral, ocular, and pulmonary
administration, where not only a controlled release but
also an appropriate bioadhesion is required. The research
on drug nanosuspensions is in its infancy. However, these
systems carry flexibility and opportunity for further tailoring
particles, surface properties to optimise in vivo responses,
and generation of new clinical approaches for treating a
number of diseases (heart, cancer, diabetes, Parkinson’s,
Alzheimer’s, etc.) are required. Considering that nanoparticle
uptake is size dependent, working on the size optimization
of drug nanosuspension can help us prepare an appropriate
nanosuspension formulation with better diffusion through
themucus gel layer. In addition, incorporation of polymers on
the particle surface and size reduction can be regarded as the
future step in nanosuspension research. To summarise future
research directions include (a) increasing in vivo bioavail-
ability and correlating in vitro and in vivo bioavailability
data; (b) achieving controlled and sustained drug release over
extended period of time using biocompatible matrix poly-
mers; (c) development of stimuli-responsive systems such as
magnetic field, light, temperature, and pH, which is particu-
larly important for highly toxic drugs; (d) further studies that
are necessary to understand the behaviour of nanosuspen-
sions in vivo, including interactions with cells and different
biological barriers such as the blood-brain barrier; (e) surface
engineering of nanosuspensions for active or passive target-
ing in order to enhance their ability to reach the target. The
aim of future studies is to combat the challenges associated
with poorly soluble drugs in order to achieve high bioavail-
ability, dissolution velocity, and bioadhesion of the drug.
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Monoclonal antibodies (mAbs), available for a range of diseases, including tumours, leukemia, andmultiple sclerosis, are emerging
as the fastest growing area of therapeutic drug development.The greatest advantage of therapeutic mAbs is their ability to bind with
a high degree of specificity to target proteins involved in disease pathophysiology. In response, effector functions are triggered and
these ameliorate the disease cascade. As an alternative to this reliance on effector functions, drugs can be conjugated to mAbs. The
ability to target compounds to the site of pathology minimises the nonspecific side effects associated with systemic administration.
In both instances, optimising the delivery, absorption, and distribution of themAbs, whilstminimising potential side effects, remain
the key hurdles to improved clinical outcomes. Novel delivery strategies are being investigated with more vigour in recent years,
and nanoparticles are being identified as suitable vehicles. In conjunction with permitting a controlled release profile, nanoparticles
protect the drug from degradation, reducing both the dose and frequency of administration. Moreover, these particles shield the
patient from the immune complications associated with high dose mAb infusions or drug cytotoxicity. This review outlines recent
advances in nanoparticle technology and how they may be of benefit as therapeutic mAb delivery/targeting vehicles.

1. Therapeutic mAbs

Therapeutic monoclonal antibodies (mAbs) are monospe-
cific antibodies designed to target proteins involved in the
pathophysiology of disease. By binding with high specificity
to these target proteins, the development/progression of the
disease is ameliorated, leading to improved clinical outcomes.
Specificity is probably the greatest advantage of mAb therapy
as the production of antibodies to specific antigenic domains
provides a mechanism to directly target the site/s of pathol-
ogy.

Therapeutic mAbs are clinically approved to treat a range
of diseases; solid tumors, including colorectal carcinoma and
squamous cell carcinoma of head/neck; haematological can-
cer, including chronic lymphocytic leukemia; inflammatory
diseases, such as rheumatoid arthritis, multiple sclerosis, pso-
riasis, asthma, and transplant rejection; and other disorders

including virus infection and wet age-related macular degen-
eration. There are >30mAb therapies clinically approved
worldwide, with current global sales at approximately $40
billion per annum. Hundreds more therapeutic mAbs are
being developed, undergoing preclinical or clinical trials to
treat other diseases or to improve existing mAb treatment
regimens.

2. Structure

The main type of therapeutic mAb is IgG, approximately
150 kDa sized Y-shaped protein structures comprised of
two heavy chains linked by disulphide bridges to two light
chains (Figure 1(a)). IgG antibodies contain two identical
antigen binding sites (Fab), each containing complementarity
determining regions (CDRs), which are variable in sequence.
IgG antibodies also contain a conserved Fc domain which
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Figure 1:The structural elements of IgG. (a)The two identical Fv (variable fragment) domains bind to the target protein with high specificity.
The Fc (constant fragment) domain binds to the Fc receptor of immune cells, triggering effector functions, including CDC and ADCC. LC =
light chain, HC = heavy chain, CDR = complementarity determining region, CL = light chain constant region, CH = heavy chain constant
region, FR = framework, VL = light chain variable region, VH = heavy chain variable region. (b) IgG murine sequence can be replaced with
human sequence to reduce immunogenicity. Commercially available mAbs include chimeric, humanised, and human IgG. Adapted from
Maynard and Georgiou, 2000 [1].

plays a role in modulating immune cell activity, including
complement activation [2], and regulating serumhalf-life [3].

Using recombinant technology, alternative mAb struc-
tures have been developed that provide specific therapeutic
benefits.The smallest functional fragments of antibodies that
can bind to the antigen (the variable regions (Fv) of both light
and heavy chains) can be joined together with a flexible pep-
tide linker to produce a single chain variable fragment (scFv;
Figure 2) [1]. The advantage of these antibody fragments
as a therapeutic mAb is a reduction in size (approximately
27 kDa), thereby allowing greater tissue penetration, which is
especially important for the treatment of solid tumors. Other
advantages include lower cost, faster manufacturing, and the
ability to better control avidity, affinity, and pharmacokinetics
[4].

Recombinant techniques have allowed antibody frag-
ments, including scFv and single domains, to bemultimerised
to produce antibodies with different sizes, valencies, and
effector functions. Two main types of antibody have been
produced; multivalent antibodies that imitate the structure of
IgG are classified as orthodox [5]. These antibodies include
(Fab)
2
/sc(Fab)

2
, tribodies, and minibodies (Figure 2). Non-

IgG like structures are called heterodox and include diabod-
ies, triabodies, and tetrabodies. Other multivalent antibodies
include scFv

2
/BITEs, streptabodies, and tandem diabodies.

Therapeutic mAbs can be tagged with toxins [6] or radio-
active material [7], allowing the targeted traffic of cytotoxic
compounds to cancer cells. mAbs have also been conjugated

to anticancer compounds, including Brentuximab (anti-
CD30), which is conjugated to monomethyl auristatin E,
a potent inhibitor of microtubule polymerisation. Tositu-
momab (anti-CD20), conjugated to iodine-131, was devel-
oped for the treatment of refractory, or relapsed, follicular
lymphoma patients [7]. This antibody strategy provides a
more directed approach to destroy cancer cells than existing
methods, including chemotherapy. The only other clinically
approved therapeutic compound that contains a cytotoxic
payload is Ibritumomab (anti-CD20; non-Hodgkin’s lym-
phoma), which is also conjugated to iodine-131. These drug-
conjugated mAbs are advantageous over other mAbs as
cytotoxic compounds typically have a more pronounced bio-
logical effect than the reliance on antibody effector functions
alone, although the side effects are alsomore pronounced. For
example, Gemtuzumab, an anti-CD33 antibody conjugated
to ozogamicin, was removed from the market in 2010 due
to increased patient mortality compared to other existing
treatments.

3. Mechanism of Action

Following the binding of a mAb to the target, effector func-
tions are triggered. There are four main types of effector
functions; neutralisation, antibody-dependent cellular cyto-
toxicity (ADCC), opsonisation, and complement activation.
Neutralisation occurs when the mAb binds to the target
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protein in a surface location that prevents other protein-
protein interactions, essentially neutralising its function. In
one study, the treatment of porcine excisional wounds with a
mAb that neutralizes Flightless I, a cytoskeletal protein and
negative regulator of wound healing, resulted in accelerated
reepithelialisation and improved themacroscopic appearance
of early scars [8].

ADCCand opsonisation induce antibody-mediated cyto-
toxicity and are valuable for the treatment of both hematolog-
ical cancer and solid tumors. Both ADCC and opsonisation
are triggered when the Fc domain of the mAb is targeted to
the Fc receptor on the surface of immune cells. The binding
of the mAbs CDR to the target protein (i.e., a cell surface
protein elevated in cancer cells) along with the Fc domain
recruitment of the immune cell allows the immune cell and
target cell to be brought into close proximity, triggering che-
mokine, cytokine release, and targeted cell death.The effector
cells that may mediate ADCC include NK cells, monocytes,
macrophages, and neutrophils [9]. Rituximab, which targets
the CD20 antigen on the surface of both malignant and
normal B lymphocytes, has improved the outcome of patients
with chronic lymphocytic leukemia and non-Hodgkin lym-
phoma and has been reported to predominantly function by
the induction of ADCC [10].

Complement dependent cytotoxicity (CDC) can also be
mediated through the Fc domain and is another method of
inducing antibody-mediated cell death. CDC is dependent on
the interaction between the mAb and soluble blood proteins
that constitute the complement system [11]. Complement
activation is initiated when the mAb, already attached to the
surface of the target cell, binds to the soluble serum protein,
C1q. The activation of enzymatic activity in C1r follows C1q
binding, triggering the complement cascade and subsequent
cell death. Multiple IgG antibodies are required to be bound
to the target cell for complement cascade initiation. ADCC,
opsonisation, and CDC all appear to contribute together to
varying degrees in the cell death observed in response tomAb
treatment, due in part to the antibody isotype [12].

4. Administration Route,
Absorption, and Distribution

Parenteral delivery, intravenous injection in particular,
retains 100% bioavailability and is therefore the most com-
mon route of administration for clinically approved thera-
peutic mAbs [3, 13]. Once in circulation, the mAbs diffuse
into the peripheral tissue allowing binding to the target
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antigen. A number of mAbs are also administered subcuta-
neously, including Adalimumab (rheumatoid arthritis) and
Efalizumab (plaque psoriasis), with absorption facilitated by
the lymphatic system. This is associated with a reduction in
bioavailability but is preferred due to an ability to increase
the dose and the convenience of administration [1, 14]. The
reduction in bioavailability is predicted to be caused by the
proteolytic degradation of the mAb in either the intersti-
tial fluid or lymphatic system [4, 15]. Other less common
routes of administration are clinically approved, including
intramuscular (used for respiratory syncytial virus infection),
which also relies on absorption by the lymphatic system, and
intraperitoneal (used for malignant ascites). Some mAbs are
applied directly to the site of pathology, with Ranibizumab
administered intravitreally to treat macular degeneration.
In animal studies, dermal wounds and blisters have been
treated topically (cream) and intradermally (injected) with an
anti-Flightless mAb [5, 8, 16]. Enteral delivery has not been
adopted as a delivery route due to rapid mAb degradation
upon exposure to the gastrointestinal tract [6, 13].

5. Current Limitations of Therapeutic mAbs

Despite the recent advances in mAb therapeutics, there are
still limitations preventing effective patient treatment. One
major limitation is the cost of treatment, which is elevated due
to the cost of drug manufacture and the high dose required
for efficacy in a number of diseases. To produce mAbs, the
eukaryotic cells which secrete themAbneed to bemaintained
in culture. Extensive purification steps are also required to
producemAb under goodmanufacturing practice conditions
[7, 17].

The high dose ofmAb required per administration results
from a combination of factors associated with pharmacody-
namics and pharmacokinetics. mAbs have been shown to
be retained in circulation rather than targeted to the site
of pathology. IgG, which is larger than the renal clearance
threshold, can have a biological half-life of up to 21 days
[7, 18]. Contributing to this long half-life in circulation is
IgGs ability to bind the neonatal Fc receptor on the surface
of a number of cell types, including immune cells and the
vascular endothelium [8, 19]. The mAb is internalized into
the endosome-lysosome network of these cells, before being
exocytosed back into the serum at a later date. The process
of convection, which is the engulfment of antibody in the
bloodstream, has also been reported to retain the mAb in
circulation [9, 15].

The high dose of mAb required for therapy is also due
to the limited ability of mAb to penetrate the target tissue,
including solid tumors and the extracellular matrix, leading
to an overall low level of tissue distribution.This is caused by
the relatively large size and hydrophilic nature of the antibody
[10, 15]. Tumors in particular, where the blood supply is
viscous and there is high interstitial fluid pressure, are difficult
to penetrate [11, 17]. This has been overcome to some extent
by the use of antibody fragments, including scFv [12, 20],
which at approximately 27 kDa, are 5-fold smaller than IgG.
The effectiveness of these fragments in cancer treatment is

limited by the absence of the Fc domain, preventing antibody-
mediated cytotoxicity, but to compensate, the fragments can
be conjugated to anti-cancer drugs [21]. Another limitation
of antibody fragments as a therapeutic option is the relatively
short half-life, with Fab and scFv reported to have biological
half-lives of less than one day [17]. These fragments are
smaller than the renal clearance threshold of 70 kDa and are
therefore quickly removed from circulation.

Another limitation of mAb therapy is the binding site
barrier effect [17]. mAbs typically bind with high affinity to
the target once administered, resulting in the mAb being
immediately “mopped up” and preventing further penetra-
tion into the site of pathology [22]. This has been reported in
the treatment of solid tumors, showing suboptimal efficacy
when treated with high affinity mAbs [23]. To some extent,
this has been alleviated by the development ofmAbs that bind
with lower affinity, but this can also reduce the total amount
of mAb binding.

Hypersensitivity reactions are a common side effect of
mAb therapy, in part due to the high dose of mAb adminis-
tered, and often lead to therapy discontinuation [24].The first
therapeutic mAb, Muromonab (OKT3), a murine derived
IgG clinically approved by the FDA in 1986 to treat transplant
rejection, showed a 94% reversal in rejections, significantly
better than the conventional steroid-treatment group, and an
improved one-year graft survival [25]. However, fever, chills,
intestinal complications, convulsions, and viral infections
were identified [26]. The development of neutralizing anti-
mouse antibody responses was also observed [27]. To avoid
these complications, next generation chimerized, human-
ised, and completely human antibodies were developed that
had reduced mouse protein sequence (Figure 1(b)). As an
example, the humanised mAb, Ustekinumab, developed for
psoriasis treatment, has been reported to have a reduced
therapy discontinuation rate due to adverse effects than
equivalent patients treated with a chimeric mAb (Infliximab)
[24]. Deimmunisation, an alternative to humanization, has
been used to decrease immunogenicity [28]. In one study, the
replacement of 17 mouse residues with comparable human
residues resulted in an antibody with the same specificity
and affinity but demonstrated reduced immunogenicity [29].
Together, structural adaptations of IgG have allowed a reduc-
tion, but not complete removal, in the immune mediated
complications associated with mAb therapies.

Side effects are also associated with the administration of
drug conjugated mAbs. These toxic drugs can cause nonspe-
cific cell death on route to the site of administration, whilst
the mAb is retained in circulation or at the site of pathology.
This can be somewhat avoided by using mAbs with shorter
half-lives, although this can reduce the efficacy of treatment.
A variety of new drugs as well as alternative methods to con-
jugate the drug to the mAb are currently being investigated
to improve the safety and efficacy of these drug conjugated
mAbs [30].

Together, there are a number of limitations preventing
optimal patient treatment with therapeutic mAbs, necessitat-
ing the development of alternative methods to deliver these
drugs to the site of pathology. Recently, nanoparticle systems
have been investigated for the therapeutic delivery of drugs.
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Table 1: mAb combined with nanoparticles for a therapeutic application.

Particle type mAb Secondary
Payload Mechanism Disease Literature studies

Mesoporous
silica

𝛼-CTLA 4, 8 — mAb effector functions Melanoma Lei et al., 2010 [31]
𝛼-Mesothelin DOX Drug cytotoxicity Mesothelioma Macura et al., 2013 [32]
𝛼-EGFR Pyrrolidine-2 Drug cytotoxicity Lung cancer Sundarraj et al., 2014 [33]

TRC105 DOX/64Cu Drug cytotoxicity Tumors Chen et al., 2013 and
2014 [34, 35]

Porous Silicon

Bevacizumab — Predicted for mAb effector functions Cancer Andrew et al., 2010 [36]
𝛼-MLR2 Camptothecin Drug cytotoxicity Neuroblastoma Secret et al., 2013 [37]
mAb528

(𝛼-CCL24) Camptothecin Drug cytotoxicity Glioblastoma Secret et al., 2013 [37]

Rituximab
(𝛼-CD20) Camptothecin Drug cytotoxicity B Lymphoma Secret et al., 2013 [37]

FGK45
(𝛼-CD20) — Activate B cells Autoimmune

disease Gu et al., 2012 [38]

Gold
Tocilizumab
(𝛼-IL-6) — mAb effector functions Rheumatoid

arthritis Lee et al., 2014 [39]

Rituximab
(𝛼-CD20) — Photothermal ablation and mAb

effector functions Lymphoma Bisker et al., 2012 [40]

Gold Nanorods
𝛼-ICAM-1 125I Predicted for mAb effector functions Rheumatoid

arthritis Shao et al., 2011 [41]

𝛼-EGFR — Infrared light induced cytotoxicity Bladder cancer Cho et al., 2014 [42]
MFNP 𝛼-HER2 — Photothermal ablation Breast cancer Shen et al., 2014 [43]

Nanographene TRC105
(𝛼-CD105) — Predicted for photothermal ablation

and mAb effector functions Breast cancer Hong et al., 2012 [44]

SPION 𝛼-neu receptor — Predicted for mAb effector functions Breast cancer Kievit et al., 2012 [45]
MFNP=multifunctional nanoparticles. SPION= superparamagnetic iron oxide nanoparticle. ICAM1 = intercellular adhesionmolecule 1. DOX= doxorubicin.

Nanoparticles offer many advantages, including protection
of the drug from degradation during delivery to the site of
pathology, controlling the rate of drug release over time and
shielding the patient from cytotoxic drugs until they reach the
site of pathology. Nanoparticles can be divided into twomain
types: polymeric, including pegylated liposomal vehicle and
albumin vehicles, and inorganic, including porous silicon and
gold nanotubes. Polymeric nanoparticles have been reviewed
elsewhere [13, 46] and some highly relevant examples of
cutting edge polymeric systems are also available [47–53] and
so will not be discussed further. However, it is important to
note that two of these polymeric preparations, Doxil (PEGy-
lated liposomal vehicle) and Abraxane (albumin vehicle),
have already been FDA approved for cancer therapy [54, 55].
In contrast, the development of inorganic nanoparticles for
mAb delivery is still in its infancy but shows great promise as
a therapeutic. This review will focus on recent developments
in the use of inorganic nanoparticles as potential therapeutic
mAb delivery vehicles.

6. Inorganic Nanoparticles for Drug Delivery

Inorganic nanoparticles are being manufactured for a wide
variety of purposes, including many promising biomedical

applications. There are now a wide variety of nanostruc-
tures being tailored for specific drug delivery applications,
including (1) the delivery of therapeutic mAbs or (2) the use
of mAbs for the targeted delivery of therapeutic payloads
(Table 1). The most common materials include mesoporous
silica nanoparticles [56], porous silicon [57, 58], silicon
nanowires [59], carbon nanotubes [60], gold nanoparticles
[61], and calcium phosphate [62] (Figure 3). Each of these
nanoparticles provides unique properties that can be tailored
to specific drug delivery or targeting applications.This review
will discuss these advantages as well as summarizing the
current literature showing the potential benefit of combining
mAbs with inorganic nanoparticles.

6.1. Advantages of Inorganic Nanoparticle Delivery Systems for
mAb Delivery and Targeting. The use of inorganic nanopar-
ticles for applications in mAb delivery presents a wide array
of advantages, with each different material including some or
all of the following.

(1) Ease of functionality with a range of surface and con-
jugation chemistries which can be carefully selected
based upon the base material used, allowing attach-
ment of various mAb structures and cytotoxic drugs.
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Figure 3: Typical inorganic nanomaterials under investigation for various biomedical applications such as the localized delivery of drugs. (a)
Porous silicon nanoparticles from Secret et al. 2013 [37], (b) mesoporous silica nanoparticles from Slowing et al. 2007 [63], (c) hollow silica
nanoparticles from Deng et al. 2011 [64], (d) single walled CNTs from Kam and Dai 2005 [65], and (e) gold nanoparticles from Tiwari et al.
2014 [66].

(2) High payload loadings, which are determined by the
porosity and pore size of the material, the payload
properties, and the surface chemistry chosen.

(3) Tunable degradation rates, which are controlled by
the chosen surface chemistry and the base mate-
rial properties, and controlled release kinetics based
on the material/payload interaction and/or capping
mechanism selected.

(4) Payload protection, controlled by the ability of the
porous material to house the payload inside an inac-
cessible porous network until release, hence improv-
ing the in vivo half-life.

(5) Localized and targeted delivery, magnetically or anti-
body-targeted nanoparticles to specific tissue/disease
sites.

(6) Enhanced penetration into tissue and certain nano-
materials can be designed so that they can effectively
transverse specific tissue barriers.

(7) Exploitation of the enhanced permeation and reten-
tion effect [67, 68], where certain sized nanoparticles
naturally accumulate in tumor tissue due to the lack
of a lymphatic system, and hence, the ability to filter
particles.

(8) The ability of nanoparticle preparations to traffic
mAbs into the cytosol or other cellular compart-
ments, significantly broadening the number of anti-
gens the mAb could be designed to target, currently a
major limiting factor in mAb therapy design [69].

These advantages will be examined further for each nanoma-
terial and how they can be modified and used to enhance the
delivery or targeting of mAbs as a therapeutic option.

6.2. Mesoporous Silica Nanoparticles. Mesoporous silica
nanoparticles (MSN) are relatively biocompatible, making
them suitable for administration to patients [70, 71], although
they are not bioresorbable.Thesematerials can be synthesized
in a controlled manner allowing for the modification of pore
shape and surface chemistry [72, 73], importantly allowing
for the attachment of different mAb structures. Ultralarge
pores have been produced [74], and this allows high capacity
loading of mAbs.

Functionalized MSN has been loaded with a mAb raised
to CTLA 4, 8, a protein elevated on the surface of tumor cells,
and administered to mice with melanoma [31]. The admin-
istration of these particles showed an increased inhibition
of tumor growth compared to the systemic administration
of mAb alone. These results demonstrated that loading mAb
into MSN did not alter the mAb effector functions, and by
facilitating sustained antibody release, the half-life of the
mAb was prolonged at the tumor site.
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MSN loaded with a mesothelin specific antibody was
administered to mice with malignant mesotheliomas [32].
In this study, the particles were loaded with the cytotoxic
drug, doxorubicin (DOX). The mesothelin specific antibody
successfully targeted the MSN to tumor sites after intraperi-
toneal injection. It was observed that the targeted MSN
were more effective than DOX alone and were able to help
reduce the side effects of DOX treatment. Sundarraj et al.
[33] have also conjugated epidermal growth factor receptor
antibody toMSN to target lung cancer cells.Their system then
released the cytotoxic drug, pyrrolidone-2, showing a 38%
enhancement in tumor inhibition. The system also showed
low systemic toxicity.

MSN have been capped with gatekeepers, including chi-
tosan-PEG copolymers, to regulate payload release, with this
controlled by environmental changes at the site of pathology
[75, 76]. Deng et al. [64] have used pH sensitive chitosan in
combination with hollow silica nanospheres to deliver pro-
tein payloads.The targeting antibody, ErbB2, was conjugated
to the outer regions of the chitosan coating, allowing tar-
geting to breast cancer cells. When administered to mice,
there was elevated payload release in tumors (at pH 4) when
compared to normal tissue (at pH 7.4). This system may be
useful for the delivery of mAbs not just to tumors but also
to other sites of pathology where pH change may indicate a
worsening pathology, including chronic wounds.

6.3. Porous Silicon. Porous silicon (pSi) is a high surface area
(800m2 g−1 [77]) biomaterial produced via the electrochem-
ical etching of crystalline silicon wafers in hydrofluoric acid
electrolyte solutions [77]. The pore size can be varied from
5 nm to 1-2 𝜇m based on the careful selection of fabrication
parameters [77]. pSi can also be manufactured in many
different morphologies such as films, membranes, micropar-
ticles, and nanoparticles [78] and is easily functionalizedwith
readily available chemistries [79–83].

Andrew et al. [36] have demonstrated the loading of
therapeutic mAb into pSi. In this study, 800∘C oxidized
pSi films were effectively loaded with a high concentration
of Bevacizumab, a mAb raised against vascular endothelial
growth factor A.The controlled release of 94% of the payload
was demonstrated over a 30-day period, with no initial burst
release observed. Importantly, the released mAb retained its
functionality as demonstrated by ELISA. Further studies are
required to demonstrate the efficacy of these mAb-loaded
particles in vivo.

Another study has demonstrated the attachment of anti-
bodies to pSi, providing a targeting mechanism to deliver the
cytotoxic agent, camptothecin [37]. Here, antibodies raised
against cell-specific surface receptors were covalently grafted
to the surface of pSi nanoparticles, allowing different cancer
cell lines to be selectively targeted, namely, neuroblastoma
(MLR2), glioblastoma (mAb528), and B lymphoma (Ritux-
imab). The antibody-functionalized pSi nanoparticles selec-
tively killed cells expressing the target receptor, therefore
providing a promising therapeutic application. In another
study, Gu et al. combined luminescent pSi nanoparticles
with the FGK45 antibody, which activates B cells. They

demonstrated that when this agonistic antibody was attached
to the pSi nanoparticles, the activation of B cells was 40%
higher compared to just free FGK45 antibody [38]. This is
the first time an effect like this has been observed and could
lead to a decrease in dosages required. The clever use of
luminescent pSi nanoparticles by the authors also allows the
nanoparticles to be readily tracked.

6.4. GoldNanoparticles. There are a number of gold nanopar-
ticle systems, including nanorods [41, 42], multifunctional
nanoparticles containing a gold nanoshell [43], and tradi-
tional spherical nanoparticles [39, 40], that have been loaded
with therapeutic mAbs. Developed to target rheumatoid
arthritis and various cancers, these mAb-loaded particles
show high specificity to the target cells [43] with low toxicity
and retain antibody functionality [40]. Gold nanoparticles
loaded with Tocilizumab (𝛼-IL-6) have been used to treat an
inducible rheumatoid arthritis mouse model, showing low-
ered IL-6 levels and a significant reduction in disease severity
score [43]. In another study, gold nanorods loaded with a
mAb that targets bladder cancer cells were administered via
a urine catheter, followed by exposure to infrared light [42].
This treatment showed rapid clearance of bladder cancer cells.
mAb-loaded gold nanorods have also been radiolabelled,
enabling optical and nuclear imaging of the target tissue [41].
One major advantage of gold nanoparticles is the ability to
use hyperthermia to destroy the target cells [40].This involves
the application of a continuous-wave near infrared laser and
is especially useful in tumor treatment. This technique has
fewer side effects than the use of cytotoxic drugs, which can
kill cells nonspecifically and are retained in the patient until
being metabolised.

6.5. Carbon-Based Nanomaterials. Carbon-based materials,
such as nanographene, have modifiable surface chemistries,
can be produced with ultra-high surface areas for drug load-
ing, and also have unique electrical and optical properties.
In one study, nanographene particles were bound to the
mAb, TRC105, which binds to CD105, a vascular marker for
tumor angiogenesis [44]. When administered to a mouse
model of cancer, there was effective nanoparticle targeting
to the tumor. One major advantage of these particles is the
capacity to use noninvasive positron emission tomography
(PET) imaging to visualize the in vivo localisation of the
nanographene. Similar to gold nanomaterials, photothermal
therapy can also be used with nanographene particles, pro-
viding a therapeutic option for tumors.

Carbon nanotubes (CNTs) can bemodified with a variety
of surface chemistries, are soluble, biocompatible and allow
protein binding [84, 85]. Importantly, a number of research
groups have demonstrated the ability of CNTs to traffic bound
protein across cell membranes [65, 86]. For example, Kam
and Dai [65] have absorbed cytochrome C, streptavidin,
protein A, and BSA to the walls of single walled CNTs that
had been acid oxidized. They showed generic uptake into 4
cell lines, HeLa, NIH-3T3, HL60, and Jurkat cells. This was
the first work to demonstrate the in vitro biological function
of proteins delivered to the cytosol via CNTs. This property
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may be exploited for the delivery of therapeutic mAbs to
intracellular locations.

6.6. Magnetic Nanoparticles. Superparamagnetic iron oxide
nanoparticles (SPIONs) are a type of magnetic nanoparticle
that can be functionalized, has near neutral zeta-potential,
is large enough to avoid renal clearance, and is stable [45].
In one study, SPIONs were conjugated to an antibody raised
against neu, a protein overexpressed in metastatic breast can-
cer. Inmice, the SPIONs showed preferential association with
mammary carcinoma cells. Superparamagnetism is impor-
tant property of metal oxide nanoparticles as it allows the
targeting of SPIONs to be visualized by MRI contrast agents
[87]. This was observed when the neu-targeted SPIONs were
administered to mice, showing enhanced MRI detection of
small metastases.The ability tomonitor, treat, and potentially
diagnosemetastatic breast cancer with the one system has the
potential of providing an enormous benefit to cancer patients.

7. Conclusion

Inorganic nanoparticles present an exciting opportunity
for both therapeutic mAb delivery and the use of mAbs
to target drugs payloads. For the delivery of therapeutic
mAb, porous nanomaterials, such as pSi and MSN, have the
capacity to hold large payloads, whilst providing a sustained
release specifically tuned for optimal clinical efficacy. These
particles provide themAb protection fromdegradation, renal
clearance, and retention in circulation by convection. The
slow release of the mAb enables a reduction in the frequency
of administration, which will reduce the cost of therapy and
minimise side effects. There is also a strong likelihood that
the binding side barrier effect will be decreased. For the use
of mAbs as a targeting tool, inorganic nanoparticles provide
protection for the payload, allow a large variety of compounds
to be loaded, enable the option of photothermal ablation,
and can be used as gatekeepers to control payload release.

mAbs can be effectively loaded into a variety of inorganic
particles, retaining their functionality, with minimal side
effects. These particles have been successfully targeted to the
site of different pathologies. Importantly, clinical efficacy has
been demonstrated in a number of mouse models of disease,
including the treatment of tumors. These nanoparticles pro-
vide a host of other beneficial features, including the ability of
some to naturally target tumors, cell penetrating properties,
the use of PET to visualize the particles noninvasively, and
their ability to target cells for death using photothermal
ablation.

The ability to now combine many of these materials
together into one device or delivery system and impart dual
functionality is leading to the development of theranostic
systems (including diagnosis, treatment, and monitoring of
the disease). One could eventually imagine mAb-loaded par-
ticles floating through the blood stream or lying in wait
until a disease state is detected, giving the body a potential
immediate response, before the disease progresses beyond
its initial phase. The continued development of these smart

systems will eventually lead to more clinically beneficial and
cost effective therapies for a wide range of diseases.
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The design and fabrication of biodegradable barrier membranes with satisfactory structure and composition remain a considerable
challenge for periodontal tissue regeneration. We have developed a biomimetic nanofibrous membrane made from a composite
of gelatin and 𝛽-tricalcium phosphate (𝛽-TCP). We previously confirmed the in vitro biological performance of the membrane
material, but the efficacy of the membranes in promoting bone repair in situ has not yet been examined. Gelatin/𝛽-TCP
composite nanofibers were fabricated by incorporation of 20wt.% 𝛽-TCP nanoparticles into electrospun gelatin nanofibers.
Electron microscopy showed that the composite membranes presented a nonwoven structure with an interconnected porous
network and had a rough surface due to the 𝛽-TCP nanoparticles, which were distributed widely and uniformly throughout the
gelatin-fiber matrix. The repair efficacy of rabbit mandible defects implanted with bone substitute (Bio-Oss) and covered with the
gelatin/𝛽-TCP composite nanofibrous membrane was evaluated in comparison with pure gelatin nanofibrous membrane. Gross
observation, histological examination, and immunohistochemical analysis showed that new bone formation and defect closure
were significantly enhanced by the composite membranes compared to the pure gelatin ones. From these results, we conclude that
nanofibrous gelatin/𝛽-TCP composite membranes could serve as effective barrier membranes for guided tissue regeneration.

1. Introduction

Precisely designed scaffolds with controlled structural orga-
nization and desirable biochemical properties play a central
role in tissue engineering [1, 2]. When used in regenerative
medicine, the goal is often tomimic natural tissuemicroenvi-
ronments by manufacturing scaffolds with similar biological,
chemical, and mechanical properties [3, 4]. The electrospin-
ning technique has been gaining attention in regenerative
medicine because of the resulting ultrafine fibers, which
physically mimic natural bone extracellular matrix (ECM)
at the nanoscale [5–9]. Moreover, the surface morphology,
architecture, and performance of the fibrous matrix can be
controlled by modifying the composition or proportions of

its components [10–13].The simple and relatively inexpensive
setup (a glass syringe pump, high-voltage generator, and
metallic collector) also accounts for its wide application in
generating nanofibers from a wealth of natural and synthetic
organic polymers [14, 15].

Gelatin is a protein biopolymer that is derived from
the partial hydrolysis of natural collagen. It is widely used
as a scaffold material for tissue engineering because of its
availability, low cost, excellent functional properties, and, in
particular, its lack of antigenicity [16–18]. Additionally, it is
considered to provide integrin binding sites for cell adhesion
[19]. In bone tissue engineering studies, hydroxyapatite (HA),
𝛽-tricalcium phosphate (𝛽-TCP), or other bioactive ceramics
are commonly added to the gelatin matrix to improve
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the osteoinductivity [20–22]. Recently, the potential appli-
cation of gelatin/HA composites in bone tissue regenera-
tion has been extensively studied [23, 24]. The composite
materials significantly improved the biological properties
in comparison with the pure gelatin equivalent. Although
HA has been found to possess good biocompatibility and
osteoinductivity, it is insufficiently biodegradable [25, 26].
Ca2+ ions in the local environment are known to enhance the
proliferation and differentiation of osteoblasts bymembrane-
mediated ionic transfer [21, 27].Thus, the biodegradability of
𝛽-TCP makes it an excellent candidate for the repair of bone
defects because it dissolves in vivo [28, 29]. Ca2+ ions released
from 𝛽-TCP can bind to the carboxyl groups of the gelatin
molecular chain, leading to ionic interactions that promote
the differentiation of osteoblasts [30].

It is well known that cells have an inherent ability to
detect and respond to the surface properties of their substrate
[31, 32]. The efficacy of gelatin/𝛽-TCP composite scaffolds in
the guidance of growth, function, and organization of bone-
forming cells has been recently demonstrated [22, 33, 34].
In our previous study [35], different proportions of 𝛽-TCP
nanoparticles were successfully incorporated into electro-
spun gelatin nanofibers to obtain heterojunctional composite
nanofibers. Based on in vitro results, it was suggested that
osteoblast attachment, spreading, proliferation, and differen-
tiation were accelerated in proportion to the content of 𝛽-
TCP nanoparticles and the resulting release of Ca2+ into the
medium. However, the efficacy of these composite nanofibers
in promoting in situ bone defect repair has not yet been
explored.

In the present study, pure gelatin nanofibers and
gelatin/𝛽-TCP composite nanofibers with 20wt.% 𝛽-TCP
loading were fabricated by electrospinning.The surface mor-
phology of these nanofibers was characterized via scanning
electron microscopy (SEM). The therapeutic effectiveness of
gelatin/𝛽-TCP composite nanofibers for repair of critical-
sized bone defects in the rabbit mandible was examined. At 4
and 12weeks after implantation, histological and immunohis-
tochemical analyses were combinedwith gross observation to
assess new bone formation.

2. Materials and Methods

2.1. Materials. Gelatin (pH 4.5–5.5, Bloom Number 240-
270) was purchased from Amresco Chemical Company
(Solon,OH,USA).𝛽-TCPnanoparticles (average particle size
∼200 nm) were supplied by Rebone Biomaterials Company
(Shanghai, China). 1-Ethyl-3-(3-dimethyl aminopropyl) car-
bodiimide HCl (EDC-HCl; Sigma-Aldrich, St. Louis, MO,
USA), N-hydroxy-succinimide (NHS; Sigma-Aldrich), and
sodium citrate (Amresco) were used in this study. The
commercially available Bio-Oss bone substitute was supplied
by Geistlich-Pharma (Wolhusen, Switzerland).

2.2. Preparation of Spinning Solution. Aqueous solutions of
gelatin were prepared by dissolving gelatin in deionizedwater
under gentle stirring at 40∘C for 3 h. A defined amount
of 𝛽-TCP nanoparticles was suspended by ultrasonication

and vigorous stirring in water containing 2%w/v sodium
citrate, before the addition of polymers. At a fixed gelatin
concentration (20%w/v), the 𝛽-TCP content was set as 20%
of the gelatin.

2.3. Preparation of Electrospun Nanofibers. The detailed
procedure for the electrospinning of the aqueous gelatin
solution is described in our previous work [35]. Briefly,
electrospinning was carried out in an apparatus equipped
with a heating device. The environmental temperature of
the electrospinning process was maintained at 40∘C. The
aforementioned gelatin and gelatin/𝛽-TCP solutions were
electrospun at a high voltage of 20 kV (electrospinning
apparatus; Beijing Machinery & Electricity Institute, Beijing,
China). The syringe was connected to a stainless-steel needle
(ID = 1.6mm). A feeding rate of 0.3mL/h was set using
a syringe pump (TOP 5300, Tokyo, Japan). The distance
between the spinneret and the grounded aluminum collector
was fixed at 12 cm. The membranes were collected on the
surface of the aluminum foil and dried at room temperature
in a vacuum for 12 h.

2.4. Crosslinking of Electrospun Nanofibers. The electrospun
membranes were chemically crosslinked in accordance with
our previous work [36]. Briefly, four sheets of electrospun
fibrous membranes (thickness, ∼100𝜇m) were laminated
and immersed in 200mL ethanol/water (volume ratio, 9 : 1)
solution containing EDC/NHS (molar ratio, 2.5 : 1) for 24 h at
4∘C. After crosslinking, unbound and excess EDC and NHS
were removed by rinsing the membranes thoroughly with
100mM phosphate-buffered saline (PBS). This was followed
by repeated washing with distilled water. The membrane was
frozen at−70∘C for 3 h and then freeze-dried overnight under
vacuum.

2.5. Characterization of Gelatin/𝛽-TCP Composite Nanofibers.
The surface morphology and internal structure of the
composite nanofibers were observed via scanning elec-
tron microscopy (SEM; S-4700 microscope; Hitachi, Tokyo,
Japan).The distribution of𝛽-TCP nanoparticles in the gelatin
nanofiber matrix was investigated by transmission electron
microscopy (TEM; H-800 microscope; Hitachi).

2.6. Animals and Surgical Procedures. A total of 18 male
rabbits (New Zealand White Rabbits, about 3.0 kg of weight)
were used in this study. The experimental protocol was
approved by the Animal Care and Use Committee of Peking
University. Rabbits were divided randomly into three groups:
(1) 12 defects for implantation of Bio-Oss granules and
coverage with gelatin/𝛽-TCP composite membranes, (2) 12
defects for implantation of Bio-Oss granules and coverage
with pure gelatinmembranes, and (3) 12 defects left untreated
(no implant or membrane). The rabbits were anesthetized
with sodium pentobarbital and a 3 cm parallel incision was
made along the inferior border of themandible on both sides.
The periosteum was then retracted to expose the submaxilla.
Circular critical-size defects, 8-mm in diameter, were made
in the buccal-lingual direction on one side of the mandible
of each rabbit (Figure 2). In the treated groups, 0.25 g of
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Bio-Oss granules was implanted into the defect and covered
with a pure gelatin membrane or a gelatin/𝛽-TCP composite
membrane. The mucoperiosteal flaps were then carefully
sutured over the defect areas of all the rabbits (groups 1–3)
using 3-0 absorbable sutures. The rabbits were sacrificed at 4
and 8 weeks after implantation for tissue processing.

2.7. Gross Observation. At 4 and 12 weeks after implan-
tation, intact mandibles were harvested and fixed in 4%
paraformaldehyde for 24 h at 4∘C, and the mandible defect
site was assessed by gross observation.

2.8. Histological Analysis. Tissue processing and sectioning
were carried out as previously described [37]. Briefly, tissue
samples were fixed in 10% neutral buffered formalin for 7
days, decalcified and dehydrated according to standard pro-
tocols, embedded in paraffin, and sectioned at a thickness of
5 𝜇m. Masson’s trichrome staining was performed separately
on tissue sections, according to the manufacturer’s instruc-
tions, and images were captured using a light microscope
(CX21, Olympus, Japan). After staining, each section was
observed under light microscopy at 100x magnification and
at least 10 images were randomly captured for each section.
Using image analysis software, Image-ProPlus (Media Cyber-
netics, USA), the bone area was expressed as a percentage (%)
of the measured total tissue area in each group.

2.9. Immunohistochemical Analysis. Immunostaining for
osteocalcin (OCN) was performed as we have described
previously [38]. Briefly, tissue slides were deparaffinized
and rehydrated and then submerged in hydrogen peroxide
to quench peroxidase activity. Before exposure to the
primary antibody against OCN (ab13420; CA 1 : 100;
Abcam, USA), slides were incubated with 1% BSA to block
nonspecific binding. After overnight incubation with the
primary antibodies at 4∘C, HRP conjugated secondary
antibodies were applied to the slides for 1 hour at room
temperature. Finally, a diaminobenzidine (DAB) kit (Beyo-
time, Jiangsu, China) was used to develop the color, followed
by counterstaining with hematoxylin. Slides were observed
under a light microscope (CX21, Olympus, Japan). OCN
expression within the defect area was quantified using a
publicly available web application, ImunoRatio [39, 40].

2.10. Statistical Analysis. Quantitative data were presented
as mean ± standard deviation (SD). Statistical differences
between groups were evaluated via a Student’s 𝑡-test using
the software package, SPSS 13.0 (SPSS Science). Differences
between groupswere considered statistically significant if𝑃 <
0.05 and highly significant if 𝑃 < 0.01.

3. Results and Discussion

3.1. Morphology of Electrospun Gelatin/𝛽-TCP Composite
Nanofibers. Gelatin is temperature-sensitive, so the electro-
spinning process was performed at 40∘C to avoid gel for-
mation. Prior to crosslinking, all the electrospun nanofibers
showed a nonwoven structure with an interconnected porous
network (Figure 1).The diameters of the nanofibers appeared

approximately uniform under SEM. Pure gelatin nanofibers
were continuous, smooth, and homogeneous (Figure 1(a)).
Composite nanofibers had a rough surface because of the
incorporation of 𝛽-TCP nanoparticles (Figure 1(b)). It has
been reported that the rough nanofiber surface created by
apatite particles can promote cell adhesion, proliferation, and
osteogenic differentiation of bone-forming cells [41]. TEM
(subinset of Figure 1(b)) showed that the 𝛽-TCP nanopar-
ticles were embedded in the nanofibers. After crosslinking,
the fibers became curled and conglutinated. In addition,
the pore size decreased substantially and there was a clear
increase in fiber diameter due to swelling induced by the
crosslinking procedure. In our previous study, electrospun
gelatin/𝛽-TCP composite nanofibers with 20wt.% 𝛽-TCP
possessed most remarkable biological properties in terms of
osteoblasts attachment, cell spreading, cell proliferation, and
early osteogenic differentiation [35]. In this study, the ability
of these composite nanofibers to promote and guide bone
regeneration in situ was investigated.

3.2. Gross Observation of Mandible Defect Repair. Figure 3
shows macroscopic images used to evaluate rabbit mandible
defects that were implanted for 4 or 12 weeks. At 4 weeks
after operation, the implants were completely filled with
nascent bone, but the boundary between nascent and host
bone could be seen distinctly (Figures 3(b) and 3(c)). More
specifically, nascent bone in the defects implanted with a
composite membrane appeared denser than that in the pure
gelatin group.The defect exhibited no signs of recovery in the
untreated group and conspicuous introcession remained after
the filled fibrous tissue was detached (Figure 3(d)).

At 12 weeks after implantation (Figure 3(f)), the defects
treated using the composite membranes were well healed
and the nascent bone was indistinguishable from the host
bone. On the other hand, for pure gelatin membranes
at this time point, the nascent bone was slightly less
dense than the surrounding host bone (Figure 3(e)). In the
untreated group, obvious introcessions remained at the defect
sites (Figure 3(d)) demonstrating the critical size of the
defects. These results indicate that the composite membrane
increased the rate of bone repair via the contribution of 𝛽-
TCP. They are consistent with the results of another study,
which found that the addition of apatite into electrospun
poly(lactide-co-caprolactone) (PLCL) nanofibers improved
biocompatibility and bone formation [42].

3.3. Histological Assessment of Mandible Defect Repair. The
newly formed tissue within the mandible defect was fur-
ther analyzed by histological staining, as shown in Figure
4. At 4 weeks after implantation, the boundary between
the defect area and the host bone tissue could still be
clearly identified (marked by black arrows). Masson staining
showed that the fibrous tissue surrounding the implants was
mainly composed of newly formed and regularly aligned
collagen fibers that were stained green (Figures 4(b) and
4(c)). Specifically, implanted defects that used a composite
membrane contained more green-stained immature nascent
bone than those with pure gelatin membranes. Interestingly,
nascent bone could close over and grow into the residual
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Figure 1: Scanning electron micrographs of electrospun nanofibers before ((a), (b)) and after ((c), (d)) crosslinking; gelatin nanofibers ((a),
(c)); gelatin/𝛽-TCP composite nanofibers ((b), (d)). The inset shows an enlarged view. A transmission electron micrograph of gelatin/𝛽-TCP
composite nanofibers is shown in the subinset of (b).

(a) (b)

Figure 2: Illustration of the surgical procedure. (a) Bone defects of 8-mm in diameter created in the region anterior to the jaw angles of the
rabbit mandible. (b) Defect filled with Bio-Oss granules and covered with gelatin or gelatin/𝛽-TCP composite membrane.

implanted Bio-Oss scaffolds (marked by yellow arrow).These
results imply that the composite membrane is an excellent
barrier for creation of a microenvironment suitable for
bone regeneration. In contrast, numerous fat vacuoles at the
untreated defect sites further demonstrated the poor healing
that occurred in the absence of treatment (Figure 4(a)).

The interface between nascent bone and the host bone
became indistinguishable in both treatment groups at 12

weeks after operation (Figures 4(e) and 4(f)). Masson stain-
ing showed that the green-stained collagen fibers described
above were replaced by mature woven bone in the central
region of the defect (Figures 4(e) and 4(f)). The use of
a composite membrane resulted in the formation of more
regular bony trabeculae and more mature-bone-marrow
cavities than those seen for the pure gelatin membrane.
Again, the untreated defects looked very different, showing
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Figure 3: Representative macroscopic photographs of mandible defects at 4 weeks ((a)–(c)) and 12 weeks ((d)–(f)) after implantation:
untreated group ((a), (d)), gelatin group ((b), (e)), and gelatin/𝛽-TCP group ((c), (f)). Black arrows denote the surgical site. Scale bar: 10mm.
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Figure 4: Representative Masson staining micrographs of bone at site of defect after 4 weeks ((a)–(c)) and 12 weeks ((d)–(f)) of implantation:
untreated group ((a), (d)), gelatin group ((b), (e)), and gelatin/𝛽-TCP group ((c), (f)). Black arrows denote the boundary between nascent
bone and host bone. M, material; HB, host bone; NB, nascent bone; MC, medullary cavity; FV, fat vacuoles; and FT, fibrous tissue. Scale bar:
100𝜇m.



6 Journal of Nanomaterials

(a)

M

(b)

M

(c)

(d)

NB

(e)

NB

(f)

Figure 5: Representative immunostaining micrographs of osteocalcin (OCN) at site of defect after 4 weeks ((a)–(c)) and 12 weeks ((d)–(f))
of implantation: untreated group ((a), (d)), gelatin group ((b), (e)), and gelatin/𝛽-TCP group ((c), (f)). The arrows denote positive expression
of OCN. M, material and NB, nascent bone; scale bar: 50𝜇m.
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Figure 6: Bone area measurements (a) and osteocalcin staining intensity (b) of rabbit mandible defects. Values represent the mean ± SD;
𝑛 = 3, ∗𝑃 < 0.05, and ∗∗𝑃 < 0.01.

numerous red-stained blood clots and small green-stained
collagen fibers (Figure 4(d)). As summarized in Figure 6(a),
the degree of healing and quality of nascent bone formation
were related to treatment as follows: composite membrane >
pure gelatin membrane≫ no treatment.

3.4. Immunohistochemical Assessment of Mandible Defect
Repair. Osteocalcin (OCN), a major noncollagenous protein
component of bone extracellular matrix, is synthesized and
secreted exclusively by osteoblasts in the late stage of bone
maturation. At 4 weeks after operation, OCN staining was
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prevalent within the defects of both treated groups (Figures
5(b) and 5(c)). At 12 weeks after implantation, the most
intense OCN staining was observed in the composite mem-
brane group (Figure 5(f)). Quantitative analysis of OCN pro-
tein (Figure 6(b)) corresponded to the levels of nascent bone
formation observed via Masson staining. The differences in
osteogenesis may be explained by the release of calcium ions
from the incorporated 𝛽-TCP nanoparticles. Our previous
research confirmed the pivotal role of continuous Ca2+
release from gelatin/𝛽-TCP composite nanofibers in regulat-
ing the osteoblast response [35]. In others studies, it was also
found that optimal calcium-ion concentrations could signifi-
cantly promote osteogenic differentiation andmineralization
of stem cells [43–45]. Overall, these electrospun nanofibrous
gelatin/𝛽-TCP composite membranes have been shown to
exhibit a high degree of biocompatibility and to enhance
the effectiveness of bone defect healing. Therefore, they may
be beneficial for regeneration of hard tissue, particularly for
guided bone regeneration in periodontology.

4. Conclusions

In the present study, composite nanofibersmade of gelatin/𝛽-
TCP were produced by electrospinning. The composite
nanofibers exhibited a nonwoven structure with an intercon-
nected porous network and had a rough surface due to the
incorporated 𝛽-TCP nanoparticles, which were widely and
uniformly distributed in the gelatin-fiber matrix. When bone
substitute (Bio-Oss) implanted into rabbit mandible defects
was covered by a composite membrane, new bone formation
and defect closure were significantly enhanced compared to
coverage by pure gelatin membranes. In summary, this study
demonstrates that the electrospun nanofibrous gelatin/𝛽-
TCP compositemembranes developed here have great poten-
tial for use in periodontal therapy as barriers for guided bone
regeneration.
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Alginate is a negative ionic polysaccharide that is found abundantly in nature. Calcium is usually used as a cross-linker for alginate.
However, calcium cross-linked alginate is used only for in vitro culture. In the present work, alginate was modified with glycidyl
methacrylate (GMA) to produce a thermal polymerizable alginate-GMA (AA-GMA)macromonomer.Themolecular structure and
methacrylation (%DM) of the macromonomer were determined by 1H NMR. After mixing with the correct amount of initiator,
the AA-GMA aqueous solution can be polymerized at physiological temperature. The AA-GMA hydrogels exhibited a three-
dimensional porous structure with an average pore size ranging from 50 to 200𝜇m, directly depending on the macromonomer
concentration. Biocompatibility of the AA-GMA hydrogel was determined by in vivo muscle injection and cell encapsulation.
Muscle injection in vivo showed that the AA-GMA solution mixed with initiator could form a hydrogel in situ and had a mild
inflammatory effect. Human umbilical vein endothelial cells (HUVECs) were encapsulated in the AA-GMA hydrogels in situ
at 37∘C. Cell viability and proliferation were unaffected by macromonomer concentrations, which suggests that AA-GMA has a
potential application in the field of tissue engineering, especially for myocardial repair.

1. Introduction

Hydrogels derived from organic materials such as polysac-
charides are promising materials for tissue-engineered scaf-
folds and have attracted many interests in the field of
tissue engineering. Natural materials have many desirable
characteristics such as their three-dimensional porous struc-
ture, biodegradability, good water absorption, and tissue-
like elastic properties [1–7]. These properties make hydrogels
ideal candidates for creating environments where cells and
tissues can grow [8]. Alginate is an anionic polysaccharide
produced by brown algae that is widely used in pharma-
ceutical and biomedical applications. More recently, in situ
alginate hydrogel has been used in growth factor delivery
[9] and ventricular remodeling for myocardial infarction [10]
and showed promising results. Ionic cross-linked alginate
such as calcium alginate is highly characterized and has
been used formultiple tissue engineering applications [11–14].

While this ionic cross-linked alginate cannot gelate in situ,
the alginate solution required treatment by calcium solution
in vitro before the cross-linked hydrogel applied in vivo.

Recently, synthesis of a polysaccharide modified with
thermal cross-linkable or photo-cross-linkable groups, such
as an acrylic or a methacrylic group, may provide an
alternative method for hydrogel formation [15–22]. Most of
these works focused on photo-cross-linking, which utilizes
ultraviolet light to initiate a free radical polymerization
reaction, forming covalent cross-links through the acrylate
or methacrylate groups [23, 24]. These free radical-cross-
linked hydrogels allow macromonomers to gelate in situ and
enables the hydrogels to form different shapes to bettermatch
the implantation site [25]. Although these photo-cross-linked
hydrogels have many useful properties and have been used
as cell carriers for several tissue engineering applications
including cartilage, bone, nerve, and liver [26–36], one
concern with the photo-cross-linking process is the potential
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Figure 1: Reaction scheme of the macromonomer AA-GMA.

damage to the cells encapsulated in the macromonomers.
More importantly, since we cannot use the UV photo-cross-
linking process in vivo, this limits the use of those hydrogels
as injectable hydrogels and therefore limits their therapeutic
application.

In this study, thermal polymerizable alginate-GMA
macromonomers were synthesized. Thermal initiator was
used to avoid UV irradiation, which is harmful to the cells
and human, and allows the macromonomers to polymerize
at physiological temperature. The mild reaction conditions
enable cell and protein encapsulation as well as in vivo
gelation. The properties of alginate-GMA were investigated
extensively, including gelation time, swelling ratio, and poros-
ity. Cell viability and proliferation were assessed using the
human endothelial cell lines HUVEC and L929 in prelimi-
nary tests for the potential application of alginate-GMA as an
injectable hydrogel for use in tissue engineering, especially
for myocardial repair.

2. Materials and Methods

2.1. Materials. Sodium alginic acid (Sigma Aldrich), gly-
cidyl methacrylate (GMA) (Fluka), NaOH (Beijing Chemi-
cal Works), ammonium persulfate (APS), and N,N,N,N-
tetramethylethylenediamine (TEMED) (SigmaAldrich) were
used.H-DMEM(GIBCO), FBS (MEDgenics Inc.), penicillin,
streptomycin, haematoxylin-eosin, propidium iodide, and
calcein-AM and MTT (Sigma Aldrich) were also used.

2.2. Synthesis of AA-GMA Macromonomers. Briefly, 2 g of
sodium alginic acid was dissolved in distilled water to make
a 0.02 g/mL solution of alginate. 5.68 g glycidyl methacrylate
(GMA) was added to the alginate solution and thoroughly
mixedwith stirring. 5MNaOHwas added to adjust the pH to
10. The reaction was conducted at 60∘C under N

2
protection

for 4 hours. The solution was precipitated with an excess of
ethanol. The product was thoroughly washed by ethanol 5-6
times and freeze-dried under vacuum (Figure 1).

2.3. Thermal Polymerization of AA-GMA. To prepare the
hydrogels, AA-GMA macromonomers were dissolved in
distilled water at concentrations of 0.03 g/mL to 0.07 g/mL;
5% (w/w of AA-GMA) of APS and TEMED were added to

the solution. The solution formed hydrogels in a water bath
at 37∘C in 5 to 20 minutes.

2.4. 1H NMR. Sodium alginic acid and AA-GMA samples
were dissolved in D

2
O at a concentration of 0.005 g/mL. 1H

NMR spectra were recorded with a 400MHz Bruker AV400
NMR spectrometer. The percentage of double bonds was
calculated using the formula below (HAA represents H atoms
in the alginate backbone;Ha representsH atoms in themethyl
group of GMA):

DM% =
Average [Ha/3 + (Hb + HC) /2 +Hd/6]

(HAA − 1) /6
. (1)

See [22].

2.5. Surface Morphology. The surface morphology of freeze-
dried thermal cross-linked AA-GMA hydrogels was charac-
terizedwith aQuanta 200 FEG scanning electronmicroscope
operated at 20 kV.

2.6. Swelling Assay. A weighed amount of dry thermal cross-
linked AA-GMA hydrogel was placed in an excess volume
of 1X PBS for 24–120 hours. The surface of the hydrogel was
blottedwith tissue paper before the wet weight wasmeasured.
The equilibrium swelling ratio (𝑞) was calculated as the ratio
of the wet weight to the dry weight:

𝑞 =

𝑊
𝑤

𝑊
𝑑

. (2)

2.7. In Vivo Inflammatory Effects. Male Sprague-Dawley
(SD) rats weighing about 250 g were used. One hundred
microliters of 0.05 g/mL macromonomer solution with a
premeasured amount of APS and TEMED was injected into
inner side of each leg. Each week after injection, animals
were euthanized and surrounding tissues were histologically
processed using haematoxylin-eosin stains [37].

2.8. Cell Encapsulation and Cell Viability Assay. The human
endothelial cell line HUVEC was used. Cells were cultured
in DMEM with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37∘C in 5% CO

2
at 100% humidity.

Different amounts of AA-GMA with APS and TEMED were
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Figure 2: 1H NMR spectra of (a) sodium alginic acid and (b) the AA-GMAmacromonomer.

Table 1: Thermal polymerized AA-GMA hydrogels investigated (0.5mL aqueous solution).

Sample number AA-GMA (g) AA-GMA concentration (g/mL) APS (g) TEMED (𝜇L) Gelation time (min)
1 0.015 0.03 0.0015 1 22
2 0.025 0.05 0.0025 2 12
3 0.030 0.06 0.0030 3 8
4 0.035 0.07 0.0035 3 5

dissolved in 1.5mL growth media. 1 × 106 cells in growth
media were added to the solution andmixed evenly. 0.5mL of
this mixture was then added in 24-well cell culture plates and
placed in incubator to let the polymerization occur. After 24
hours, hydrogels with cells were transferred into 6-well plates
and immersed in culture media.

Cell viability and morphology were characterized at 24,
48, 72, and 96 hours after seeding. For the cell viability
assay, cell-loaded gels were stained with calcein-AM and
propidium iodide (PI) for 20 minutes at 37∘C. All live cells
were labeled with calcein-AM and dead cells with PI. Cells
were imaged using a fluorescence microscope (OLYMPUS
IX71). To analyze cell growth, the number of cells in an 8mm2
area was counted in 5 images from each sample. Due to the
3D structure, it was necessary to exclude cells outside of the
focal plane, so the brightness threshold was set to eliminate
the background light.

3. Results and Discussion

3.1. Synthesis and Characterization of AA-GMA
Macromonomers and Hydrogels. The thermal polymerized
AA-GMA macromonomers were synthesized through
reaction of the epoxy group of GMA with the hydroxyl
group of alginate under an alkaline condition. The structure

of the AA-GMA macromonomer, shown in Figure 1, was
confirmed by 1H NMR spectroscopy in D

2
O (Figure 2). The

methacryloyl group of GMA was effectively attached to the
available –OH groups of alginate via open-ring reaction of
epoxy group [37]. Compared with the spectrum of alginate
(Figure 2(a)), six new resonance peaks from the AA-GMA
macromonomer appeared. This indicates that six different
species of H appeared after the reaction, and this illustrates
the mechanism of reaction as shown in Figure 1. From the
1H NMR spectra of the AA-GMA macromonomers, the
%DM is determined by using formula (1) shown before, and
under these reaction conditions, the %DM is about 25.8%.

Three groups of hydrogels were made with three concen-
trations of macromonomer solutions and are listed in Table 1.
The polymerization time was determined by a rheometer.
The AA-GMA macromonomer underwent a free radical
polymerization under thermal condition with the addition of
initiator. According to Table 1, AA-GMA solutions of lower
concentration have longer polymerization times, while AA-
GMA solution of higher concentration has shorter poly-
merization times. This shows that, through controlling the
macromonomer concentration, we can control the polymer-
ization time to meet different needs.

SEM was used to characterize the morphology of the
freeze-dried cross-linked AA-GMA hydrogel. As shown in
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(c) (d)

Figure 3: SEM images of the (a) 0.03 g/mL AA-GMA, (b) 0.05 g/mL AA-GMA, (c) 0.06 g/mLAA-GMA, and (d) 0.07 g/mLAA-GMA freeze-
dried hydrogen. The bar is 100 𝜇m.

Figure 3, the freeze-dried hydrogel has porous structure with
pore size about 50–150 𝜇m, which increased with deceasing
gel content.

Swelling property influences the solute diffusion rate,
the surface properties of the hydrogel, and the mass trans-
port properties through the scaffold. Figure 4 shows the
swelling property of AA-GMA hydrogels with different gel
concentrations. Basically, the swelling ratio increased with
decreasing macromonomer content in the gel. This results
mainly because hydrogels with lower macromonomer con-
centrations have larger pore sizes, resulting in faster transport
of water through the gel. Moreover, hydrogels with larger
pores can retain more water compared to hydrogels with
smaller pores.

3.2. In Vivo Inflammatory Assay. Male SD rats were injected
with 0.1mL of 0.04 g/mL AA-GMA macromonomer PBS
solution with initiator for each leg. Each week the rats were
euthanized and we found the AA-GMA macromonomer
solution had formed a hydrogel in the muscle and the gel
was clearly distinguishable. Figure 5 shows the inflammatory
function of AA-GMA hydrogels in vivo in two weeks. All
stained sections of the smears of AA-GMA hydrogels showed
no dense collection of neutrophils and macrophages in two
weeks. These observations show the AA-GMA hydrogel has
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Figure 4: Swelling ratio of AA-GMA hydrogel of different concen-
tration.

a mild inflammatory effect, indicating good biocompatibility
of the AA-GMA hydrogel.

3.3. Cell Encapsulation. To evaluate the potential use of AA-
GMA hydrogel as in situ cell matrices for tissue engineering
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Figure 5: Representative hematoxylin-eosin stained sample of poly-AA-GMAhydrogel with subjacent muscle. Hydrogels removed (a) 1 week
after injection and (b) 2 weeks after injection. The bar is 100 𝜇m.
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Figure 6: Cell viability of HUEVCs encapsulated in AA-GMA hydrogels at the (a) 0.03 g/mL for 24 h; (b) 0.05 g/mL for 24 h; (c) 0.07 g/mL
for 24 h. The bar is 100𝜇m. (d) Live/dead assay; the histogram refers to the percentage of live cells in the different groups in 96 h.

applications, the human endothelial cell line (HUVEC) was
used. This cell type may have a particular application in vas-
cular grafting or promoting endothelialization of implants.
Previous studies also indicated that methacrylated polysac-
charidewas cytocompatible [37]. For cell encapsulation, three

different concentrations (0.03, 0.05, and 0.07 g/mL) of AA-
GMAmacromonomer were used. Cell viability was observed
after thermal encapsulation. Figure 6 shows the cell viability
of the three groups from 24 to 96 hours after seeding. Live
cells were labeled by calcein-AM, and dead cells were labeled
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Figure 7: Cell growth of HUEVCs encapsulated in AA-GMA hydrogels at the (a) 0.05 g/mL for 24 h; (b) 0.05 g/mL for 96 h. (c) Cell viability
in 0.05 g/mL hydrogels during 96 h. (d) Cell number in 0.05 g/mL hydrogels during 96 h. *Vs 24 h 𝑃 < 0.05 using one-way ANOVA analysis.

by PI. After 24 to 96 hours in culture, three groups of
encapsulated HUVECs all exhibited a high percentage of
viability.There was no significant difference between the high
concentration groups and low concentration groupswhile the
higher concentration group had a little adverse effect in the
first 24 hours (more red-labeled cells observed) (Figures 6(a),
6(b), and 6(c)); after 24 hours, the cells started to proliferate
and the viability in 96 h showed no differences among the
three groups (Figure 6(d)). Even when the higher concentra-
tion was used, few dead cells were observed, showing that
AA-GMA hydrogels have good cytocompatibility. Since the
cells were directly mixed with the reaction mixture during
in situ gelation, it is possible that free radicals generated
during the polymerization may have adverse effects on cell
viability in the first 24 h [22]. This adverse effect may fade
away with the disappearance of free radical. Figure 7 shows
cell growth in the 0.05 g/mL AA-GMA group. Figures 7(a)
and 7(b) show that the density of green fluorescence increases
over time, which suggests an increase in cell proliferation
in the hydrogels. Figure 7(c) shows that there are no sig-
nificant changes in cell viability and Figure 7(d) shows that
cell number increased during the 96-hour culture time.
Both of the results illustrate that the 3D porous structure
allows cell migration and nutrients transportation. Unlike

the ionic hydrogels, which are usually premanufactured
before application, such as alginatemicrobeads [4], this novel
hydrogel can polymerize under physiological temperature
and these observation demonstrate the hydrogel can not
only be premanufactured to any structures but can also be
a promising injectable hydrogel for in situ gelation for tissue
engineering.

4. Conclusion

Alginate was modified with glycidyl methacrylate (GMA)
to produce an alginate-GMA (AA-GMA) macromonomer,
which polymerized at physiological temperature when using
APS as an initiator and TEMED as a catalyst. AA-GMA
hydrogels exhibited a three-dimensional porous structure
with an average pore size ranging from 50 to 150 𝜇m, and
the pore size increased with deceasing macromonomer gel
content. Muscle injection in vivo showed the AA-GMA solu-
tion mixed with initiator could form a hydrogel in situ and
exhibited a mild inflammatory response. Human endothelial
cells (HUVECs) were encapsulated in the AA-GMA hydro-
gels in situ at body temperature. Cell viability remained good
at low and high macromonomer concentrations and cells
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proliferated well in the hydrogels. These promising results
show a potential use of AA-GMA hydrogels for in situ tissue
engineering scaffold applications.
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Carbon nanotubes (CNTs) have been widely utilized as a novel drug carrier with promising future applications in biomedical
therapies due to their distinct characteristics. In the present work, carboxylic acid-functionalized single-walled carbon nanotubes
(f-SWCNTs) were used as the starting material to react with anticancer drug, BA to produce f-SWCNTs-BA conjugate via 𝜋-𝜋
stacking interaction. The conjugate was extensively characterized for drug loading capacity, physicochemical properties, surface
morphology, drug releasing characteristics, and cytotoxicity evaluation. The results indicated that the drug loading capacity was
determined to be around 20wt% and this value has been verified by thermogravimetric analysis.The binding of BA onto the surface
of f-SWCNTs was confirmed by FTIR and Raman spectroscopies. Powder XRD analysis showed that the structure of the conjugate
was unaffected by the loading of BA.Thedeveloped conjugate was found to release the drug in a controlledmannerwith a prolonged
release property. According to the preliminary in vitro cytotoxicity studies, the conjugate was not toxic in a standard fibroblast cell
line, and anticancer activity was significantly higher in A549 than HepG2 cell line. This study suggests that f-SWCNTs could be
developed as an efficient drug carrier to conjugate drugs for pharmaceutical applications in cancer chemotherapies.

1. Introduction

The revolutionary development of drug delivery technology
has become one of the most prominent areas in biomedical
science, contributing to a profound beneficial impact on
human healthcare. This interdisciplinary technology can be
defined as a method or process of delivering drugs and
biomolecules to the targeted site of the cell for a specific
period of time (sustained release function) with reduced
side effect. The current methods of conventional drugs
administered via liquids or tablets are generally less effi-
cient and suffered from poor biodistribution, low solubility,
long-term toxicity, and limited drug efficacy due to partial
biodegradation, swelling, and erosion [1]. This has caused
the pharmaceutical industry to develop novel drug delivery

systems using a wide range of biocompatible drug carriers
with the aim to improve therapeutic efficacy and reduced tox-
icity. In meeting this demand, various forms of efficient and
biocompatible drug delivery systems have been developed
extensively and can be generally classified into four major
categories: nanomaterials [2–4], viral carriers [5, 6], organic
cationic compounds [7, 8], and recombinant proteins [9, 10].

In the recent years, nanomaterials such as carbon nan-
otubes (CNTs) have been receiving considerable amount
of attention as a new nonviral carrier alternative [11–13]
compared to viral and cationic carrier. These allotropes of
carbons are extensively studied and investigated as novel drug
delivery vehicles due to their good biocompatibility, ultrahigh
surface area, good mechanical strength yet ultralight weight,
low cytotoxicity, and excellent chemical and thermal stability.
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Furthermore, their outer surface can be chemically function-
alized with biocompatible materials [14] whilst inner volume
allows the loading of small biomolecules such as proteins
and genes for effective drug delivery [15]. Recently, it was
reported that chemically functionalized CNTs can be utilized
as a novel form of drug carrier by attaching different range
of functional groups to their sidewalls [16]. The research
team discovered that the functionalized CNTs were able to
cross cell barriers inmice through the enhanced permeability
and retention effect without causing any harm to the cell
under conditions which would normally prevent or delay this
biological process. Equippedwith all these unique advantages
of CNTs and their tremendous breakthroughs in biomedical
nanotechnology [17–19], it is no doubt that CNTs can be
used as a promising novel drug targeted delivery system for
advance therapeutic treatment.

Betulinic acid (3𝛽-hydroxy-lup-20(29)-en-28-oic acid,
Figure 1) is a naturally occurring pentacyclic lupane-type
triterpene extracted from numerous botanical sources found
widely distributed in the plant kingdom. Among them,
the birch tree, Betula alba, can be considered as one of
the highly reported sources of betulinic acid (BA) [20].
It has been used traditionally as a folk remedy by the
Native Americans to treat intestinal problems like dysentery
and diarrhoea. Recent studies reported that BA possesses
many favourable therapeutic activities such as anticancer,
hepatoprotective potential, antimalarial, anti-inflammatory,
antihuman immunodeficiency virus (HIV), anthelmintic,
and antioxidant effects [21–25]. BA was also well known for
its high selective cytotoxic activity against humanmelanoma-
derived cell lines [26] as well as other types of cancerous
tumour [27–29]. Healthy normal cells like peripheral blood
lymphoblasts, melanocytes, normal human fibroblasts, and
astrocytes were also reported to be resistant against BA
treatment in vitro [30]. However, its optimum potential
is greatly limited by poor solubility in aqueous solvents.
As such, an ideal delivery system can further enhance the
bioavailability of BA as a potent anticancer agent.

Pristine CNTs (without functionalization) are generally
water insoluble and easily form bundles through strong van
der Waals forces and, therefore, they cannot be dispersed
effectively in most aqueous solutions. They pose a great
barrier for drug delivery applications because the insoluble
CNTs may cause aggregation inducing characteristic cell
changes and apoptosis when administered into human body.
This is further supported by studies showing that raw CNTs
were observed to accumulate mainly in the liver, lungs, and
spleen of the animals [31] while the chemically functionalized
ones were found to be excreted in urine and faeces of the
animals [32]. Thus, researchers strongly believed that side
wall functionalization using carboxylic acid is one of the
most powerful approaches to improve the solubility of CNTs
[33, 34].

To the best of our knowledge, this is the first time we
report on the conjugation of anticancer drug, BA, by using
a more suitable delivery system, namely, carboxylic acid-
functionalized single-walled carbon nanotubes (f-SWCNT),
to enhance the bioavailability of BA. The aim of this work
was to evaluate the drug loading and release properties as
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CH3 CH3

CH3

CH3

CH3

OH

COOH

Figure 1: Molecular structure of betulinic acid.

well as the release kinetics of the synthesized conjugate. In
addition, we also studied the chemical structure and surface
morphology of the resulting conjugate. Finally, in order to
evaluate the cytotoxicity effects of the conjugate, two human
cancer cell lines (HepG2 and A549) were used in comparison
with normal fibroblast cell lines (3T3).

2. Materials and Methods

2.1. Materials and Characterizations. BA (≥98% as deter-
mined by HPLC, C

30
H
48
O
3
, 456.70 g/mol) was purchased

fromSigma-Aldrich (Saint Louis, USA).The short f-SWCNTs
with a diameter of 1-2 nm and a purity of >90% used in
the current work are commercially available from Chengdu
Organic Chemicals Co. Ltd. (Chengdu, China). Methanol of
99.8% purity was supplied by HmbG Chemicals (Germany)
and used as solvent for BA. All chemicals and solvents were
of analytical grade and used as received.

The samples (BA, f-SWCNTs, and f-SWCNTs-BA) were
characterized by ultraviolet-visible spectrophotometer (UV-
vis, Lambda 35, Perkin Elmer, Boston, USA), Fourier trans-
form infrared spectroscopy (FT-IR, model Smart Orbit,
Thermo Nicolet Nexus FTIR, Vernon Hills, USA), ther-
mogravimetric analysis (TGA, Q500, TA Instruments, New
Castle, DE), Powder X-ray diffraction (PXRD-6000, Shi-
madzu, Kyoto, Japan), Raman (RamanMicro 200, Perkin
Elmer, Waltham, USA), and field emission scanning electron
microscope (FESEM, JSM-7600F, JEOL, Tokyo, Japan).

2.2. Calibration Curve. The standard solutions of BA were
prepared as follows. A stock solution (16mL) was prepared
by dissolving 8mg of pure BA in methanol to obtain the drug
concentration of 0.5mg/mL. Aliquots of standard solutions
of BA were transferred into a 20mL volumetric flask and
the mixture was allowed to stand for 7min at room tem-
perature before recording the absorbance. The absorbance
(𝐴) was spectrophotometrically analyzed at 210 nm against
reagent blank using UV-vis spectrophotometer where the
drug presents a maximum absorption. A calibration curve
was plotted to get the linearity in the concentration range of
0.0–0.5mg/mL and regression value. The curve is described
by the regression equation 𝐴 = 7.4717𝑥 (mg/mL) + 0.0253,
where 𝐴 is the absorbance and 𝑥 is the concentration in
mg/mL, with a correlation coefficient (𝑅2) of 0.9937.
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2.3. Preparation of f-SWCNTs-BA Conjugate. The purchased
f-SWCNT (20mg) was dispersed in BA solution (5mg in
99.8% methanol, 40mL) and sonicated for 30 minutes.
Subsequently, the dispersionwasmagnetically stirred at room
temperature for 22 hours using a magnetic bar to facilitate
loading of BA. Thereafter, the mixture was subjected to cen-
trifugation at 4000 rpm for 15 minutes and then washed with
methanol and followed by deionized water three times and
centrifuged to remove free/unbound BA. The supernatant
was collected to determine the drug loading capacity, whereas
the solid sample was dried at 60∘C in an oven for 24 hours
to obtain f-SWCNTs-BA conjugate.The resulting f-SWCNTs-
BA conjugate was stored at room temperature in a vacuum
desiccator for further use of studies.

2.4. Assessment of f-SWCNTs Loading with BA. The amount
of free/unbound BA weight (𝑊unbound BA) in the solution was
quantified by measuring the absorbance at 210 nm relative to
a calibration curve prepared under the same condition [35,
36] using a UV-vis spectrophotometer (Figure 2). The drug
loading capacity was calculated as follows:

Drug loading capacity (%)

=

(𝑊feed BA −𝑊unbound BA) 100

𝑊feed BA
.

(1)

The drug loading capacity of BA was estimated to be ∼20%.
A scheme of the drug conjugation is presented in Scheme 1.

2.5. Measurement of BA Controlled Release In Vitro. The
release profiles of BA from the f-SWCNTs were performed
in human body-simulated phosphate buffered saline (PBS)
solutions at pH 7.4 and 4.8 [37, 38]. PBS is a water-based salt
solution containing different kinds of anions like Cl−, mono
phosphate H

2
PO
4

−, and dibasic phosphate HPO
4

2−. Briefly,
about 1mg of f-SWCNTs-BA conjugate was dispersed into
3.5mL of release media with specific pH value. Maximum
absorbance of 210 nm was selected and the accumulated
release amount of BA into the solution was determined at
preset time intervals using a UV-vis spectrophotometer.

2.6. Cell Lines and Cell Viability Tests. 3T3 (normal standard
fibroblast cell line), HepG2 (human liver hepatocellular
carcinoma cell line), andA549 (human lung adenocarcinoma
epithelial cell line) were purchased fromAmerican Type Cul-
ture Collection (Manassas, VA, USA).The cells were cultured
under standard cell culture conditions (37∘C in a humidi-
fied atmosphere of 95% room air/5% CO

2
) in RPMI 1640

medium supplemented with 10% heat inactivated fetal bovine
serum (FBS) and 1% penicillin (100 units/mL)/streptomycin
(100 𝜇g/mL). Cells were subcultured in 75 cm2 culture flasks
or in appropriate plates and used for seeding and treatment
after reaching approximately 80% confluence.

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide] assay, as previously described in [39], was
used to measure cell viability. In brief, all the normal and
cancer cells were seeded at a density of 1 × 104 cells/well
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Figure 2: UV-vis absorption spectra of pure BA, the supernatant of
f-SWCNTs-BA conjugate, and f-SWCNTs.

in 96-well culture plates in 200𝜇L of culture medium and
incubated at 37∘C to assure cell attachment. After 24 h, the
cells were treated with BA, f-SWCNTs, and f-SWCNTs-BA
conjugate prepared at various concentrations and the treated
cells were incubated for 72 h. Subsequently, 20 𝜇L of MTT
solution (2.5mg/mL) in PBS solution was added to each well,
and then the plates were further incubated at 37∘C for 3 h.The
solution in eachwell was discarded by suction and replaced by
100 𝜇L of dimethyl sulfoxide and vigorouslymixed to dissolve
the reacted dye. After 30min of incubation, the absorbance
was measured at a wavelength of 575 nm using a microplate
reader (EL 800X, Bio-Tel Instruments Inc., Winooski, VT,
USA). All assays were done in triplicate and the cytotoxicity
results were expressed as the percentage of cell viability with
respect to control cells.

3. Results and Discussions

3.1. Characterization of f-SWCNTs-BA Conjugate. The con-
jugate was extensively characterized by FTIR, TGA, XRD,
Raman, and FESEM. FTIR is a powerful and sensitive
infrared spectroscopy which is used to verify the conjugation
of BA on f-SWCNTs. In this study, FTIR was performed
using compressed KBr pellet method and the samples were
recorded in the 4000 to 500 cm−1 range. As presented in
the spectra of f-SWCNTs-BA (Figure 3), the absorption
peaks observed at 3434 and 1627 cm−1 correspond to the
absorption peaks of BA at 3449 and 1641 cm−1. These peaks
are attributed to the typical stretching vibrations of C=O
and O–H, suggesting the presence of –COOH functional
group either from BA molecule or from f-SWCNTs. The
peaks at 2916 and 1387 cm−1 imply both the asymmetric and
symmetric C–H stretching vibrations which arise from the
methyl and methylene group of BA [40], respectively, while
the absorption peak at 545 cm−1 could be due to the charac-
teristic absorption of aromatic compound from the benzene
rings of BA.
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Scheme 1: Proposed reaction scheme for the functionalization of BAmolecules onto the f-SWCNTs nanocarrier via 𝜋-𝜋 stacking interaction.
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To determine the actual drug loading, TGAwas used and
the sampleswere heated from room temperature up to 1000∘C
with a heating rate of 10∘C/min under a nitrogen purge of
40mL/min. The TGA curves of f-SWCNTs and f-SWCNTs-
BA are presented in Figure 4. In the total heating process,
the f-SWCNTs exhibited a weight loss of about 22.5 wt%
(Figure 4(a)), while the f-SWCNTs-BA lost approximately
44.4 wt%ofweight (Figure 4(b)).Thefirst weight loss interval
below 200∘C of both samples was mainly due to the evap-
oration of adsorbed water [41]. At higher temperatures the
weight loss was attributed to the thermal decomposition of
the loaded drug, BA. The amount of drug loaded onto the
f-SWCNTs is about 21.9 wt% (Figure 4(b)) and this value is
nicely agreed with the UV-vis analysis, which was calculated
to be about 20wt%.

The PXRD analysis of the samples was carried out
by adjusting the radiation CuK

𝛼
at 30 kV and 30mA for

recording the PXRD diffractograms between 2 and 90∘. This
nondestructive analytical method is a valuable tool for char-
acterizing the CNTs and surface functionalization. Figure 5
shows the PXRD patterns for f-SWCNTs, f-SWCNTs-BA,
and free BA, respectively. The PXRD analysis of f-SWCNTs
and f-SWCNTs-BA shows that there was no change in the
tubular structure of the nanotubes. This indicates that the
drug loading mechanism mainly occurred as noncovalent
functionalization at the surface or sidewall of the nanotubes

structure and not by intercalation between nanotubes. Sim-
ilar XRD profiles of the surface functionalized CNTs with
biomolecules were also reported by Mehra and Jain [35] and
Jain et al. [42].

Raman spectroscopy was used to investigate the structure
of SWCNTs before (f-SWCNTs) and after (f-SWCNTs-BA)
functionalizationwith BA. Figure 6 shows the Raman spectra
of f-SWCNTs and f-SWCNTs-BA conjugate. The Raman
analysis reveals the presence of the radial breathing mode
(RBM) and the two characteristic bands of SWCNTs: the so-
called G band (tangential mode) and the D band (disorder
mode). The RBM of the SWCNTs is generally caused by
uniaxial vibrations of the nanotubes and can be observed at
150 and 250 cm−1 (Figure 6(a)). The G band corresponding
to the graphitic lattice vibration mode due to stretching of
the C–C bonds in graphitic plane was displayed at 1571 cm−1
for f-SWCNTs and 1572 cm−1 for f-SWCNTs-BA, respectively.
However, the D band was not so obvious in both samples,
especially for f-SWCNTs-BA in which the D band could
not be detected. This could be due to the noncovalent
binding between carbon nanotubes and BA that prevents the
formation of defects on the surface of the SWCNTs. On the
contrary, covalent functionalization generally will produce
significantly larger structural defects resulting in increased
intensity of the D band [34]. Overall, the Raman spectra of
f-SWCNTs-BA exhibited enhanced intensities of the peaks in
comparison to that of f-SWCNTs.

The surface morphology of free BA, f-SWCNTs, and f-
SWCNTs-BA was observed by FESEM and the images are
illustrated in Figure 7. As shown in Figure 7(a), the micro-
structure of free BA was represented by needle-shaped
crystalline particle with a smooth surface. The f-SWCNTs
(Figure 7(b)) show tubular-shaped nanoparticles with a
smooth surface in a highly aggregated state, whereas the
surfacemorphology of f-SWCNTs-BA (Figure 7(c)) appeared
to be rougher and uneven due to the deposition of BA
molecules. The morphology of the f-SWCNTs-BA is funda-
mentally different from f-SWCNTs, therefore leading to the
conclusion that conjugation phenomenon had taken place.

3.2. Loading, Release, and Kinetic Behaviour of Betulinic Acid.
The release properties of BA from the f-SWCNTs nanocarrier
were evaluated in human body-simulated environment at pH
7.4 and 4.8 (Figure 8). It was observed that the release rate
of BA from f-SWCNTs at pH 7.4 is substantially higher than
that at pH 4.8. This indicates that the BA release profile from
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Figure 4: TGA weight loss profiles of (a) f-SWCNTs and (b) f-SWCNTs-BA under nitrogen atmosphere.
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SWCNTs is pH-dependent.Themaximumpercentage release
of BA from f-SWCNTs-BA conjugate reached 89.2% (within
1400minutes) and 78.7% (within 600minutes) when exposed
to pH 7.4 and 4.8, respectively. BA is generally known as a
weakly acidic compound with p𝐾

𝑎
value of 5.5 [43]. When

the pH of the release medium exceeds the p𝐾
𝑎
value of BA,

both the –OH group on BA and the –COOH group on f-
SWCNTs would be ionized and, thus, resulting in a higher
amount of BA being released into pH 7.4 compared to 4.8.
On the other hand, the slow and sustained release properties
of the conjugate might be attributed to the strong repulsive
forces that occurred between the carboxylate anions of the
nanotubes and BA molecules as well as the anions in the
buffer solutions. Hence, these differences in the release rate
of the active drug at pH 7.4 and 4.8 are probably due to
the different release mechanism of BA from the conjugate as
discussed above.

The release in both pH solutions was very rapid for the
first 60 minutes (Figure 8, inset picture) and, thereafter, a

more sustained and slower release was observed throughout
the experiment. The initial stage of the burst release that
occurred in the first 15–20minutesmay be possibly due to the
free unloaded drug coated on the surface of the nanotubes.
This is generally known as the main cause attributed to
surface adhesion and desorption for the burst release of most
surface-loaded drugs [44]. Burst release is useful for some
medical applications like wound treatment because a fast
release in the initial stage would provide immediate pain
relief to the patient followed by sustained release to encourage
wound healing [45]. However, this phenomenon is also likely
to cause unfavourable side effects in drug delivery such
as short biological half-life in vivo, frequent dosing due to
shortened release profile, and potential systemic/local acute
toxicity in human body [46]. In order to circumvent the burst
effect of the system, biocompatible polymers such as chitosan
could be utilized to form an outer layer through additional
coating steps for prolonging the release in the circulation
half-life [47]. As such, we are currently conducting further
investigation using several biodegradable and biocompatible
polymers aswell as surfactants for the coating of the conjugate
and then study their in vitro drug release profiles.

In order to achieve andmaintain the effective therapeutic
concentration of the drug in the target tissues for as long as
possible, a well-defined behaviour of drug release kinetics
is required. For this purpose, mathematical modelling is a
very useful method to predict the release kinetics before the
drug delivery systems are being realized and, at the same
time, it provides important information into the structure-
function relationship of material systems. Generally, the
release behaviour can be determined using three different
kinetic models, that is, first order (2) [3], pseudo-second
order (3) [48], and parabolic diffusion (4) [49]:

In (𝑞
𝑒
− 𝑞
𝑡
) = In 𝑞

𝑒
− 𝑘
1
𝑡, (2)

𝑡

𝑞
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1

𝑘
2
𝑞
2

𝑒

+

𝑡
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𝑒

, (3)
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𝑡
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0
)

𝑡
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+ 𝑏, (4)
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Figure 7: FESEM images of the surfaces of (a) free BA in its crystalized form, (b) f-SWCNTs, and (c) f-SWCNTs-BA.
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Table 1: Correlation coefficient, rate constant, andhalf-life obtained byfitting the data for release of BA from f-SWCNTs-BA intoPBS solutions
at pH 7.4 and 4.8.

Aqueous solution Saturated release (%) 𝑅
2 Rate constant,

𝑘 (mg/min) 𝑡
1/2

(min)
Pseudo-first order Pseudo-second order Parabolic diffusion

pH 7.4 89.2 0.8817 0.9992 0.7054 a
3.46 × 10

−4 32
pH 4.8 78.7 0.2236 0.9996 0.6421 a

8.15 × 10
−4 15

Note: aestimated using pseudo-second order kinetics.
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Figure 8: Release profiles of BA from f-SWCNTs nanocarrier into
PBS solution at pH 7.4 and 4.8. Inset shows release profiles of f-
SWCNTs-BA for the first 60 minutes.

where 𝑞
𝑒
and 𝑞
𝑡
are the equilibrium release rate and the release

rate at any time (𝑡), respectively, 𝑘 is a constant corresponding
to release amount, 𝑀

0
and 𝑀

𝑡
represent the drug content

remained in the f-SWCNTs-BA at release time 0 and 𝑡,
respectively, and 𝑏 is a constant.

By fitting the release data of the active BA to these
kinetic models, it was observed that the release kinetic
processes of BA from f-SWCNTs-BA conjugate conformed
well to pseudo-second order kinetic model for both pH
solutions (Figure 9). At pH 7.4, the release of BA from nano-
carrier followed the pseudo-second order equation, with a
correlation coefficient of 0.9992 and 𝑘 value of 3.46 × 10−4mg
per minute. For PBS solution at pH 4.8, the release kinetics
of BA also fits better to the pseudo-second order model
(correlation coefficient of 0.9996 and 𝑘 value of 8.15× 10−4mg
per minute). Table 1 demonstrates the time release profile
for BA in PBS solutions at pH 7.4 and 4.8, respectively. The
second order release kinetics indicates that the release of BA
is concentration-dependent and the half-life increases as the
initial concentration of BA is increased. The reaction rate
observed in this study can be considered as a moderate type
[50]with time span over 1000min for a complete drug release.

3.3. Cytotoxicity Evaluation. Figure 10 shows the effect of
free BA, f-SWCNTs nanocarrier, and f-SWCNTs-BA con-
jugate on cytotoxicity of 3T3 cells (Figure 10(a)), HepG2

cells (Figure 10(b)), and A549 cells (Figure 10(c)) at various
concentrations, ranging from 0.78 to 50 𝜇g/mL at 72 hours’
time point using MTT assay. In vitro cytotoxicity analysis is
a commonly used approach to evaluate the biocompatibility
of the synthesized nanomaterial for a biomedical application.
Therefore, we investigated the cytotoxic effect of the free BA,
the nanocarrier, and the f-SWCNTs-BA conjugate concentra-
tions in a healthy fibroblast cell line (3T3) and two human
cancer cell lines (HepG2 and A549), respectively.

As shown in Figure 10(a), the 3T3 cell viability of free
BA was reduced to approximately 25% when the concentra-
tion exceeded 50𝜇g/mL. Although BA is a very promising
therapeutic compound as discussed before, it has an implicit
low toxicity when compared to other chemotherapy drugs
like camptothecin, taxol, vincristine, and vinblastine [51].
Furthermore, 3T3 cell line is a very sensitive in vitro model
commonly used for the detection of carcinogenic potential of
chemicals and, hence, low cytotoxic effect of BA may cause
the significant reduction in 3T3 viable cells when applied
at high concentration (50 𝜇g/mL). For the nanocarrier, the
cell viability was dramatically reduced to about 40% when
the concentration was more than 50𝜇g/mL. This is mainly
attributed to the physicochemical property of CNTs in which
when further diluted into the cell culture media they tend
to rapidly reaggregate into bundles due to strong van der
Waals interaction. On the other hand, the resulting conjugate
at concentrations from 0.78 to 25𝜇g/mL did not express
any cytotoxicity after 72 hours of treatment, but the cells
exposed to 50 𝜇g/mL showedmore than 50% reduction in cell
viability. This could be due to the effect of the BA in which
the BA compound showed a significant reduction of 80% in
cell viability when the concentration exceeded 50𝜇g/mL. In
general, we observed higher cell viability for f-SWCNTs-BA
conjugate in comparisonwith the nanocarrier or with the free
BA after 72 hours of treatment.

Figures 10(b) and 10(c) show that exposure to free BA,
f-SWCNTs, and f-SWCNTs-BA at doses ranging from 0.78
to 50 𝜇g/mL caused a dose-dependent cytotoxicity manner
in both liver and lung cancer cells. The conjugate exhibited
greater anticancer activity at lower dosages in A549 cells
compared toHepG2 cells. It is also important to be noted that,
even though the same concentrations of BA and f-SWCNTs-
BA were used in this study, only about 20–22% of the drug
was actually loaded in the conjugate. This indicates that the
conjugate can achieve better therapeutic effect of killing the
cancer cells with only ∼20–22% of BA in comparison with
pure BA (100%).With the reduction of the drug dosage,many
unwanted side effects of the drug can be further minimized,
especially in cancer-related treatments.
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Figure 9: Fitting the data for BA released from f-SWCNTs nanocarrier into PBS solutions with specific pH values.
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Figure 10: In vitro cytotoxicity study of (a) 3T3, (b) HepG2, and (c) A549 exposed to free BA, f-SWCNTs nanocarrier, and the f-SWCNTs-BA
conjugate, respectively, at various concentrations after 72 h of treatment. The data presented are mean ± SD of triplicate values.

4. Conclusions

In summary, we have successfully synthesized a controlled
and sustained release formulation of BA noncovalently
loaded to f-SWCNTs as drug delivery system conjugate. FTIR
analysis of the conjugate demonstrated the presence of func-
tional groups of both BA and the nanocarrier, indicating that
the drugwas loaded onto the f-SWCNTs.This result is further
confirmed by Raman spectroscopy studies.The loading of BA
onto the nanocarrier was estimated to be about 20% (w/w)
and this value is in agreement with the TGA study. Powder
XRD analysis showed that the structure of the functionalized
nanotubes was unaffected by the loading of drug BA. The
release of BA from nanocarrier was observed to occur in a
controlled manner governed by the different levels of pH in
the release medium and, therefore, this drug carrier could be
further developed as a controlled release formulation with a
prolonged release property. Pseudo-second order model was
found to be the best to describe the release kinetic process
of BA from the nanocarrier at both pH levels 7.4 and 4.8 in
comparison to the other models. Although the burst effect of
BA would most likely be the limiting factor for therapeutic
use in controlled delivery applications, additional coating
steps for prolonging the release in the circulation half-life
using biocompatible polymers are currently underway. The
cytotoxicity study demonstrated a decrease in the toxicity
potential of the conjugate in a normal cell line but enhanced
anticancer activity in both human cancer cell lines. Further
investigations in terms of specific cellular mechanism of the
resulting conjugate are required to elucidate the conjugate
interaction with cells prior to in vivo biological studies

involving animal models. The results from this preliminary
finding indicate that the synthesized conjugate (∼20–22% of
loaded BA) has the potential to be developed as the drug
delivery system for BA since it demonstrated less cytotoxicity
but enhanced anticancer activity than free BA (100% of BA).
By reducing the drug dosage, this means causing less harm to
the normal cells and, thus, provides a better healthcare and
well-being in patient.
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