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Correspondence should be addressed to Jianxun Ding; jxding@ciac.ac.cn

Received 12 October 2016; Accepted 12 October 2016

Copyright © 2016 Jianxun Ding 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.

Recently, polymeric nanocarriers, including micelles, vesi-
cles, capsules, nanogels, nanospheres, and nanofibers, have
attracted more and more attention in the field of drug deliv-
ery. Specifically, the development of smart polymeric nano-
carriers enables the personalized and on-demand treatments
to be highly possible. Their intelligence not only endows the
polymeric nanocarriers with the capabilities of identifying
diseased tissue or cells and triggering the positive response
of cells, but also serves as a switch to achieve directional drug
delivery in the lesion sites. The potential advances of smart
polymeric nanocarriers bring opportunities as well as chal-
lenges for researchers to exploit more desirable nanosystems
for controlled drug release.

The purpose of this special issue is to publish high-quality
research articles as well as reviews that seek to address recent
developments in the preparation, characterization, and appli-
cation of smart polymeric nanocarriers as well as the relevant
prospect on opportunities and challenges.

Polymericmicelleswith a core-shell architecture are nano-
scopic colloidal aggregates of amphiphilic polymers dis-
persed in aqueous medium. The inner cores are composed
of hydrophobic polymer blocks and serve as drug reservoirs,
and the hydrophilic polymer shells endowmicelles withwater
solubility and long blood circulation time in vivo. M. Wang
et al. synthesized folate-biotin-pullulan (FBP) through a one-
pot condensation reaction. FBP self-assembled into micellar
nanoparticlewith a diameter of 156±13 nmand zeta potential
of −5.1 ± 0.6mV. Doxorubicin (DOX), as a model antitumor
drug, was loaded into the FBP micelle, and the drug-loaded
micelle was denoted as FBP/DOX. FBP/DOX showed the best
tumor-suppressing effect compared with free DOX and its

nontargeted counterpart as a result of the folate-receptor-
mediated endocytosis of FBP/DOX. Overall, the targeted
polymeric micelles exhibited great potential to selectively
deliver antitumor drugs and upregulate the antitumor effi-
cacy.

Polymeric nanogels are three-dimensional (3D) nano-
sized hydrogels, which are fabricated by the physical or chem-
ical crosslinking of polymers. Nanogels have attracted grow-
ing interest in controlled drug delivery because of their tun-
able chemical and physical structures and considerable stabil-
ity in vivo. M. Usacheva et al. prepared a calcium-crosslinked
dioctyl sodium sulfosuccinate (aerosol OT, AOT)-alginate
nanogel loading toluidine blue (TB) for the photodynamic
therapy (PDT) of the biofilm-mediated infections of chronic
wounds. The TB-loaded nanogel induced effective killing of
planktonic P. aeruginosa (3.5 lg (CFU)) and S. aureus (>5 lg
(CFU)) as well as their combined biofilms of 2.8 lg (CFU) for
P. aeruginosa versus 3.4 lg (CFU) for S. aureus. The results
demonstrated the effective eradication of complex biofilms
of dual bacterial strains by polymeric nanoparticle-mediated
PDT.

Nanofibers are generally defined as fibers with diameters
less than 1 𝜇m. Polymeric nanofibers are widely used for in
situ drug delivery. H. Zhou et al. constructed a resveratrol-
(RSV-) loaded electrospun nanofiber of methoxy poly(ethyl-
ene glycol)−poly(𝜀-caprolactone) (mPEG−PCL) block copol-
ymer as a drug carrier. The loading nanofiber (i.e., RSV-NF)
exhibited more apoptosis induction and low migration and
invasion ability of human U87 glioblastoma cells. Further-
more, the local implantation of RSV-NF greatly enhanced the
growth inhibitory effect compared to free RSV. The results
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demonstrated that nanofibers are a promising strategy to
improve the effects of antitumor drugs. H. Liu et al. fabricated
the silver-plated cotton fabrics (SPCFs) with high electri-
cal conductivity and excellent washing fastness. With the
increase of silver-ammonia concentration or dopamine con-
centration, the surface resistivity of SPCFs decreased and
gradually stabilized. The surface resistivity of SPCFs could
reach 0.12 ± 0.02Ω, and the electromagnetic shielding effect-
iveness (ESE) of SPCFs could reach 58.5 ± 4.5 dB. The
conductive fabrics have a wide range of applications in many
fields, such as antibacterial, intelligent textiles, smart gar-
ments, electromagnetic shielding, and flexible sensors.

In basic research, many complex multifunctional poly-
meric nanoplatforms have been designed for smart drug deliv-
ery. X. Tang et al. prepared a LY2835219-loaded hyaluronic
acid-conjugated chitosan nanoparticle (HACNP/LY) for
enhanced antitumor efficacy through the p16-CDK4/6-pRb
pathway against human HT29 colon cells. The LY2835219-
loaded chitosan nanoparticle (CNP/LY) was used as a con-
trol. HACNP/LY showed the highest proliferation inhibition
efficiency toward HT29 cells. HACNP/LY strengthened the
trend further compared to CNP/LY because of the CD44-
mediated targetability.

J. Ding and coworkers contributed a review article, which
summarized the development of polymeric nanocarriers for
antineoplastic delivery in the treatment of spinal malig-
nancies and discussed the future prospects of polymeric
nanocarrier-based treatment methods. The review article
provides a summary of various smart polymeric nanocarriers
for controlled drug delivery and enhanced treatment effica-
cies, with spinal malignancies as a disease model.

In addition to the above polymeric nanocarriers, organic-
inorganic hybrid nanomaterials, liposome, noisome, emul-
sion, and so forth, are also exploited for controlled drug
delivery and showed good results as well as great potential
for clinical applications.

The collection of articles in this special issue highlights
the development of nanocarriers, particularly smart poly-
meric nanocarriers, for selective drug delivery. The guest
editors and contributors hope that this thematic issue will
inspire the readers and stimulate the advanced researches in
the area of controlled drug delivery.
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Malignant spinal tumors, categorized into primary and metastatic ones, are one of the most serious diseases due to their high
morbidity and mortality rates. Common primary spinal tumors include chordoma, chondrosarcoma, osteosarcoma, Ewing’s
sarcoma, and multiple myeloma. Spinal malignancies are not only locally invasive and destructive to adjacent structures, such as
bone, neural, and vascular structures, but also disruptive to distant organs (e.g., lung). Current treatments for spinal malignancies,
including wide resection, radiotherapy, and chemotherapy, have made significant progress like improving patients’ quality of life.
Among them, chemotherapy plays an important role, but its potential for clinical application is limited by severe side effects and
drug resistance. To ameliorate the current situation, various polymer nanoparticles have been developed as promising excipients to
facilitate the effective treatment of spinal malignancies by utilizing their potent advantages, for example, targeting, stimuli response,
and synergetic effect. This review overviews the development of polymer nanoparticles for antineoplastic delivery in the treatment
of spinal malignancies and discusses future prospects of polymer nanoparticle-based treatment methods.

1. Introduction

Malignant spinal tumors are classified as primary or meta-
static ones. Although the morbidity rates of primary malig-
nant spinal tumors (e.g., chordoma, chondrosarcoma, osteo-
sarcoma, Ewing’s sarcoma, and multiple myeloma) are low—
less than 5% out of all osseous neoplasms and 0.2% out
of all cancers [1]—the malignancy rate is strikingly high.
Additionally, as the occurrence ofmetastatic disease becomes
much more common, patients are increasingly susceptible
to a large number of metastatic tumors from lung, breast,
prostate, renal cell, gastrointestinal neoplasms, and so forth
that can pervade the spine [2]. According to statistics, 5 to 14%
of cancer patients are afflicted with spinal metastatic tumors,

which have a high morbidity rate [2, 3]. Currently, the main-
stays of spinal tumor treatment include corticosteroids, bis-
phosphonates, radiotherapy, surgery, and chemotherapy [4].
Despite the fact that comprehensive treatments can effectively
improve survival rates, many concomitant shortcomings still
exist. With the development of cancer nanotechnology and
pharmaceutical nanotechnology, new directions of research
and improvements to malignant spinal tumor treatment may
be discovered.

1.1. Epidemiology and Pathogenesis. Primary malignant
spinal tumors are far less common compared to metastatic
spinal tumors, which account for less than 0.2% of all neo-
plasms [1]. However, primary malignant spinal tumors not
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only are difficult to identify and cure but can also easily recur
[5]. They arise from bones and soft tissues around spinal
columns, presenting a challenge to diagnosis and treatment
[6]. The early symptoms of primary malignant spinal tumors
are pain, spinal instability, and compression of the spinal
canal with ensuing neurological deficits [7]. Given that neu-
rological symptoms are observed in approximately 52% of
primary tumors, which often lead to poor prognoses [8, 9],
patients should be wary upon discovering solitary osseous
lesions associated with back pain. Although en bloc spondyl-
ectomy, radiotherapy, and neoadjuvant chemotherapy have
made great progress and prolonged survival rates to a
certain extent, issues, such as surgery-induced tumor cell
dissemination [10] and spinal radiation sickness still remain
[1]. Therefore, it is urgent to explore more safe and effective
treatments for primary spinal tumors.

According to reports by the International Agency for
Research on Cancer (IARC), prostate cancer in men and
breast cancer in women possess the highest incidence rates
among the myriad cancers in the world. These two types of
cancer, along with lung cancer, cause 15–20% of all secondary
metastatic spinal tumors [11], with non-Hodgkin’s lymphoma,
renal cell cancer, and multiple myeloma accounting for an
additional 5–10% and colorectal cancer, sarcoma, neuroblas-
toma, Hodgkin’s disease, and germ cell tumor accounting for
the rest [4]. Like primary spinal tumors, metastatic spinal
tumors have three main symptoms—pain, spinal instability,
and neurological deficits [12, 13]. It is worth mentioning that
metastatic epidural spinal cord compression (MESCC) is the
most exigent symptom of metastatic spinal tumors because
it may cause patients to become paraplegic if not properly
treated in time [14]. Due to the axial skeleton containing a
higher percentage of red bone marrow, it is a more common
target site, to which tumorsmetastasize as compared with the
appendicular skeleton. The main afflicted areas include the
ribs, pelvis, and spine, with partial metastasis through the
Batson venous plexus, which bypasses the lung circulation
[15]. The most critical form of metastasis, observed in 85%
of patients, occurs via an indirect route, through which an
initial haematogenous metastasis traverses to the vertebral
body [16]. Due to the high rate of incidence and recurrence of
metastatic spinal tumors, more effective treatment methods
(e.g., targeted nanomedicine) are urgently needed.

1.2. Construction of Animal Models. In order to better inves-
tigate spinal malignancies, researchers have developed and
established various models of spinal metastasis. Early on,
Mantha et al. developed an intraosseous spinal tumor model
in rats [17], which soon became a classic model that was
popularized by many researchers. Briefly, CRL-1666 breast
adenocarcinomawas intraperitoneally implanted into the L-6
vertebral body of rat, after which the authors used functional
and histological analysis methods to evaluate tumor prolif-
eration and spinal cord compression. With further devel-
opment of experimental techniques, more advanced animal
models that enable the laboratory study of human spinal
metastasis became an urgent need. Tatsui and coworkers
developed an orthotopic model of spinal metastasis by using
a transperitoneal surgical approach to implant PC-14 human

lung tumors into the L-3 vertebral body of nude mice [18].
Furthermore, at the 2012 Spine Section Meeting, Zadnik
and collaborators presented a novel animal model of human
breast cancer metastasis to the spine that uses intracardiac
injection and luciferase-expressing MDA-231 human breast
cancer cells [19]. This new model has served as a powerful
tool for studying the effect of human cancer metastasis
on spinal behavior, thereby greatly benefiting patients with
breast cancer.

However, these methods require complex surgical proce-
dures, making it difficult to ensure the reproducibility and
consistency of themodels. To address this issue, Ziblys’ group
used a dorsal approach to intraosseously implant CRL-1666
adenocarcinoma tissue obtained from other subcutaneous
tumor-bearing rats [20]. This improved rat model simplifies
the surgical procedure, shortens the operation time, and
reduces mortality. More importantly, it ensures consistent
and reproducible tumor growth, resulting in spinal cord
compression and related neurological symptoms. Apart from
this, Wang and colleagues created a murine model of renal
cell carcinoma (RCC) spinal metastasis that enables the
testing of targeted therapies for RCCwith spinal involvement
[21]. Also, Liang et al. established a model of human breast
cancer metastasis through intraosseous injection of tumor
cells [22].The aforementioned studies provide us with a basis
for studying spinal malignancies and developing targeted
therapies for their effective treatment.

1.3.Therapy Status. Treatment of spinal malignancies is quite
difficult and complicated. Existing methods of treatment
that are generally accepted include surgery, radiotherapy,
and chemotherapy. The development of surgical techniques
and radiosurgical technology has significantly improved the
efficacy of spinal malignancy treatment [23]. Currently, one
of the most popular treatments is wide spinal resection
using either en bloc laminectomy [24] or hemilaminectomy
[25], followed by en bloc corpectomy and dorsoventral
stabilization [10]. On the other hand, Patchell et al. found that
direct decompressive surgery combined with postoperative
radiotherapy is more effective than radiotherapy alone for
treating metastatic cancer-induced spinal cord compression
[26]. For example, proton beam radiotherapy (PBRT), which
utilizes ionizing radiation with reduced scatter in surround-
ing tissues, can be used to cure unresected or partially
resected primary tumors, such as chordoma of the cervical
spine, mobile spine, and sacrum [27]. Subsequently, stereo-
tactic radiosurgery (SRS) was developed to reduce radiation
damage of surrounding tissues [1], but it did not achieve
the desired clinical effect. Nevertheless, thismultidisciplinary
approach shows great promise of offering patients who
undergo treatment for metastatic and primary tumors of the
spinal column the best chance of long-term survival.

Excitingly, advances in the past few decades have given
rise to promising alternatives for treating malignant spinal
tumors in the form of nanotherapeutics and nanodiagnos-
tics, many of which have been commercialized or have
reached clinical trials [28]. Among these advances, the most
important is the development of polymer nanoparticles with
antineoplastic drugs adsorbed onto them [29]. As depicted in
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Figure 1, compared with traditional chemotherapeutic drugs,
antineoplastic drug-loaded polymer nanoparticles have obvi-
ous advantages in several applications: (a) promotion of
stimuli-responsive release: drugs in the nanocarriers can be
released slowly or controllably through endogenous intra-
cellular stimuli (e.g., pH, reduction, reactive oxygen species,
or specific enzymes) [30–45] or exogenous excitations (e.g.,
light, temperature, or voltage) [46–48]; (b) synergetic ther-
apy: different drugs encapsulated in the same polymer
nanoparticles can be smartly released to achieve synergistic
and joint effects [49, 50]; (c) crossing of biological barriers:
antineoplastic drug-loaded polymer nanoparticles can be
delivered orally or across the blood-brain barrier [51] as well
as escape from intracellular autophagy; (d) targeted therapy:
nanoparticles can be used to identify various tumors via
targeting ligands conjugated onto their surfaces [52, 53]; (e)
enhanced tumor accumulation: the nanosized platforms can
facilitate the localization of drugs to tumor tissue through the
enhanced permeability and retention (EPR) effect [54, 55]; (f)
prolonged circulation time: high-molecular-weight polymer
nanoparticles can increase the half-life of encapsulated drugs
in the blood, effectively prolonging the drug retention time
in the lesion [56, 57]. Due to the aforementioned advantages,
polymer nanoparticles can greatly improve the efficacy of
treatment and reduce the risks associated with radiosurgery.
With advances in research and developing applications of
polymer nanoparticles, the treatment of malignant spinal
tumors has reached a new turning point.

2. Drug-Encapsulated Polymer Nanoparticles
for Chemotherapy of Spinal Malignancies

In this part, we will review polymer nanoparticle-based
delivery systems for spinal malignancy treatment by the
type of therapeutics that is employed (Figure 1). Specifically,
single-agent systems and multidrug synergistic formulations
will be discussed in detail.

2.1. Single-Agent Platforms. Doxorubicin (DOX) as a tra-
ditional chemotherapeutic drug is widely used in cancer
treatment, particularly for spinal tumors. However, the dose-
dependent cardiotoxicity, myelosuppression, nephrotoxicity,
and development of multidrug resistance associated with
unformulated DOX limit its therapeutic efficacy [58]. Pre-
viously, research efforts were undertaken to improve this
situation through the use of polymer nanoparticles. The
nanoparticulate system is based on biodegradable, bio-
compatible, and Food and Drug Administration- (FDA-)
approved components, so it possesses reduced systemic side
effects. In another case, Subia and collaborators designed
a silk fibroin-based cytocompatible 3D scaffold as an in
vitro 3D distribution model, with which the efficiency of
DOX-loaded, folic acid-conjugated silk fibroin nanoparticles
as a drug delivery system for the treatment of human
breast adenocarcinoma was evaluated. Their experimental
results demonstrated that the drug-loaded folate-conjugated
nanoparticles can effectively recognize cancer cells in the 3D
in vitro bonemetastasis model, suggesting that these polymer
nanoparticles can be used as potential therapeutic agents in

the treatment of breast cancer bone metastasis, especially
spinal metastasis [59]. The two studies described above
indicate that the DOX-loaded nanoparticles can potentially
be used to treat spinal malignancies, including primary (e.g.,
fibrosarcoma) and metastatic (e.g., breast cancer) ones.

Additionally, Ding’s group synthesized three poly(ethyl-
ene glycol)-polyleucine (PEG-PLeu) di- or triblock copoly-
mers through ring-opening polymerization (ROP) of leucine
N-carboxyanhydride (Leu NCA) with amino-terminated
PEG as a macroinitiator [60, 61]. DOX was loaded into
micelles through a nanoprecipitation technique. The copoly-
mers could spontaneously self-assemble into micelles in PBS
at pH 7.4 (Figure 2(a)). The DOX-loaded micelles could
be efficiently taken up through endocytosis and exhibited
effective drug release (Figure 2(d)) in both MG63 and
Saos-2 cells, which are two types of human osteosarcoma
cell lines. Notably, the DOX-loaded micelles improved the
antiosteosarcoma efficiency (Figures 2(b) and 2(c)). Overall,
the chirality-mediated polypeptidemicelles based on triblock
PEG-PLeu copolymers, with enhanced chemotherapeutic
efficacies and reduced side effects, show great potential for
application in the treatment of osteosarcoma, which is one of
the most severe primary malignant spinal tumors with high
incidence and low survival rates.

Stemming from the need for a form of cancer treatment
that maximizes drug exposure to the diseased tissues while
minimizing off-target side effects, targeted therapy has been
proposed as a promising alternative to current treatment
options, which are suboptimal and have low efficacies, for
treating spinal malignancies, such as osteosarcoma, chor-
doma, and bone metastatic cancer. For instance, Morton and
coworkers used layer-by-layer assembly to generate tissue-
specific functional drug carriers for treating primary osteo-
sarcoma [62]. Specifically, this was accomplished via surface
modification of drug-loaded nanoparticles with an aqueous
polyelectrolyte, poly(acrylic acid) (PAA) that was side-chain-
functionalized with alendronate. The results showed that
the DOX-loaded liposomal nanoparticles accumulated in
subcutaneous 143B osteosarcoma xenografts, significantly
attenuated the tumor burden, and prolonged animal survival
time. More significantly, the authors demonstrated that these
functional nanoparticles are also highly promising for future
research on the treatment of bone-localized metastases of
invasive cancer cell types, such as breast and lung cancers.

Nanotechnology has played an important role in improv-
ing the efficiency of a variety of chemotherapeutic drugs, one
of which is paclitaxel (PTX), a representative microtubule-
stabilizing chemotherapy drug that can be used to treat
ovarian cancer, breast cancer, lung cancer, multiple myeloma,
and other forms of cancer [63, 64]. Previous PTX-based
therapies have shown limited therapeutic efficacies because
the poor water solubility and low permeability of PTX often
cause severe allergic reactions. Recently, nanoparticles and
micelles have been developed as PTX delivery vehicles to
improve its water solubility.

Methotrexate (MTX), an antifolate and antineoplastic
agent, suppresses tumor cell growth and reproduction by
inhibiting dihydrofolate reductase (DHFR) to terminate
DNA biosynthesis of tumor cells and can be used to treat
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accumulation in tumor tissue, and controlled intracellular drug release of polymer nanoformulation. Upon entering the tumor cells, the
nanoparticle releases the therapeutic agents when subjected to stimuli, such as light activation, enzyme, and lower pH (pH < 6.8), thereby
inducing cell death.

osteosarcoma, chondrosarcoma, rheumatoid arthritis, giant
cell tumor, and other diseases. Recently, a few works have
reported that a combination of MTX and nanomaterials was
utilized to effectively inhibit bone tumor formation. In one
such study, Li et al. designed a new implant that uses an inter-
mediate layer of anionic nanoparticles, comprising poly(L-
lysine) (PLL) and heparin (Hep), that is sandwiched between
chitosan/methotrexate (CS/MTX) layers and dopamine-Ti
(DA-Ti) substrates [65]. They used various functionalized
Ti substrates to culture osteoclastoma cells and investigated
cell adhesion, cytoskeleton, proliferation, cytotoxicity, and
apoptosis. Moreover, they assayed the growth of Staphylo-
coccus aureus in the different Ti substrates (Figure 3) and
discovered that CH-MTX-Ti substrates not only effectively
inhibited cell proliferation and induced apoptosis, but also
resisted adhesion and bacteria growth.

Ifosfamide (IFS), a broad-spectrum and cell cycle non-
specific antitumor drug, can not only cross-link with DNA

and hinder DNA synthesis, but also interfere with the
function of RNA. It has been reported that IFS not only sig-
nificantly improved event-free survival and overall survival,
but also increased good histologic response rate in patients
with osteosarcoma [66], making it an effective antineoplastic
agent for the treatment of osteosarcoma. In one study,
Chen and coworkers designed and prepared acid-sensitive
IFS-loaded poly(lactic-co-glycolic acid-) (PLGA-) dextran
polymer nanoparticles (PD/IFS) to inhibitMG63 and SaOS-2
cancer cells [67]. First, PLGA-dextran formed self-assembled
polymer micelles in the aqueous medium, and the particle
size of PD/IFS was observed to be 124±3.45 nm (Figure 4(a))
with an excellent dispersity index of 0.124 (PDI). Second, IFS
was effectively entrapped in the nanoparticles with a loading
and encapsulation efficiency of (20.15 ± 3.5)% and (89 ±
1.95)%, respectively.They found that these drug-loaded core-
shell nanocarriers promoted sustained drug release at pH
7.4 and induced accelerated release at pH 5.0 (Figure 4(b)).
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Figure 2: (a) Typical 𝐷h of P(D,L-Leu)-b-PEG-b-P(D,L-Leu) (PDL) micelle. In vitro cytotoxicities of (A) DOX-loaded P(L-Leu)-b-PEG-b-
P(L-Leu) (PL), (B) PDL micelles, and (C) free DOX against (b) MG63 and (c) SaOS-2 cells after incubation for 72 h. Data are presented as
mean ± standard deviation (SD; 𝑛 = 3). (d) Release plots of DOX from DOX-loaded PL (A) and PDLmicelles (B) in PBS. Data are presented
as mean ± SD (𝑛 = 3).

Analysis of in vitro MG63 and Saos-2 anticancer activity
corroborated that PD/IFS nanoparticles demonstrated higher
antitumor activity and greater induction of apoptosis than
using free IFS (Figures 4(c) and 4(d)). This study suggests
that nanoparticulate encapsulation of the antitumor agent
increases the therapeutic efficacy and may be a promising
method for treating malignant spinal tumors.

Multiple myeloma, another common primary tumor of
the spine, is incurable and gives rise to complications that
include extensive osteolytic bone destruction, renal failure,

anemia, and hyperkalemia [68, 69]. In their work on improv-
ing the efficacy of targeted therapy formultiplemyeloma, Pan
and coworkers proposed the new concept of integrating Sn2
lipase-labile phospholipid prodrugs with contact-facilitated
drug delivery.Their drug targets the b-HLHZ ip transcription
factor c-Myc(MYC), which is a powerful oncogene that
activates the development of myeloma [70]. An index com-
pound (10058-F4) was synthesized andmodified into the Sn2
prodrug form, c-Myc-inhibitor-1 prodrug (MI1-PD) [71].The
Sn2 phospholipid prodrug MI1-PD significantly increased
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Figure 3: SEM images of differently functionalized Ti substrates after exposure to the S. aureus suspension (107 cfumL−1) in PBS for 8 h: (a)
pristine Ti, (b) DA-Ti, (c) PLL/Hep-Ti, (d) CH-Ti, and (e) CH-MTX-Ti. (f) The number of S. aureus (cfu) in culture normalized to the area
of the substrates after the bacterial cell culture interacted with various Ti substrates for 24 h. ∗∗ denotes significant differences compared
to substrates modified with the CH-MTX-Ti group. The error bars represent the standard deviations calculated from three independent
experiments.

drug potency against human (H929 and U266) and mouse
(5TGM1) myeloma cells in cytotoxicity tests.They also found
in an orthotopic mouse model of disseminated myeloma
that administration of VLA-4-targetedMI1-PD nanoparticles
significantly reduced the tumor burden (as reflected by serum
immunoglobulin) and increased the survival rate. In another
work, Ashley and collaborators designed VLA-4-targeted
liposomal carfilzomib (CFZ) nanoparticle (TNP[CFZ]) that
targeted VLA-4-expressing multiple myeloma cells. The
liposomal CFZ nanoparticle (NP[CFZ]) was prepared by
incorporating CFZ into the liposome using a passive loading
technique (Figure 5(a)) [72]. Compared to free CFZ, both

NP[CFZ] and TNP[CFZ] demonstrated increased cytotoxi-
city in vitro, induced apoptosis, and maintained significant
tumor growth inhibition in vivo while reducing systemic
toxicities. Moreover, when TNP[CFZ] was administered
in combination with free DOX, significant synergism was
observed in multiple myeloma.1S (combination index: 0.533)
andNCI-H929 cells (combination index: 0.583) (Figures 5(b)
and 5(c)). These studies indicated that both first-generation
liposomal CFZ nanoparticles and Sn2 lipase-labile phospho-
lipid prodrugs, when combined with contact-facilitated drug
delivery, are effective treatments ofmultiplemyeloma capable
of improving patient prognosis.
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Figure 4: (a) Particle size distribution of IFS-loaded PLGA-dextran (PD/IFS) nanoparticles and TEM image of PD/IFS. (b)The release profile
of IFS from the PLGA-dextran nanoparticulate system. The release study was performed in phosphate-buffered saline and acetate-buffered
saline.The study was carried out for 96 h. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 are the statistical difference between the pH 7.4 and pH 5.5 release media.
Apoptosis analysis was detected by Annexin-V/PI staining. Apoptosis of (c) MG63 and (d) Saos-2 cancer cells.The respective cell percentages
in early and late apoptosis for different time periods are presented in the bar graph. ∗∗𝑝 < 0.01 is the statistical difference in apoptosis between
IFS and PD/IFS for both cancer cells.

Additionally, research has shown that the tumormicroen-
vironment contains cancer-associated fibroblasts as well
as extracellular matrices (ECMs) that consist of fibrous
structural proteins (collagen and elastin), fibrous adhesive
proteins, and proteoglycans (PGs) [73]. Taking advantage of
the fact that chondrosarcomas are rich in PG, Miot-Noirault
and coworkers developed a PG-targeting strategy that uses
a quaternary ammonium (QA), which acts as a carrier to
selectively deliver therapeutic drugs or imaging agents to
ECM-rich tissues, such as cartilage and chondrosarcoma [74].
They synthesized gadolinium-based small rigid platforms
(SRP) that were functionalized with QA and radiolabeled
with (111)Indium (111In-SRP@QA) [75]. Then, they evaluated
the biodistribution of 111In-SRP@QA in two experimental
models and found that tumor accumulation and retention
of 111In-SRP@QA were increased by 40% compared to that
of nonfunctionalized SRP in a swarm rat chondrosarcoma

(SRC) orthotopic model. These results indicated that 111In-
SRP@QA may offer a promising radiobiological approach
for treating highly radioresistant PG-rich tumors like chon-
drosarcoma.

2.2. Multidrug Synergistic Formulations. Combinational
chemotherapy is widely used to prevent drug resistance in
tumors [76, 77]. The combination of two drugs is believed to
not only reduce drug-inducedmutations and drug resistance,
but also synergistically enhance the therapeutic efficacy while
reducing side effects. Different drugs can target different
stages of the cell proliferation cycle to induce apoptosis,
requiring us to carefully consider their mechanism of action
and dose-effect ratio to minimize side effects.

Based on the advantages mentioned above, many fasci-
nating synergistic components with different effects can be
incorporated into nanoparticles and simultaneously endow
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Figure 5: Liposomal CFZ nanoparticles preferentially accumulate in the tumor, inhibit tumor growth, and reduce systemic toxicities in vivo.
Tumor-bearing SCIDmicewere injected intravenously on days 1, 2, 8, and 9withNP[CFZ], TNP[CFZ], free CFZ, and PBS at a dose of 5mg/kg
CFZ equivalence. (a) Tumor growth inhibition was measured via calipers. The mice in the free CFZ group lost significant amounts of body
mass (>15%) by day 4 and demonstratedmoribundity.They were subsequently sacrificed on day 4 (black circles). TNP[CFZ] was significantly
more efficacious than NP[CFZ] with ∗𝑝 < 0.05. (b) Percentage of body weight of the animals was used as a measure of systemic toxicity. Mice
in the CFZ group were sacrificed on day 4 due to drug-associated toxicities. Results showed that TNP[CFZ] significantly inhibited tumor
growth while reducing the overall systemic toxicity. Data are shown as means ± SD of 𝑛 = 8–10 per treatment group. (c) In vivo images of
near-infrared dye-loaded targeted nanoparticles in tumor-bearingmice. Images were taken for all mice at 𝑡 = 2, 6, and 24 h using noninvasive
methods. The representative images show the accumulation of the nanoparticles in the tumor (white arrow) over time. (d) Liposomal CFZ
nanoparticles demonstrate synergismwith free DOX.MM.1S andNCI-H929 cells were cultured in the presence of either PBS (control), DOX,
CFZ, TNP[CFZ], CFZ and DOX, or TNP[CFZ] and DOX at 50 nM DOX and/or 2 nM CFZ equivalent concentrations. Results showed that
TNP[CFZ] exhibited a greater synergistic effect with DOX compared to free CFZ. Cell viability was assessed using Cell Counting Kit-8, and
data represent means of triplicate cultures. ∗ represents statistical significance of TNP[CFZ] versus NP[CFZ] (𝑝 < 0.05).
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them with intelligence and biological activity, forming multi-
drug synergistic systems that can deliver therapeutic biologics
through these smart nanoparticles. Rejinold and cowork-
ers designed such a system based on 5-fluorouracil (5-
FU) and megestrol acetate (MEG). 5-FU, as a pyrimidine
analogue, inhibits thymidylate synthase as well as DNA
synthesis, which may lead to cell cycle arrest and apoptosis,
respectively. As a progestin, MEG can interfere with the
normal estrogen cycle and act as a novel drug for the treat-
ment of estrogen-dependent tumors. The authors used 5-
FU and MEG-loaded fibrinogen-graft-poly(N-vinyl capro-
lactam) nanogels (5-FU/MEG-fib-graft-PNVCL NGs) as tar-
geted nanomedicines toward 𝛼5𝛽1-integrin receptors overex-
pressed in breast cancer cells as well as models for analyzing
in vitromultidrug synergism [50]. The 5-FU/MEG-fib-graft-
PNVCL NGs had good biocompatibility and thermore-
sponse. The lower critical solution temperature (LCST)
could be regulated according to PNVCL/fibrinogen compo-
sition. The multidrug-loaded fib-graft-PNVCL NGs better
enhanced cytotoxicity, apoptosis, and uptake by breast cancer
(MCF-7) cells than using individual doses above their lower
critical solution temperature, which could be modulated by
tuning the PNVCL/fibrinogen composition.The 5-FU/MEG-
fib-graft-PNVCL NGs, with diameters of 150–170 nm, could
specifically target breast cancer cells as well as significantly
enhance multidrug synergism and improve treatment effi-
cacy.

In another work, Xu and colleagues successfully prepared
multifunctional mesoporous silica nanoparticles (MSNs) via
layer-by-layer assembly of polyamidoamine (PAMAM) den-
drimer and chondroitin sulfate (CS) (Figure 6(a)) [78]. This
multifunctional drug carrier possesses the requisite degree
of smartness to enhance their therapeutic performance for
applications in the treatment of cancer treatment. Utilizing
layer-by-layer assembly, the authors loaded DOX and cur-
cumin (CUR) onto the nanoparticles. Then, they discovered
through in vitro release tests that DOX and CUR were
more easily released within 28 hours under acidic conditions
(Figures 6(b) and 6(c)). After implementing hemolysis assays
and MTT assays, the authors observed the nanoparticles by
confocal fluorescence microscopy and found that they exhib-
ited good blood compatibility, fluorescent imaging ability,
and high cytotoxicity toward A549 lung tumor cells, which
are highly capable of spinal metastasis and invasion.

Chen and collaborators designed the RGD-function-
alized and reconstituted high-density lipoprotein (HDL)
nanoparticles [79]. These multifunctional tumor-targeting
nanoparticles can be used as multimodal imaging probes
in disease diagnosis, especially for Ewing’s sarcoma. In the
present study, HDL can be used as an endogenous multi-
modal nanoparticulate platform to deliver different targeting
moieties and diagnostic/therapeutic agents. It endows them
with miraculous abilities for tumor targeting and imaging.
Chen et al. reconstituted HDL (rHDL) with amphiphilic gad-
olinium chelates and fluorescent dyes. Moreover, in order
to make the rHDL nanoparticles specifically target angio-
genic endothelial cells, they rerouted the rHDL nanoparti-
cles through conjugation with 𝛼]𝛽3-integrin-specific RGD
(rHDL-RGD). Afterwards, they utilized NIR imaging to

evaluate the optical imaging efficacy as well as to inves-
tigate the binding/accumulation kinetics of the nanopar-
ticles in tumors from a human sarcoma xenograft model
(EW7 Ewing’s sarcoma). Subsequently, the authors found
that enriching rHDL with RGD accelerates in vivo tumor
binding/accumulation, indicating that these nanoparticles
may be used as an advanced diagnostic treatment platform
for Ewing’s sarcoma.

3. Clinical Research on Nanomedicines for
Malignant Spinal Tumors

With the rapid development of nanotechnology, nanomedi-
cine has been transforming traditional cancer chemother-
apy. As of April 2016, there are about 125,000 articles on
“nanoparticle” reported in PubMed, most of which were
published in recent years, indicating that research in this
field is growing rapidly. Even more exciting is that a large
number of nanotherapeutics and nanodiagnostics have been
commercialized or have reached clinical trials [28]. Impor-
tantly, since Cheng et al. described the lessons learned
from first-generation nanomedicines, such as DOXIL� and
Abraxane�, which have been approved for commercializa-
tion, several targeted nanoparticles for the treatment of
metastatic or solid tumors, including spinal malignancies,
have shown great promise for entry into clinical trials
[80].

One of the first-generation commercial chemotherapeu-
tic products that have been approved by the FDA is Nab-
PTX (ABI-007, Abraxane1), which is a solvent-free, 130 nM
albumin particle form of PTX used in the treatment of
various solid tumors. In Houghton’s group, nab-PTX was
used to evaluate the antitumor effect of a limited series of
Pediatric Preclinical Testing Program (PPTP) solid tumors.
They observed that 5 out of 8 Ewing sarcoma xenograft mod-
els and 6 out of 8 rhabdomyosarcomas exhibited complete
responses (CR) ormaintained CR after treatment.There were
no objective regressions in either neuroblastoma (𝑛 = 2) or
osteosarcoma (𝑛 = 2) xenograft panels [81]. These results
indicate that nab-PTX may be a potential therapeutic for the
treatment of relapsed/refractory primary spinal tumors in
children [81, 82].

4. Discussion

Spinal malignancy remains one of the most serious diseases
that plague many people and seriously affect their quality
of life [4]. The classic course of spinal tumor progres-
sion starts with pain, spinal instability, and compression
of the spinal canal with concomitant neurological deficits
associated with spinal tumor occurrence, followed by the
development of complications that render the patient bedrid-
den and paralyzed, and finally ends with death. Although
surgery, radiotherapy, and neoadjuvant chemotherapy have
gradually been improving this situation, they still cannot
completely alleviate patient suffering, improve prognoses, or
increase survival rates [83]. Malignant spinal tumors, which
include primary andmetastatic spinal tumors (with the latter
accounting for the majority), are very common in clinical
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Figure 6: (a) Schematic representation of the preparation process of MSN-PCM and the pH- or enzyme-triggered release of DOX and CUR
fromMSN-PCM. Release profiles of (b) DOX and (c) CUR fromMSN-PCM at different pHs with or without enzyme.

practice. Due to the limitations of traditional treatment
regimens that limit clinical applications, animal models
and nanomedicines are continuously being developed and
improved upon to enrich the treatments for spinal malignan-
cies.

The ideal nanoparticle should meet the following cri-
teria: (1) favorable biocompatibility, (2) stability and good

dispersion, (3) stimuli-responsive release, (4) target recog-
nition, (5) synergistic and combinatory effects, (6) ability to
traverse biological barriers and evade macrophage phago-
cytosis, (7) long circulation time to avoid liver inactivation,
and so on. Due to their myriad of advantages in cancer
therapy [29], polymer nanoparticles have emerged as attrac-
tive candidates for delivering a variety of payloads to their
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targets. More researchers will focus on the design and
development of multifunctional nanoparticles [80, 84] to
achieve precisely timed, localized, synergistic, and smart
release of diagnostic/therapeutic agents. The exciting news is
that several polymer nanomedicines have been approved to
enter clinical trials and even clinical application [85]. With
more in-depth study in the future, nanomedicines for spinal
tumor treatment may open up a new research direction.

5. Conclusions and Perspectives

The current mainstays of treatment for primary and metasta-
tic spinal malignancies include surgery, radiotherapy, and
chemotherapy. Although chemotherapy is the most tradi-
tional and effective strategy, high doses of chemotherapeutic
drugs often lead to serious side effects, prompting an urgent
need for advanced chemotherapeutic formulations that can
enhance treatment efficacy and reduce complications. A
promising strategy is to use polymer nanoparticles, which can
increase the intracellular accumulation of anticancer drugs
and reduce systemic toxicity. Due to various intrinsic advant-
ages of polymer nanoparticles, an increasing number of
researchworks in recent years have applied polymer nanopar-
ticles to the diagnosis and treatment of spinal malignan-
cies.

To date, however, polymer nanoparticles have not been
extensively studied for the treatment of spinal malignancies,
with extremely few clinically tested for further applica-
tion. In the future, more research efforts are needed to
explore the application of polymer nanoparticles to the
development of versatile and smart theranostic systems.
With further research advances, we believe that multi-
modal nanoparticles will be developed, which may be
achieved by coencapsulation of multiple diagnostic agents
and therapeutic agents into a targeted nanomedicine plat-
form [86].With sustained endeavors toward the development
of versatile and intelligent polymer nanoparticles, polymer
nanoparticle-based delivery systems are expected to play a
more important role in the treatment of spinal malignan-
cies.
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[78] X. B. Xu, S. Y. Lü, C. M. Gao et al., “Multifunctional drug car-
riers comprised of mesoporous silica nanoparticles and poly-
amidoamine dendrimers based on layer-by-layer assembly,”
Materials & Design, vol. 88, pp. 1127–1133, 2015.

[79] W. Chen, P. A. Jarzyna, G. A. F. Van Tilborg et al., “RGD pep-
tide functionalized and reconstituted high-density lipoprotein
nanoparticles as a versatile and multimodal tumor targeting
molecular imaging probe,”TheFASEB Journal, vol. 24, no. 6, pp.
1689–1699, 2010.

[80] Z. Cheng, A. Al Zaki, J. Z. Hui, V. R. Muzykantov, and A.
Tsourkas, “Multifunctional nanoparticles: cost versus benefit of
adding targeting and imaging capabilities,” Science, vol. 338, no.
6109, pp. 903–910, 2012.

[81] P. J. Houghton, R. T. Kurmasheva, E. A. Kolb et al., “Initial test-
ing (stage 1) of the tubulin binding agent nanoparticle albumin-
bound (nab) paclitaxel (Abraxane�) by the Pediatric Preclinical
Testing Program (PPTP),” Pediatric Blood & Cancer, vol. 62, no.
7, pp. 1214–1221, 2015.

[82] L. M. Wagner, H. Yin, D. Eaves, M. Currier, and T. P. Cripe,
“Preclinical evaluation of nanoparticle albumin-bound pacli-
taxel for treatment of pediatric bone sarcoma,” Pediatric Blood
& Cancer, vol. 61, no. 11, pp. 2096–2098, 2014.

[83] M. van Driel and J. P. T. M. van Leeuwen, “Cancer and bone: a
complex complex,” Archives of Biochemistry and Biophysics, vol.
561, pp. 159–166, 2014.

[84] L. S. Jabr-Milane, L. E. van Vlerken, S. Yadav, and M. M. Amiji,
“Multi-functional nanocarriers to overcome tumor drug resist-
ance,” Cancer Treatment Reviews, vol. 34, no. 7, pp. 592–602,
2008.

[85] A. Wicki, D. Witzigmann, V. Balasubramanian, and J. Huwyler,
“Nanomedicine in cancer therapy: challenges, opportunities,
and clinical applications,” Journal of Controlled Release, vol. 200,
pp. 138–157, 2015.

[86] Y. F. Tan, P. Chandrasekharan, D. Maity et al., “Multimodal
tumor imaging by iron oxides and quantum dots formulated in
poly (lactic acid)-d-alpha-tocopheryl polyethylene glycol 1000
succinate nanoparticles,” Biomaterials, vol. 32, no. 11, pp. 2969–
2978, 2011.



Research Article
Molecular Mechanism of Enhanced Anticancer Effect of
Nanoparticle Formulated LY2835219 via p16-CDK4/6-pRb
Pathway in Colorectal Carcinoma Cell Line

Xu Tang,1 Bin Zeng,2 Jian-Kun Gao,3 and Han-Qiang Liu4

1Department of Pathology, Sichuan College of Traditional Chinese Medicine, Mianyang, China
2Department of Pharmacy and Inspection, Sichuan College of Traditional Chinese Medicine, Mianyang, China
3Department of Basic Medical Sciences, Sichuan College of Traditional Chinese Medicine, Mianyang, China
4Department of Nutrition and Food Hygiene, The Fourth Military Medical University, Xi’an 710032, China

Correspondence should be addressed to Han-Qiang Liu; liuhanqiangvip@163.com

Received 5 May 2016; Accepted 15 June 2016

Academic Editor: Mingqiang Li

Copyright © 2016 Xu Tang 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.

LY2835219 is a dual inhibitor to CDK4 and CDK6. This study was to prepare LY2835219-loaded chitosan nanoparticles (CNP/LY)
and LY2835219-loaded hyaluronic acid-conjugated chitosan nanoparticles (HACNP/LY) and revealed their anticancer effect
and influence on p16-CDK4/6-pRb pathway against colon cell line. The nanoparticle sizes of CNP/LY and HACNP/LY were
approximately 195±39.6 nm and 217±31.1 nm, respectively.The zeta potentials of CNP/LY andHACNP/LYwere 37.3±1.5mVand
30.3 ± 2.2mV, respectively. And the preparation process showed considerable drug encapsulation efficiency and loading efficiency.
LY2835219, CNP/LY, and HACNP/LY inhibited HT29 cell proliferation with 0.68, 0.54, and 0.30 𝜇Mof IC50, respectively. G1 phase
was arrested by LY2835219 and its formulations. Furthermore, inhibition of CDK4/6 by LY2835219 formulations induced CDK4,
CDK6, cyclin D1, and pRb decrease and p16 increase at both protein andmRNA levels. Overall, nanoparticle formulated LY2835219
could enhance the cytotoxicity and cell cycle arrest, and HACNP/LY strengthened the trend furtherly compared to CNP/LY. It is
the first time to demonstrate the anticancer effect and mechanism against HT29 by LY2835219 and its nanoparticles. The drug and
its nanoparticle formulations delay the cell growth and arrest cell cycle through p16-CDK4/6-pRb pathway, while the nanoparticle
formulated LY2835219 could strengthen the process.

1. Introduction

Colorectal cancer (CRC) is one of the most frequent human
cancers with the third highestmortality rate in current cancer
mortality statistics in the European Union (EU) [1]. Chemo-
therapy is a common treatmentwith considerable side effects,
such as drug distribution on normal cells. Drug delivery
system (DDS) can target colon tumor cells and enhance the
uptake of anticancer drugs inside tumors [2].

Chitosan is natural, nontoxic, biocompatible, and biode-
gradable with wide application inDDS. Due to itsmucoadhe-
sive properties, chitosan is good material forming nanoparti-
cles (NPs) for targeting colorectal cancer. Numerous reports
have confirmed that chitosan can prolong the retention time
in the locations of interest and increase the cellular uptake

and tumor accumulation ofNPs [3–5]. Hyaluronic acid (HA),
a drug carrier, is nonantigenic and biocompatible, possessing
strong affinity toward the CD44-overexpressing cells. It was
reported that CD44 receptor was overexpressed in multiple
human cancer cells. Therefore, NPs with HA conjugation are
expected to have great potential in clinical applications [6].
NPs based on chitosan or HA have been applied to colon-
targeted delivery [7–11].

The study of underlying pathological mechanisms of can-
cer is important to improve the cure rate and drug research.
Cell cycle is a vital mechanism for tumor development and
malignance [12], and p16-CDK4/6-pRb pathway is the most
important regulatory signaling pathway involved in the G1/S
transition. Retinoblastoma (Rb) is phosphorylated to trigger
the transition by kinase ofCDK4orCDK6with cyclinD1 [13].
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Many studies have proved that cyclin D1-CDK4/6 complex
is overexpressed in human tumor tissues. Thus, CDK4 or
CDK6 plays a critical role for checkpoint regulation. p16
is a member of cyclin-dependent kinase inhibitor protein
(CKI), which inhibits CDKs in order to negatively control cell
cycle. Excessive tumor cell growth was usually promoted by
destruction of cell cycle, such as abnormal overexpression of
the cyclinD1-CDK4/6 complex and phosphorylation of Rb, as
well as a low level of p16. Abnormalities of p16-CDK4/6-pRb
pathway exist in a variety of malignances including colorectal
cancer, breast cancer, lung cancer, head and neck cancer, and
gastric cancer [14].

LY2835219, a selective dual inhibitor to CDK4 and CDK6,
shows promise for non-small cell lung cancer (NSCLC) and
breast cancer in phase I study [15]. Tate et al. [16] reported
that LY2835219mediatedCDK4/6 inhibition, cell cycle arrest,
and tumor growth inhibition in colo-205 human colorectal
xenografts. Although pRb formation and CDK4/6 in tumors
were successfully inhibited in vivo, the reports on the in vitro
efficacy and pharmacological studies on colon cell lines are
few.

Based on the integration advantages of drug with DDS,
in this study, chitosan and HA were used to prepare the NPs
to load LY2835219. It was the first time for colon cell line
that the anticancer effect and mechanism of LY2835219 and
its nanoparticle formulations were evaluated. The effect on
p16-CDK4/6-pRb pathway was elucidated as the mechanism
study.

2. Materials and Methods

2.1. Preparation of LY2835219-Loaded NPs. Chitosan was dis-
persed into the acetic acid (0.1M, pH 4.0) and stirred to
obtain a transparent solution (2 g/L) and thenfiltered through
a 0.22𝜇mmembrane. LY2835219 (Selleck) was dissolved into
TPP aqueous solution (1 g/L) to make a final concentration
of 100 g/L. Chitosan solution (5mL) and LY2835219 solution
(2mL) were mixed with vigorous stirring to form a milky
mixture. The suspensions were centrifuged for 30min at
10,000 rpm. The sediments were dialyzed three times against
phosphate buffered saline (PBS, pH 7.4) for 30min, followed
with lyophilization to form LY2835219-loaded chitosan NPs
(CNP/LY).

Before conjugation of HA to CNP/LY, HA was dissolved
in PBS and stirred for 60min. Lyophilized CNP/LY was
suspended into HA solution with the CNP/LY :HA ratio
of 10 : 1 in the presence of EDC (20 g/L) for the aim of
cross-link and then vortexed for 60min. The HA-conjugated
CNP/LY was filtered, collected, and washed three times
using a Sephadex G-75 spin column by centrifugation. The
filtrate was lyophilized and named as LY2835219-loaded HA-
conjugated chitosan nanoparticles (HACNP/LY).

2.2. Measurement of Characteristics of LY2835219 Formula-
tions. Thedrug encapsulation efficiency (EE) and loading ef-
ficiency (LE) were calculated to present the efficiency of
NPs production. LE was defined as the ratio of the mass of
LY2835219 in NPs to the total mass of NPs, and EE was the
percentage of the mass of LY2835219 to the mass of the total

used LY2835219 for NPs preparation. The mass and purity of
LY2835219 in NPs were measured by HPLC. The important
parameters of HACNP/LY and CNP/LY, such as the average
size and zeta potential, were investigated by Zetasizer Nano
S (Malvern Instruments, UK). All measurements were per-
formed in triplicate.

2.3. In Vitro Drug Release Studies. The purpose of this assay
was to investigate the release characteristics of HACNP/LY
and CNP/LY. The studies were conducted using dialysis bags
soaking in medium at physiological pH (pH 7.4) and in
the presence of serum to simulate in vivo conditions. The
dialysis bag containing 1mg of drug-loaded NPs suspending
in 2mL of release media (DMEM containing 10% fetal
bovine serum) was placed in a beaker with 20mL of release
media. The dialysis was maintained at 37∘C for 3 days with
stirring at 100 rpm. Periodically 1mLof samples in beakerwas
collected and the same volume of freshmedia was added.The
concentration of drug was quantified using HPLC.

2.4. Cell Culture. HT29, human colorectal carcinoma cell
line, was purchased from ATCC. HT29 was cultured in
DMEM (HyClone) with 10% fetal bovine serum (Life Tech-
nologies) and 1% penicillin-streptomycin in an atmosphere
of 5% CO

2
at 37∘C.

2.5. Cell Growth Inhibition Assay. CCK-8 (Dojindo, Japan)
assay was used for measuring the antiproliferation of
LY2835219 and its formulations. Briefly, HT29 cells were
trypsinized to prepare the single-cell suspensions. Cells were
counted and added to 96-well plate (2000/well/100 𝜇L), fol-
lowed with 3-fold serial dosage of LY2835219 or its formula-
tions. After 72 h treatment, 10 𝜇L of CCK-8 was added to each
well and the absorbance at 450 nm was measured according
to the manufacturer. IC50 was calculated by GraphPad
Prism software.

2.6. Real-Time Quantitative PCR (qRT-PCR). Cells were
harvested after treatment with 0.1 𝜇M of LY2835219 and its
formulations for 72 hours. Medium was used as the negative
control. TRIzol reagent (Invitrogen) was used to extract total
RNA from the cells. Complementary DNA (cDNA) was syn-
thesized using QuantScript RT Kit (Qiagen) according to
manufacturer’s instruction. Random primers were used for
the reverse transcription. qRT-PCR protocol for assessment
of RNA quantity was assayed by the ABI 7500 (Applied
Biosystems) and conducted in 96-well optical reaction plates
with a final volume of 50𝜇L using Real Master Mix (Qiagen).
GAPDH was used as an internal reference gene for nor-
malization. The reverse primers were designed with Primer
Express 3.0 software. The PCR primer sequences were as
follows: CDK4 (forward 5-GCC CAG AAC GTC CGG C-
3; reverse 5-TCC TAC GGC CCC ATA CAC C-3), CDK6
(forward 5-CTG ACA CTC GCA GCC CC-3; reverse 5-
CCT CCT CTT CCC TCC TCG AA-3), p16 (forward 5-
GAT TTG AGG GAC AGG GTC GG-3; reverse 5-CCA
GCC AGT CAG CCG AAG-3), Rb (forward 5-CAG GCT
TGA GTT TGA AGA AAC AGA-3; reverse 5-AGA TAC
AGA TTC CCC ACA GTT CC-3), and GAPDH (forward



Journal of Nanomaterials 3

Table 1: Characterization of LY2835219-loaded nanoparticles (mean ± SD, 𝑛 = 3).

Formulation LE (%) EE (%) Particle size (nm) Zeta potential (mV)
CNP/LY 21.3 ± 5.2 41.7 ± 7.1 195 ± 39.6 37.3 ± 1.5
HACNP/LY 24.1 ± 3.5 36.9 ± 6.2 217 ± 31.1 30.3 ± 2.2

5-TTG CCC TCA ACG ACC ACT TT-3; reverse 5-CCA
CCA CCC TGT TGC TGT AG-3).

2.7. Flow Cytometric Analysis of Cell Cycle. Cells were plated
in 24-well plate (5 × 104 cells/well/1mL) overnight, followed
by incubation with IC50 concentration of drug and drug
formulations for 24 h, and then they were harvested by
trypsinization and fixed with 4% paraformaldehyde for
15min. The cell pellet was incubated in a solution containing
50𝜇g/mL propidium iodide (PI), 0.1mg/mL RNase, and
0.05% Triton X-100 at 37∘C for 30min. The cells were
analyzed by flow cytometer (BD, FACSCalibur).

2.8. Western Blot Assay. HT29 cells were treated with 0.1𝜇M
of LY2835219 and its NPs for 24 h. Then proteins were
detected by Western blot for CDK4, CDK6, cyclin D1, p16,
and pRb expressions. Briefly, cell lysates were prepared in
cell lysis buffer (Sigma) containing 1mM PMSF. The total
protein content was measured by Coomassie brilliant blue
assay (Beyotime). The equal amount of protein was elec-
trophoresed on 10% SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked, incubated for
2 h with primary antibodies, and subsequently incubated
with secondary antibodies (Boster) for 2 h. The blots were
visualized using ECL detection reagents (Beyotime). The
following antibodies were used: CDK4, CDK6, and cyclin D1
from Beyotime, p16 and pRb from Boster, and GAPDH from
Abcam.

2.9. Statistical Analysis. All statistical analyses were per-
formed by the SPSS 19.0 software package (SPSS Inc.). Stu-
dent’s 𝑡-tests were used for comparison between independent
groups.

3. Results and Discussion

3.1. Preparation and Characterization of NPs. In this study,
HACNP/LY was prepared and applied to improve the anti-
cancer efficacy of the anticancer drug, LY2836219. The drug
was fabricated with chitosan by TPP ionic cross-linking [17,
18]. And the CNP/LY was modified by the covalent reaction
between amino groups of chitosan and the carboxy groups
of HA [19, 20]. The LE and EE revealed the production effi-
ciency. LY2835219 was loaded into the core of chitosan with
reasonable efficiency. The LE of CNP/LY and HACNP/LY
was 21.3 ± 5.2% and 24.1 ± 3.5%, respectively (Table 1). The
EE of CNP/LY was 41.7 ± 7.1% and lower EE value was
obtained when HA conjugated to chitosan with the value
of 36.9 ± 6.2%. These results can be explained due to the
loss of the drug material during the encapsulation proce-
dure. The average size of CNP/LY was found to be around
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Figure 1: In vitro cumulative release (%) study of LY2835219 from
HACNP/LY or CNP/LY in physiological pH (pH 7.4) media at 37∘C
by dialysis membrane assay.

195 ± 39.6 nm, while conjugated HA tended to increase
the particle size into 217 ± 31.1 nm. The zeta potential of
CNP/LY and HACNP/LY was observed to be 37.3 ± 1.5
and 30.3 ± 2.2mV, respectively. The decreased value of zeta
potential may be due to the surface cover on positive charges
of chitosan by negative charges of HA.

3.2. NPs Made from Chitosan and HA Could Slow Down the
LY2835219 Release. As shown in Figure 1, a rapid release pre-
sentedwithin the first 12 h of both drug-loadedNPs, butwhen
release went on, the slopes of curve trended to gentle. Two
LY2835219 formulations had similar release patterns. It was
speculated that the rapid release within the first 12 h might be
due to the weak adhesion of LY2835219 on the NPs surface.
Accompanying with the water absorption and swelling of
chitosan, the hydrophilic gel layer is formed eventually in
the surface of nanoparticles, which shut down the drug
release channel, to slow down the release of LY2835219
through spread or dissociation on account of degradation of
nanoparticles. Overall, the release of HACNP/LY performed
more slowly than that of CNP/LY. It suggested possibly the
water absorption and swelling of HA stopped and delayed the
release which resulted in a slow speed.

3.3. Nanoparticle Formulations Enhance the Cytotoxic Ability
of LY2835219 against HT29 In Vitro. The in vitro potencies
of different LY2835219 formulations were tested by CCK-8
assay. As shown in Figure 2, for LY2835219 or any formu-
lations, the inhibition against HT29 proliferation was pre-
sented in a dose-dependent manner. As expected, the IC50
of CNP/LY (0.52 ± 0.112 𝜇M) was more potent than that
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Figure 2: Antiproliferation effect on colorectal carcinoma cells in a
dose-dependent manner by CCK-8 assay.

of LY2835219 (0.68 ± 0.094 𝜇M). Furthermore, HACNP/LY
(0.30 ± 0.077 𝜇M) exhibited near 2-fold potent activity
compared to that of CNP/LY. It indicated that the CDK4/6
inhibitor had the antiproliferation activity against colorectal
carcinoma cell line. Additionally, the increased potency by
NPs suggested that chitosan was effective to deliver drug into
target cell, and HA enhanced the ability of chitosan.

To explain the gradually potent activities by LY2835219,
CNP/LY, and HACNP/LY, it might be attributed to stronger
negative charges on the cancer cells compared to normal cells
due to universal existence of human chorionic gonadotropin
on the surface of cancer cells, which contained large amount
of negative charges [21]. Thus, the positive surface charges
on chitosan can enhance the selective cellular uptake and
anticancer efficacy [17]. On the other hand, the cytotoxicity
may be due to the direct inhibition of chitosan against cancer
cells [22]. Additionally, the enzymatic production of chitosan,
oligosaccharides (COS), also reported the anticancer efficacy,
while it had no effect on normal cells [23].Hyaluronic acid is a
natural biopolymer found inmany tissues of the human body
and is responsible for various physiological functions [24].
Notably, HA functions interrelate with the primary receptors
of HA, CD44, RHAMM, LYVE-1, and HARE [25]. Among
these receptors, CD44 is reported to be highly expressed
on breast, ovarian, lung, and colorectal cancer [21, 26].
According to the receptor-ligand binding theory, HA can
bind with CD44 on the surface of cancer cells. Based on this
rationale, HA-conjugated NPs can deliver anticancer agent
into cancer cells with higher efficiency.

3.4. Cell Cycle Arrest at G1 Phase by LY2835219 and Its Na-
noparticle Formulations on HT29 Cells. As shown in Figures
3(a) and 3(b), the cell cycle of HT29 cells was changed by
LY2835219 and its nanoparticle formulations. Compared to
LY2835219-free group, the number of cells in the G1 phase
increased from 35.89 ± 1.69% to 45.54 ± 2.9% in HT29 cells.
Similarly, cell number in the G1 phase increased significant-
ly to 49.40 ± 3.82% and 56.33 ± 4.22% by CNP/LY and

HACNP/LY, respectively, compared to either control group or
LY2835219 group.The progression of cell cycle was arrested at
G1 phase.

The cytotoxicity demonstrated the anticancer effect of
LY2835219 and its formulations, and the cell cycle was fur-
therly analyzed for the mechanism study purpose. In this
study, G1 cell cycle arrest verified that the CDK4/6 activity
was inhibited by LY2835219 and the result was similar to
LY2835219 inhibition on other cancer cells [26]. Furtherly,
drug NPs loaded by chitosan or HA-conjugated chitosan
could notably enhance this G1 arrest. And cancer cell targeted
HA could enhance this trend mostly.

3.5. Effects of Different LY2835219 Formulations on mRNA
Expression of CDK4/6 Relevant Signaling Molecules. qRT-
PCR reveals the changes of upstreamanddownstreammRNA
of CDK4/6 expressed in HT29. Firstly, observed expression
of CDK4 and CDK6 mRNA verified the effective possibility
of CDK4/6 inhibitor, as well as the necessity for further
study (Figure 4(a)).Moreover, after 72 h treatment of different
LY2835219 formulations on cells, the mRNA level of p16 (the
upstream molecule) increased significantly, whereas expres-
sion of Rb (the downstreammolecule) decreased significantly
(Figure 3(b)). This result proved that LY2835219 could affect
the upstream and downstream gene expressions of CDK4/6,
and the NPs had the ability to enhance the effect.

3.6. LY2835219 Formulations Affect the Protein Expression of
CDK4/6 and Its Relevant Proteins in Its Signal Pathway. As
shown in Figure 5, CDK4 and CDK6 protein expression
decreased by their inhibitor, LY2835219, as well as its formula-
tions. Cyclin D1, the partner of CDK4 and CDK6, decreased
too. p16 and pRb, the upstream and downstream molecules
ofCDK4/6, increased anddecreased, respectively. It indicated
that inhibition toCDK4/6 had an effect on the protein expres-
sion of their upstream and downstream molecules and their
partner molecule. Furthermore, nanoparticle formulations
could enhance this effect, and HACNP/LY enhanced the
trend more notably.

The changes of mRNA and protein level of CDK4/6
and their relevant molecules could reveal changes in the
signaling pathway. As CDK4/6 dual inhibitor, LY2835219
showed promising effect against NSCLC and breast cancer
in phase I study [15]. p16-cyclin D1/CDK4/6-pRb signaling
pathway was an important pathway in the study of CDK4
and CDK6 inhibitors. Thus, the influence on this pathway by
different LY2835219 formulations was studied.

Destruction of cell cycle usually promotes excessive
tumor cell growth. And cell cycle destruction maybe comes
from abnormal overexpression of the cyclin D1-CDK4/6
complex, a low expression of CKI, or inactivation of Rb.
Abnormalities of p16-cyclin D1/CDK4-pRb pathway exist in
a variety of malignances including breast cancer, lung cancer,
head and neck cancer, gastric cancer, intestinal cancer, and
malignant lymphoma. Relationships between clinical and
pathological features were studied [14]. In that study, the
molecule expressions in p16-cyclin D1/CDK4-pRb pathway
were detected in 67 resected gastric adenocarcinomas and
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Figure 3: Cell cycle arrest at G1 phase by LY2835219 and its nanoparticle formulations.

CDK4 CDK6
0.0000

0.0002

0.0004

0.0006

0.0008

Re
lat

iv
e e

xp
re

ss
io

n/
G

A
PD

H

(a)

p16 Rb
0.0000
0.0002
0.0004
0.0006
0.0008
0.0010

0.005
0.010
0.015
0.020
0.025

Control
LY2835219

CNP/LY
HACNP/LY

Re
lat

iv
e e

xp
re

ss
io

n/
G

A
PD

H

∗

∗

∗
∗

∗

∗

(b)

Figure 4: Effects of LY2835219 and its nanoparticle formulations on gene expression of CDK4/6 relevant signaling molecule by qRT-PCR.
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𝑃 < 0.05 compared with the CIA group.
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Figure 5: LY2835219 and its nanoparticle formulations have the effect on the protein expression of CDK4/6 and its relevant proteins. (a)
Western blotting analysis. (b) Densitometry performed for the different protein and normalized to GAPDH. 𝑛 = 3, mean ± SD.
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Figure 6: Schematic representation of anticancer effect and mechanism of LY2835219-loaded nanoparticles on HT29 cell line.

in 40 associated lymph node metastases. Cyclin D1 overex-
pression was seen in 55% of cancers, pRb loss was in 33%,
and p16 loss was in 49%. pRb expression was lower in lymph
node metastases than in the corresponding primary tumors.
Gongoll et al. found abnormal expression of p16 and Rb in
tissues from 709 patients with colorectal cancer [27]. Von
Stockmar-Von Wangenheim et al. reported that expressions
of cyclin D1, p16, and Rb were abnormal in colorectal tissue
samples [28]. Miladi-Abdennadher et al. [29] investigated an
abnormal high expression of p16 and a positive correlation
between p16 and metastasis in 38.6% of tissues from 70
intestinal cancer patients.

The in vivo anticancer effect was verified by Tate et al.
[16], while there were few reports on the in vitro anticancer
effect on colon cancer cells. We expected the present study
to provide in vitro cell-based evidence. The protein levels of
p16 and pRb were changed by LY2835219, which proved the
feedback and interaction in p16-CDK4/6-pRb signal pathway.

And the result was consistent with the similar efficacy
exerted by LEE011 and PD-0332991, two other CDK4/6
dual inhibitors. Treatment with LEE011 significantly reduced
pRb expression in human neuroblastoma-derived cell lines
[30]. Similarly, PD-0332991 induced inactivation of Rb in 16
glioblastoma multiforme cell lines. Another study revealed
that low level of p16 caused more sensitivity to PD-0332991
in 40 ovarian cancer cell lines [31]. Additionally, level rise of
p16 was observed, which inferred that a negative feedback
of Rb protein to p16 protein presumably existed. In other
types of tumor [32], researchers hypothesized that pRb family
proteins negatively regulate p16 gene expression; in other
words, when pRb protein is inactivated, expression of p16
increased.

As expected, nanoparticle formulations of LY2835219
induced more significant changes about these molecules,
and HACNP/LY presented the strongest changes. It was
speculated that the target delivery effect by chitosan and
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HA enhanced the delivery ability, leading to increasing the
LY2835219 concentration intracellularly.

4. Conclusion

In conclusion, the anticancer effect and mechanism against
colon cell line by LY2835219 and its nanoparticles DDS were
observed for the first time. CDK4/6 inhibitor, LY2835219, not
only delayed the cell growth but also affected the molecules
in p16-cyclin D1/CDK4/6-pRb pathway (both upstream and
downstream molecules) (Figure 6). Furthermore, the study
was the first to evaluate the impact on p16-cyclinD1/CDK4/6-
pRb pathway by nanoparticle formulations and the increased
impact derived from the affinity of chitosan and the HA-
CD44 binding.
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A novel two-step method was presented for fabricating silver plating cotton fabrics (SPCFs) with high electrical conductivity and
excellent washing fastness. First, polydopamine (PDA) film was coated on the surface of cotton fabrics by in situ polymerization of
dopamine, the silver ions in silver nitrate solution were reduced by the catechol groups of polydopamine, and silver nanoparticles
were combined with polydopamine by covalent bond on the surface of cotton fabrics. Second, silver ions were reduced by glucose,
and silver plating was coated on the surface. Subsequently, the properties of SPCFs were characterized by field emission scanning
electronmicroscopy (FESEM), X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA), and so forth.With
the increasing of silver-ammonia solution concentration or dopamine concentration, the surface resistivity of SPCFs decreases and
gradually stabilized. The surface resistivity of the SPCFs can reach 0.12 ± 0.02Ω, and electromagnetic shielding effectiveness (ESE)
of the SPCFs can reach 58.5 ± 4.5 dB. Conductive fabrics have wide application prospect in many of fields, such as antibacterial,
intelligent textiles, smart garments, electromagnetic shielding, and flexible sensors.

1. Introduction

Conductive fabrics have attracted a great deal of researchers’
attention due to the rapid development and huge market
potential of wearable electronics and smart textiles [1, 2].
Conductive fabrics can be applied to many fields, such as
textile electrode [3], electromagnetic shielding [4–6], and
heating fabrics [7]. Conductive fabrics can be produced by
coating metals, metallic salts films, and conducting polymers
on the surface of fabrics [1]. A lot of methods have been
applied to development of conductive fabrics, such as vacuum
deposition [8], chemical plating [9], and composite plating
by in situ polymerization [10]. The chemical plating method
has better industrial application prospect for fabricating
conductive textiles due to operation simplification and high
efficiency. In recent years, electroless silver plating has been
utilized for surface metalizing of many of electrical insulating
materials due to superior electrochemical properties and
good electric conductivity of silver nanoparticles. Gout et al.
[11] obtained silver patterns onto flexible polymer surfaces

at the micron and submicron scale using electroless met-
allization. Yu et al. [12] prepared silver plating wool fabric
using electroless silver plating. Lu et al. [13] fabricated silver
plating polyethylene terephthalate (PET) fabric by ultrasonic-
assisted electroless silver plating. However, silver plating
fabrics have lowwashing fastnesswhen silver plating is coated
on surface of fabrics by electroless plating method. Hence,
surface modification of substrate is of great importance
for improvement of the adhesive force between the metal
and the substrate [14]. Lee et al. [15, 16] reported that
polydopamine films could be formed on the surface of
materials by self-polymerization of dopamine and have a
wide range surface-adherent for all types of inorganic and
organic materials, including noble metals, oxides, polymers,
semiconductors, and ceramics. Further studies found that
the self-polymerization of dopamine has secondary reaction
and weak reducibility [15–20]. The process of polydopamine
preparation is simple and environment-friendly. Lee et al. [15]
dissolved dopamine into the Tris buffer solution (pH = 8.5)
and then formed a layer of polydopamine film under aerobic

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 2375836, 11 pages
http://dx.doi.org/10.1155/2016/2375836

http://dx.doi.org/10.1155/2016/2375836


2 Journal of Nanomaterials

HO OH HO OH

N

HO OH

NH OHHO

N

OHHO

HN

Dopamine Polydopamine

Polymerization

Dopamine solution Silver-ammonia solution

Glucose solution

Cotton fabrics Cotton fabrics with polydopamine film

Silver plating cotton fabrics by polydopamine reduction Silver plating cotton fabrics

Silver particle

Polydopamine
NH2

Ag+ Ag+ Ag+ Ag+

Figure 1: Process of silver plating cotton fabrics (SPCFs) by electroless silver plating.

condition. In general, adhesion mechanism of polydopamine
film shows that catechol and amino functional groups in
polydopamine have the covalent and noncovalent bonds
combination with the inorganic or organic materials [14–17].
Xu et al. [18] fabricated silver plating glass fibers by dopamine
functionalization and electroless plating. Wang et al. [19]
prepared surface silverizedmeta-aramid fibers by bioinspired
functional polydopamine.

In this study, silver plating cotton fabrics (SPCFs) will
be fabricated through polydopamine reduction and glucose
reduction reaction. First, the silver nanoparticles will be
reduced from silver nitrate by in situ reduction of poly-
dopamine (PDA). Second, silver ions will be reduced by glu-
cose, and silver nanoparticles were coated on the surface.The
whole process is shown in Figure 1. Subsequently, some tests
will be performed to obtain the properties of SPCFs by using
field emission scanning electronmicroscopy (FESEM), X-ray
photoelectron spectroscopy (XPS) and thermogravimetric
analysis (TGA), and so forth. Silver plating fabrics can be
applied in these fields such as antibacterial, intelligent textiles,
smart garments, electromagnetic shielding, and flexible sen-
sors.

2. Experimental

2.1. Materials. The dopamine (3,4-dihydroxyphenylalanine)
was purchased from Sigma-Aldrich Co., LLC, USA. Tris
(hydroxymethyl) aminomethane (Tris) and other chemicals
were all obtained from Tianjin recovery technology Co. Ltd.,
China, and used without further purification. The cotton
fabrics (150 g/m2) were provided by Changxing Jiahong Co.
Ltd. in China. Commercial silver plating fabrics were from
Qingdao Hengtong X-Silver speciality textile Co., LTD, in
China.

2.2. Preparation Methods

2.2.1. Pretreatment of Cotton Fabrics. Cotton fabrics with
10 cm × 10 cm size were immersed in a diethyl ether solution

Table 1: Composition of dopamine solution.

Tris (g) Ethanol (mL) Deionized water (mL) Dopamine (g/L)
0.420 150 350 1∼6

for 30 minutes at room temperature and dried at 30∘C, and
they were kept in the dry state until next treatment.

2.2.2. Modification of Cotton Fabrics by In Situ Polymerization
of Dopamine. The composition of dopamine solution was
shown in Table 1. pH value of tris buffer solution was
regulated to 8.5, the dopamine was dissolved in the tris
buffer solution, and the dopamine solution was obtained by
mixing the tris buffer solution, ethanol, and deionized water
according to proportion as shown in Table 1. The pretreated
cotton fabrics were, respectively, immersed into dopamine
solution with the dopamine content from 1 to 6 g/L interval
1 g/L, the bath ratio being 1 : 50, and stirred for 24 hours at
room temperature. Polydopamine film was coated on surface
of cotton fabrics by in situ polymerization. Subsequently, the
cotton fabrics with polydopamine film (CFPF) were washed
using deionized water and dried at room temperature.

2.2.3. Preparation of Conductive Cotton Fabrics. First, silver-
ammonia ([Ag(NH3)2]OH) solution consisted of silver
nitrate (99%), sodium hydroxide (0.1mol/L), and ammo-
nia (200mL/L). Silver-ammonia solution with silver nitrate
from 0.1 to 0.25mol/L interval 0.05mol/L was, respectively,
poured into different beakers. To perform the polydopamine
reduction reaction, these cotton fabrics were immersed in
corresponding beakers and were heated in a water bath
(40∘C) for 8 hours. Subsequently, these beakers were taken
out and cooled in air. Second, different concentration (as
shown inTable 2) glucose solution (100mL)was prepared and
poured into corresponding beaker. The mixed solution was
stirred for 1 hour to perform the glucose reduction reaction;
subsequently, the cotton fabrics were taken out, rinsed using
deionized water, and dried in the air.
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(a) (b)

Figure 2: Photos of (a) pristine cotton fabric and (b) silver plating cotton fabrics by polydopamine reduction.

Table 2: Technological parameters of glucose reduction reaction.

Composition Concentration
(mol/L)

Silver-ammonia (mol/L) 0.1 0.15 0.2 0.25
Glucose (mol/L) 0.2 0.3 0.4 0.5

2.3. Characterizations. Surface morphology of the samples
was characterized by a field emission scanning electron
microscope (FESEM, S4800, Hitachi). The surface chemical
compositions of cotton fabrics and polydopamine films
were measured by X-ray photoelectron spectroscopy (XPS,
K-Aepna, ThermoFisher). XPS curves can be utilized for
analyzing the surface element content of samples according
to the peak area ratio, and the measurement errors are less
than 5%. The surface resistance of SPCFs was measured by
U3402A digital multimeters (Agilent Technologies, USA),
and surface resistivity of SPCFs can be calculated by

𝜌𝑠 =
𝑑

𝐿
𝑅𝑠, (1)

where 𝜌𝑠 is the surface resistivity, in Ω, 𝑅𝑠 is the surface
resistance between two electrodes on the surface of samples,
in Ω, 𝐿 is width of the two electrodes, in cm, and 𝑑 is the
distance between two electrodes, in cm.

Thermal gravimetric analysis (TGA) of pristine cotton
fabrics and the SPCFs were performed by simultaneous ther-
mal analyzer STA409PC (NETZSCH, Germany) in nitrogen
environment from room temperature to 600∘C at a rate of
10∘C/min.

The washing fastness test of the SPCFs was performed
according to the standard of China (FZ/T60014-93). The
liquid ratio was 40 : 1 and the temperature of liquid was
controlled in 40±2∘C.The SPCFs were washed in a washing-
machine with water including 1 g/L detergent for 10 minutes
and dried in ventilating oven at 40∘C. To evaluate the stability
of silver plating, the resistance of the SPCFs was measured
after each washing.

Electromagnetic shielding test of the SPCFswas performed
by vect-netw analyzer ZNB40 (ROHDE&SCHWARZ, Ger-
many). Measurement results are located usually in the cor-
responding interval with a probability of approximately 95%
(coverage factor 𝑘 = 2).

3. Results and Discussions

Figures 2(a) and 2(b) show the photos of pristine cotton
fabric and silver plating cotton fabric by polydopamine
reduction (SPCF-PR), respectively. One can observe that the
pristine cotton fabric is white, but the first-step silver plating
cotton fabric is dark brown; obviously, the reason is that
polydopamine filmwas coated on the surface of cotton fibers.

The theoretical nitrogen to carbon signal ratio (N/C) of
the dopamine is 0.125 [15, 20]. Table 3 shows theN/Cof cotton
fabrics and cotton fabrics with polydopamine film (CFPF) is,
respectively, 0.015 and 0.10; obviously, the N/C of the CFPF
approximates to theoretical value of polydopamine. Hence,
we can confirm the polydopamine film has been coated on
surface of cotton fabrics. Table 3 also shows 2.6% silver
content is coated on the surface of the CFPF after performing
polydopamine reduction reaction.

XPS is performed to explore that the polydopamine layer
was coated on the surface of pristine cotton fabrics. Figure 3
shows the XPS curves of the pristine cotton fabrics and
the CFPF. With process of the dopamine oxidative self-
polymerization, the color of solution quickly turned to pink
as the catechol was oxidized to benzoquinone. Subsequently,
the pink solution turned slowly to deep brown; the reason
is that the polymerization was followed by a part of melanin
formation [6, 10].The C 1s core-level spectrum of the pristine
cotton fabrics in Figures 3(a) and 3(b) could be fitted into
three peak components at binding energies (BEs) of about
285.0 eV, 287.9 eV, and 286.6 eV; these binding energies are
correspondingwithC-H, C=O, andC-O species, respectively.
The C 1s core-level spectrum of the CFPF in Figure 3(b)
has three same peak components as that of the pristine
cotton fabric. However, an additional peak component of
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Table 3: Element content of pristine cotton fabrics and CFPF and SPCF-PR.

Element content
Pristine cotton fabrics Polydopamine (theoretic) CFPF SPCF-PR

C 1s (at%) 65 72.7 72 72.05
N 1s (at%) 1 9.1 7 6.95
O 1s (at%) 34 18.2 21 18.39
Ag 3d (at%) 0 0 0 2.61
N/C 0.015 0.125 0.10 \
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Figure 3: XPS C 1s core-level spectra of (a) pristine cotton fabric and (b) CFPF and XPS N 1s core-level spectra of (c) pristine cotton fabric
and (d) CFPF.

C-N (285.6 eV) which is from polydopamine is observed
in Figure 3(b). As shown in Figure 3(c), the N 1s core-
level spectrum of the pristine cotton fabrics has one peak
component at the BEs of about 399.5 eV which is attributable
to the -N-H species.TheN 1s core-level spectrumof theCFPF
in Figure 3(d) can be fitted with two peak components which
is attributable to the amine (-N-H) species at a binding energy
(BE) of 399.5 eV and the imine (-N=) species at the BE of
398.5 eV. The -N-H species is derived from the amine group
of the polydopamine. The -N= species is formed through

structure evolution during the self-polymerization process
of dopamine [21–25]. The characteristic peaks in XPS curve
exhibit polydopamine was successfully coated on the surface
of the cotton fabrics.

Figure 4 is the FESEM images of fibers of pristine
cotton fabrics, cotton fabrics with polydopamine film, cotton
fabrics with silver nanoparticles reduced by polydopamine,
and cotton fabrics with silver layer reduced by glucose in
magnification of 1000 times and 10000 times, respectively.
The surface of pristine cotton fibers in Figures 4(a) and
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(c) (d)

(e) (f)

(g) (h)

Figure 4: FESEM images of (a, b) the pristine cotton fibers, (c, d) CFPF, (e, f) SPCF-PR, and (g, h) SPCFs.

4(b) is smooth. One can observe from Figure 2(b) that
the pristine cotton fabrics are coated with a layer of dark
brown polydopamine film; Figures 4(c) and 4(d) show that
some polydopamine pieces in black circle are coated with

polydopamine film after 24 h self-polymerization. Figure 4(f)
shows some sparse silver particles in black circle are coated on
polydopamine film of cotton fibers that were immersed into
the silver-ammonia solution for in situ reduction reaction for
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Figure 5: XPS wide scan spectrum of (a) pristine cotton fabrics and (b) SPCF-PR (c) SPCFs.

8 hours. Figure 4(g) shows some silver pieces are adhered
on the surface of cotton fibers; however, Figure 4(h) further
shows compact silver particles are coated evenly on the
surface of cotton fibers.

XPS is performed to explore the chemical state of silver
on the surface of SPCF-PR and SPCFs. Figures 5(a), 5(b),
and 5(c) show the XPS wide scan spectrum of the pristine
cotton fabrics, SPCF-PR and SPCFs. Figures 5(b) and 5(c)
show the essential marker of silver 3d (Ag 3d) peaks of SPCF-
PR and SPCFs; however, no peaks corresponding to silver
were observed from XPS wide scan spectrum for the pristine
cotton fabrics (Figure 5(a)), which means the silver particles
have been coated on the surface of polydopamine on the
cotton fabrics. To further explore the chemical state of the
silver particles, a detailed deconvolution of the Ag 3d peak
is exhibited. In Figures 5(b) and 5(c), the Ag 3d core-level
spectrum consists of two peak components at BE of 368.48 eV
(Ag 3d5/2) and 374.48 eV (Ag 3d3/2), which indicates the silver
particles are metallic silver particles.

Low surface resistivity is very important for conductive
fabrics which can be used as electromagnetic shielding or

electrode materials. Figure 6 shows surface resistivity of
SPCFs decreases with increasing of concentrations of silver-
ammonia ([Ag(NH3)2]OH) solution from 0.1 to 0.25mol/L
interval 0.05mol/L when concentration of dopamine is a
constant value, and the surface resistivity of SPCFs has slight
decreasing or increasing when the concentration of silver-
ammonia varies from 0.2 to 0.25mol/L and the concentra-
tion of dopamine varies from 1 to 6 g/L. Meanwhile, the
surface resistivity of SPCFs decreases with increasing of
concentration (from 3 to 6 g/L) of dopamine. The surface
resistivity of SPCFs is in the range of 0.12 ± 0.02Ω, when
the concentration of silver-ammonia solution is 0.2mol/L,
and the concentration of dopamine of is 6 g/L. The surface
resistivities of commercial silver plating woven fabrics and
commercial silver plating knitted fabric are, respectively,
0.136 ± 0.02Ω and 0.22 ± 0.03Ω; the conductivity of SPCFs
is approximate to that of the commercial conductive fabrics.
Table 4 shows the surface resistivity of silver plating cotton
fabrics by glucose reduction and silver plating cotton fabrics
by polydopamine reduction. The surface resistivity of silver
plating cotton fabrics by polydopamine reduction is 12.53Ω
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Table 4: Surface resistivity of (A) the SPCF-PR and (B) silver plating cotton fabrics by glucose reduction before and after washing.

Samples/washing times 0 times 5 times 10 times 15 times
A (Ω) 12.53 ± 2.3 13.68 ± 2.3 16.27 ± 3.5 17.68 ± 2.3
B (Ω) 0.24 ± 0.03 1200 ± 56 \ \
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Figure 6: The surface resistivity of SPCFs in condition of different
technological parameters.

before washing and is 17.68Ω after 15 times washing. But the
surface resistivity of silver plating fabrics by glucose reduction
is 0.24Ω before washing and is 1200Ω after 5 times washing.
Obviously, thewashing fastness of silver plating cotton fabrics
by polydopamine reduction is better than that of silver plating
cotton fabrics by glucose reduction.

TG analysis was performed to acquire the thermal sta-
bility of pristine cotton fabrics and SPCFs. The SPCFs were
fabricated according to the following parameters: 0.2mol/L
silver-ammonia solution and 6 g/L dopamine. The curves
in Figure 7 indicate the decomposition temperature of the
pristine cotton fabrics and the SPCFs were, respectively,
330.44∘C and 331.12∘C. Obviously, silver plating hardly affects
the decomposition temperature of cotton fabrics. However,
when the decomposition temperature is more than 600∘C,
the residual content of the two samples keeps at 17.57% and
33.15%, respectively. Because the decomposition temperature
of silver is far more than 600∘C, hence, we can confirm the
silver content in SPCFs sample is 15.58%.

Figures 8(a), 8(b), 8(c), and 8(d) show, respectively, the
FESEM images of SPCFs after 0, 5, 10, and 15 times washing.
An even and smooth silver layer was coated on the surface
of SPCFs before washing. However, some silver pieces which
were stripped from the surface of SPCFs after washing were
enclosed in black circle in Figures 8(b), 8(c), and 8(d). With
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Figure 7:Thermogravimetric analysis diagramof (a) pristine cotton
fabrics and (b) SPCFs.

increasing of washing times, the abscission of silver plating is
severer.

Figure 9 shows the surface resistivity increases with
increasing of washing times. The SPCFs were fabricated in
our laboratory by using 0.2mol/L silver-ammonia solution
and 6 g/L dopamine; the surface resistivity quickly increases
for the first washing; subsequently, the surface resistivity of
SPCFs slowly increases and reaches 0.8 ± 0.03Ω; however,
the surface resistivity of commercial silver plating fabrics
smoothly increases with the increasing of washing times.
The washing fastness of silver plating on cotton fibers is
not as good as that of the commercial silvered fabrics. The
reason is possible that the cotton fibers (a natural fiber) have
more complex chemical bonds than nylon fibers in com-
mercial silver plating fabric. However, the conductive cotton
fabrics have many advantages such as excellent wearability,
air permeability, and moisture absorption. Hence, they can
be utilized for biopotential dry electrode, electromagnetic
shielding garments, or other smart textiles.

Figure 10 shows the photos of SPCFs and commercial
silver plating fabrics before washing and after 15 times
washing and in air for 30 days. After performing 15 times
washing, the color of SPCFs fabricated in our laboratory has
no obvious change as shown in Figures 10(a) and 10(b), but
the commercial silver plating fabrics become darker and fade
partially in color due to the presence of silver oxide and
the stripping of the surface silver layer as shown in Figures
10(d) and 10(f).The surface resistivities of SPCFs, commercial
silver plating woven fabrics, and commercial silver plating
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Figure 8: FESEM images of SPCFs after (a) 0 times, (b) 5 times, (c) 10 times, and (d) 15 times washing.
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Figure 9: Surface resistivity versus washing times curve of silver
plating fabrics.

knitted fabrics are, respectively, 0.8 ± 0.03Ω, 0.28 ± 0.04Ω,
and 0.4 ± 0.03Ω. The increasing of surface resistivity of
SPCFs is due to separation of partial silver nanoparticles
after 15 times washing, but the change amplitude of surface

resistivity is acceptable and has not remarkable influence for
electrical signal transmission in smart garments or intelligent
textiles. Obviously, separation of silver plating is not the
main reason of color change. The change in SPCFs in
color is inconspicuous due to good color fastness and dark
brown surface of polydopamine film; however, light coloured
commercial silver plating fabrics fade easily.

Figure 11 shows the ESE of SPCFs fabricated in different
technological parameters under electromagnetic radiation
ranging from 10MHz to 3GHz. When the concentration of
dopamine and silver-ammonia solution is, respectively, 6 g/L
and 0.25mol/L, the surface resistivity of SPCF is the smallest
(0.12 ± 0.02Ω), and the ESE is the best (in the range of
58.5 ± 4.5 dB). Table 5 shows the electromagnetic shielding
effectiveness of SPCFs is in negative correlation with their
surface resistivity when the structure and material of fabrics
are identical.

4. Conclusion

This paper presented a novel two-step method for fabricating
the SPCF with high conductivity and excellent washing
fastness. Polydopamine (PDA) filmwas coated on the surface
of cotton fabrics by self-polymerization of dopamine, the
silver ions in silver nitrate solution were reduced by the
catechol groups of polydopamine, and silver nanoparticles
were combined with polydopamine by covalent bond on
surface of cotton fabrics. Subsequently, silver plating was
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Figure 10: Images of the (a) SPCFs before, (c) the commercial conductive nylon woven fabric, (e) the commercial conductive nylon knitted
fabric, and (b) SPCFs and (d, f) commercial fabrics were treated after washing 15 times and exposed in air for 30 days.
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Table 5: ESE (100M∼3GHz) and surface resistivity of SPCFs fabricated by different technological parameters.

Sample number 1 2 3 4
Concentration of dopamine (g/L) 6 6 5 5
Concentration of silver-ammonia solution (mol/L) 0.2 0.25 0.2 0.25
ESE (dB) 58.5 ± 4.5 51.1 ± 3.2 48.6 ± 1.9 43.6 ± 1.4
Surface resistivity (Ω) 0.12 ± 0.02 0.15 ± 0.01 0.75 ± 0.2 1.25 ± 0.2

coated on the surface by glucose reduction reaction. With
the increasing of silver-ammonia solution concentration or
dopamine concentration, the surface resistivity of SPCFs all
decreases and gradually stabilized. With the increasing of
washing times, the surface resistivity increased. After 1st
washing and 15th washing, the surface resistivity increased
to 0.32 ± 0.01Ω and 0.8 ± 0.03Ω, respectively. The elec-
tromagnetic shielding effectiveness of SPCFs is in negative
correlation with their surface resistivity when the structure
and material of fabrics are identical. When the concentration
of dopamine and silver-ammonia solution is, respectively,
6 g/L and 0.25mol/L, the surface resistivity of SPCF is the
smallest (0.12 ± 0.02Ω), and the ESE is the best (in the range
of 58.5 ± 4.5 dB). Silver plating fabrics can be widely applied
in these fields, such as antibacterial, intelligent textiles, smart
garments, electromagnetic shielding, and flexible sensors.
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Wounds associated with diabetes are difficult to heal and often stay unhealed, leading to higher morbidity and mortality in the
diabetic population. A major barrier to the successful healing of chronic diabetic wounds is the presence of biofilm-mediated
infections. In recent years, photodynamic therapy (PDT) has emerged as a promising treatment modality for the management of
chronic wounds. The objective of the present study was to evaluate the effectiveness of toluidine blue- (TB-) loaded nanoparticle-
mediated PDT in eradicating antibiotic-resistant polymicrobial biofilms of Pseudomonas aeruginosa and methicillin-resistant
Staphylococcus aureus in an in vitro model. Dioctyl sodium sulfosuccinate (aerosol OT, AOT)-alginate nanoparticles with high
TB loading (10.8 ± 2.2%) were formulated using a double emulsification cross-linking method. TB nanoparticles induced effective
killing of planktonic P. aeruginosa (3.5 log

10
CFU) and S. aureus (>5 log

10
CFU) and their combined biofilms (2.8 log

10
CFU for P.

aeruginosa versus 3.4 log
10
CFU for S. aureus). While P. aeruginosa biofilm was more resistant when compared to that of S. aureus,

our results demonstrated effective eradication of complex biofilms of dual bacterial strains in vitro.

1. Introduction

Chronic wounds are a major health problem throughout
the world, with limited effective methods of treatment.
Wounds associated with diabetes are difficult to heal and
often remain unhealed leading to increased morbidity and
mortality in diabetic patients [1, 2]. A key barrier to the
successful healing of chronic diabetic wounds is the presence
of biofilm-mediated infections [3–5]. Biofilms are structured
communities of microorganisms growing on a living or
nonliving surface and enclosed in a self-produced matrix of
extracellular polymeric substances (EPS) [6, 7]. The matrix
provides enormous protection to the biofilm against hos-
tile environmental conditions, such as host immunological
system and antimicrobial agents [8–11]. The polymicrobial
nature of diabetic wounds appears to promote the production
of several virulence factors that contribute to the chronicity
of the infection [12, 13]. In addition, presence of antibiotic-
resistant bacteria such as methicillin-resistant Staphylococcus
aureus (MRSA) and Pseudomonas aeruginosa (P. aeruginosa)
is more common in diabetic wounds [14].

In recent years, photodynamic therapy (PDT) has
emerged as a promising alternative treatment for the man-
agement of chronic infections. PDT is based on the concept
that certain compounds, known as photosensitizers, when
exposed to light of a specific wavelength, are capable of
generating reactive oxygen species (ROS), such as singlet
oxygen and free radicals [15–18]. Subsequently, ROS mediate
cellular toxicity via oxidative stress to cell membranes and
other cellular components [19, 20]. One of the key advantages
of PDT as a therapeutic tool is the concept of dual selectivity.
Collateral damage to normal tissues can be reduced by the
preferential accumulation of photosensitizers in the target
tissue and localized light irradiation in a spatially focused
manner [21].

Phenothiazine dyes such as methylene blue (MB) [22]
and toluidine blue (TB) [23] have been extensively used
for PDT-mediated eradication of a wide range of Gram-
positive and Gram-negative bacteria as well as fungi. The
high quantum yield of singlet oxygen production [24, 25]
coupled with relatively low dark toxicity [26, 27] makes
them attractive candidates for PDT. However, several studies
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have demonstrated incomplete destruction of biofilms using
MB [28, 29] and TB-mediated PDT [30]. The diminished
susceptibility of biofilms to PDT was primarily attributed
to poor penetration of the photosensitizer inside the cells
[28, 29]. Furthermore, both MB and TB are substrates of
bacterial multidrug resistance efflux pumps, thus reducing
the efficiency of these photosensitizers [31].

Therefore, a potential strategy to improve the efficacy of
photosensitizers is to encapsulate them in a suitable drug
carrier such as nanoparticles. Photosensitizers encapsulated
in nanoparticles offer several distinct advantages over free
photosensitizing molecules, which include increased accu-
mulation of the photosensitizer in the target cells, and
inhibition of target cell’s ability to pump out the photo-
sensitizers [32]. Furthermore, incorporation of the photo-
sensitizer in nanoparticles could prevent the inactivation of
photosensitizer by plasma reductases and thus protects its
photodynamic activity [33]. In this study, the nanoparticles
were formulated using anionic surfactant dioctyl sodium
sulfosuccinate (aerosol OT, AOT) and a naturally occurring
polysaccharide sodium alginate. Besides being nontoxic, the
AOT-alginate nanoparticles have also been shown to improve
ROS yield of photosensitizers [34]. The objective of the
present study was to investigate the in vitro photodynamic
efficacy of TB-loaded nanoparticles against both planktonic
and biofilm phases of P. aeruginosa, MRSA, and their mixed
culture. In addition, the in vitro photobactericidal efficacy of
TB nanoparticles was compared with that of free TB.

2. Materials and Methods

2.1. Materials. TB, polyvinyl alcohol (PVA), sodium alginate,
and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). AOT and chloroform
were procured from Fisher Scientific (Chicago, IL, USA).
Luria Broth (LB) medium and LB agar medium were pur-
chased from MP Biomedicals, LLC (Solon, Ohio, USA). P.
aeruginosa (ATCC 27853) was received from Dr. Karunya
Kandimalla (Department of Pharmaceutics, University of
Minnesota, Minneapolis, MN) and S. aureus (ATCC 33591)
from Dr. Christine Salomon (Center for Drug Design, Uni-
versity of Minnesota, Minneapolis, MN). All other reagents
are chemical grade and used without further modification.

2.2. Nanoparticle Formulation. AOT-alginate nanoparticles
encapsulating TB were prepared using a double emulsifica-
tion cross-linking method [35, 36]. Briefly, 1mL of 1%w/v
aqueous sodium alginate solution containing 5mg of TB was
emulsified into 2mL of 2%w/v AOT solution in chloroform
by sonication at 20W for 5min over an ice bath (Model
W-375, Heat Systems Ultrasonics Inc., CT). The water-in-
oil (w/o) primary emulsion was re-emulsified into 15mL
of 2%w/v aqueous PVA solution to form a water-in-oil-in-
water (w/o/w)multiple emulsion. To the final emulsion, 5mL
of 60%w/v aqueous calcium chloride solution was added
dropwise with constant stirring at 1200 rpm using a magnetic
stirrer. Subsequently, chloroformwas evaporated by continu-
ously stirring the emulsion at ambient conditions for 18 h fol-
lowed by 1.5 h stirring under vacuum.The nanoparticles were

harvested by ultracentrifugation at 35000 rpm for 30min
(Beckman Optima� LE-80K, Palo Alta, CA), washed three
times with deionized water to eliminate excess PVA and
unentrapped TB. After the final wash, the nanoparticle pellet
was redispersed in 1mL of deionizedwater, and nanoparticles
were separated from large aggregates by centrifugation at
1000 rpm for 5min (Eppendorf� 5810 R, Eppendorf, West-
bury, NY). The supernatant nanoparticle suspension was
then freeze dried (FreeZone 4.5�, Labconco, Kansas City,
MO) to obtain dry nanoparticles. Blank nanoparticles were
synthesized in the absence of TB.

2.3. Nanoparticle Characterization. The average hydrody-
namic diameter and zeta potential of the nanoparticles were
measured using a Delsa� Nano C particle size analyzer
(Beckman Coulter Inc., Fullerton, CA) equipped with dual
30mW laser diodes operating at 658 nm wavelength and at
165∘ constant scattering angle. One milligram of nanoparti-
cles was dispersed in 4mL of deionized water with sonication
and then used for analysis.

To determine TB loading, nanoparticles were dispersed
in methanol at a concentration of 1mg/mL, incubated in
dark for 1 h, and then centrifuged at 13000 rpm for 20min.
The absorbance of the methanol extract was measured at
626 nm using a Cary-100 UV-vis spectrophotometer. The
concentration of TB was quantified from a standard curve
constructed with known concentrations of TB in methanol.
The experiment was conducted in replicates of four.

2.4. Bacterial Uptake of Nanoparticles. The microbial uptake
of TB nanoparticles in the absence or presence of BSA
(0.06% and 0.15%w/v) was studied using planktonic P.
aeruginosa. Free TB served as a control for this study. Free
or nanoparticle-encapsulated TB at an equimolar dye con-
centration (100 𝜇M) was added to the bacterial suspensions
(5 × 108/mL) and incubated in the dark for 1 h at room
temperature with gentle shaking at 125 rpm. Subsequently,
the bacterial suspensions were centrifuged at 1000 rpm for
10min to allow sedimentation of the TB-bound bacteria.
Following two washes in phosphate-buffered saline (PBS),
the cell bound TB was extracted with methanol for 1 h at
room temperature and then centrifuged at 13000 rpm for
20min. The amount of TB in the supernatant was quantified
spectrophotometrically at 626 nmusing a calibration curve of
pure TB in PBS. The experiment was performed in triplicate.
The extent of bacterial uptake of TB was calculated by the
following equation:

Nanoparticle uptake (%)

=
Amount of TB in the dissolved pellet

Total amount of TB added
× 100.

(1)

2.5. In Vitro Release Study. The release profile of TB
from AOT-alginate nanoparticles was assessed in PBS at
pH 7.4. Nanoparticle suspension (5mL, 1mg/mL) was
incubated at 37∘C and 125 rpm in a benchtop incubator
shaker (Brunswick Scientific, C24 incubator shaker, NJ).
At each time point, 0.5mL of nanoparticle suspension was
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centrifuged at 13000 rpm for 20min and the concentration of
released TB in the supernatant was determined spectropho-
tometrically at 626 nm using a calibration curve of pure TB
in methanol. The experiment was performed in replicates of
four.

2.6. Bacterial Strains and Culture. P. aeruginosa and S. aureus
were used in this study. The day prior to the test, fresh
bacterial cultures were grown aerobically on trypticase soy
agar for 24 h at 37∘C. On the day of the experiment, the
bacteria were harvested by centrifugation and suspended in
1x PBS.

2.7. Photodynamic Treatment of Planktonic Bacteria. The
PDT experiments were conducted on the P. aeruginosa
and S. aureus cultured in the separated and the mixed
culture. Bacterial cell suspensions in PBS were incubated
with 100 𝜇M of free or nanoparticle-encapsulated TB in
the dark for 30min at room temperature while shaking at
125 rpm. Following incubation, the cell suspensions were
centrifuged at 13000 rpm for 5min, washed twice, and the
pellet was resuspended in sterile PBS. Subsequently, aliquots
of 0.7mL of the cell suspensions were placed in the wells of
24-well plates. Excluding the dark controls, the wells were
irradiated with red light (𝜆

665 nm) using an Osram halogen
lamp integrated into LumaCare� LC-122 fiber optic light
delivery device (Newport Beach, CA) for 25min. The light
exposure was from the top and the distance between the
exposed sample and the light source tip was fixed to obtain
a constant fluence rate. An average effective fluence rate of
17mW/cm2 was measured using an Orion PD energy meter.
The entire well plate was kept covered during the irradiation
in order to preserve the purity of the culture. After irradiation,
the bacterial suspensions underwent serial dilutions in LB
media, and 100 𝜇L of the samples was seeded on LB agar
plates. The number of colony forming units (CFUs) was
counted after 48 h of incubation at 37∘C and expressed as
log
10

CFU/mL. The following experimental groups were
used: (1) L−TB−: positive control (microbial pool); (2) L−TB
free+:microbial pool incubatedwith 100𝜇MofTB solution in
the dark for 30min; (3) L−TBNP+: microbial pool incubated
with 100 𝜇M of TB NP formulation in the dark for 30min;
(4) L+TB free+: microbial pool incubated with 100 𝜇M of
TB solution in the dark for 30min and then exposed to
red light; and (5) L+TB NP+: microbial pool incubated with
100 𝜇Mof TBNP formulation in the dark for 30min and then
exposed to red light. Each of these treatments was performed
in replicates of four.

2.8. Preparation of Biofilms. Biofilms of P. aeruginosa, S.
aureus, and their mixtures were grown on commercially
available polycarbonate coupons using a CDC Bioreactor
(Biosurface Technologies, Bozeman, Montana). Initially, all
reactor parts including rods, baffle, coupons, bacterial air
vent, and tubing were autoclaved and assembled according
to the manufacturer’s protocol. The coupons were then
positioned in the coupon holes in each plastic reactor rod
and firmly secured by screws. To initiate biofilm formation,
400mL of 0.3mg/mL sterile LB media was added to the

reactor chamber ensuring that each coupon was completely
immersed. This low concentration of LB media provided a
nutrient depleted condition within the reactor. After that,
1mL (5 × 108 CFU/mL) of an overnight bacterial culture
(single or mixed) was transferred aseptically to the reactor
chamber to confirm that bacteria were in the log phase.
Immediately after inoculation with bacterial culture, the
reactor was set to stir at 125 rpm. Subsequently, the biofilm
was allowed to form at room temperature for 24 h in batch
phase while the baffle rotated. To facilitate steady state biofilm
formation, the reactor was operated for an additional 24 h
with continuous flowof LBmedium (0.135mg/mL) at a rate of
15mL/min. In continuous phase the reactor was maintained
at 37∘C and 125 rpm. Finally, the biofilms grown on coupons
were removed from the reactor rod aseptically, rinsed with
sterile PBS to eliminate any planktonic cells, and stored in
sterile PBS.

2.9. Photodynamic Treatment of Biofilms. The freshly pre-
pared biofilms containing coupons were randomly assigned
to the different groups as mentioned under Section 2.8.
Coupons were then placed into separate wells of a sterile 24-
well plate containing 1mL of TB formulation in PBS, while
the control coupons were incubated with sterile PBS alone.
Following 30min of dark incubation at room temperature,
each side of the coupon was exposed to red light (𝜆

665 nm)
with a fluence rate of 17mW/cm2 and a total light fluence
of 25.5 J/cm2 as described above. After irradiation, adherent
bacteria were gently scraped with a sterile cell lifter, resus-
pended in 10mL of PBS, and serial dilutions were prepared
in LB media. Lastly, 100 𝜇L aliquots were inoculated onto LB
agar plates and the number of CFUs was counted after 48 h of
incubation at 37∘C.

2.10. Spectral Characteristics of TB. The bactericidal effec-
tiveness of a photosensitizer is strongly influenced by its
structural conformation and electron absorption spectrum
[37]. Therefore, the structural integrity of TB extracted from
nanoparticles was confirmed by recording its absorbance
spectra in the visible region (400–700 nm). The UV-spectra
of free TB in methanol were used as a control. Further, the
integrity of free TB or that encapsulated in nanoparticles
was also evaluated under experimental conditions (i.e., at
100 𝜇M concentration in PBS) by measuring their absorption
spectra in the visible region, where the monomer, dimer, and
aggregates bands of the TB were distinct.

2.11. Statistical Analysis. Statistical analysis of bacterial
uptake of nanoparticles was performed using two-tailed
Student’s 𝑡-test. Statistical analyses for photodynamic treat-
ments were performed using two-way analysis of variance
(ANOVA) by Tukey’s test for comparison between individual
groups. A probability level of 𝑝 < 0.05 was considered
significant.

3. Results and Discussion

Biofilm related infections continue to pose major global
health problems due to lack of effective treatments [38].
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Figure 1: Schematic representation of PDT-mediated bacterial killing.

Biofilm-embedded bacteria are difficult to treat, as they
are often resistant to antibiotics and the host immune sys-
tem. PDT has evolved as a potential alternative therapeutic
strategy since this modality is not susceptible to resistance
mechanisms found in bacteria [39]. However, poor microbial
uptake of the photosensitizer due to the viscosity barrier
created by EPS contributes to less than optimal photobacteri-
cidal efficacy [40, 41]. Recently, polymeric nanoparticles have
received increasing attention as promising delivery tools to
enhance the therapeutic efficacy of encapsulated photosensi-
tizers [22, 42]. The use of a matrix-type nanoparticle system
can potentially allow better interaction of the photosensitizer
with the matrix as well as with neighboring photosensitizer
molecules and thereby facilitate efficient electron transfer.
Previous studies demonstrated that AOT-alginate nanopar-
ticles efficiently encapsulated weakly basic polar molecules
such as MB [43]. Furthermore, the use of sodium alginate
allows high local concentration of water in the vicinity of the
photosensitizer which may assist efficient electron transfer
and production of hydroxyl radical [44]. The general scheme
of PDT-mediated bacterial killing is shown in Figure 1.

3.1. Formulation and Characterization of Nanoparticles. TB
was encapsulated into AOT-alginate nanoparticles using
a double emulsification cross-linking method. The hydro-
dynamic diameter of the nanoparticles, characterized by
dynamic light scattering, was 215±24 nm.The polydispersity
index of the nanoparticleswas less than 0.2, suggesting a fairly
narrow size distribution. As indicated by the electrophoretic
light scattering analysis, nanoparticles had a net negative
surface charge of −21.2 ± 4.3. The negative zeta potential
is ascribed to the presence of anionic sulfonate groups of
AOT and the carboxyl groups of alginate [43]. TB loading in
nanoparticles was 10.8 ± 2.2%w/w.

3.2. Bacterial Uptake of Nanoparticles. The binding of pho-
tosensitizer to the bacterial cell membrane or its uptake into
the cells during incubation with TB (free or encapsulated in
nanoparticles) is an important determinant in PDT-mediated
bacterial killing. It is a well-known fact that the presence of
chargedmolecules such as albumin could adversely influence
the binding of photosensitizer or nanoparticles with bacterial
cells, which in turn can diminish the antibacterial activity
[45]. Hence, the TB binding efficiency of planktonic P.

aeruginosa was determined in the absence or presence of
BSA. Albumin is the most common protein in blood and
inflammatory exudates [46]. Selected BSA concentrations of
0.06% and 0.15% resemble the actual albumin concentration
in chronic and acute wounds, respectively [47]. As shown in
Figure 2(a), the fraction of TB bound to bacterial cells was
significantly (𝑝 < 0.05) higher in the nanoparticle group
as compared to that for the free dye treatment. After 1 h of
dark incubation at room temperature, about 39.4% of the
TB encapsulated in nanoparticles was bound to the bacteria
while only 22.7% association was observed for TB solution in
PBS. Addition of low level of BSA (0.06%w/v) in themedium
did not affect the bacterial binding of TB either from TB-
loaded nanoparticles or from TB solution. Nevertheless, the
bacterial binding of TB solution was found to be severely
compromised in the presence of 0.15%w/v of BSA.Therefore,
encapsulation of TB is important for enhancing bacterial
binding under in vivo conditionswhere the presence of serum
proteins could significantly inhibit the association of free TB.

3.3. In Vitro Release Study. In vitro release of nanoparticle-
encapsulated TB was performed under sink condition. An
initial burst release of 9.6% of TB was observed at the end
of 0.5 h (Figure 2(b)). The total release over 7 days was
18.5%.The sustained release profile of TB could be attributed
to electrostatic interactions between weakly basic TB and
anionic nanoparticle matrix [35]. For PDT experiments,
both the planktonic and biofilm-embedded bacteria were
incubated with nanoparticles in the dark for 30min at room
temperature, which imply that only 9.6% of TB was available
for PDT-mediated bacterial killing. Furthermore, the sus-
tained release profile of TB from alginate nanoparticles offers
the possibility of repeated exposure to phototherapy after
single administration of nanoparticles. These results clearly
demonstrate the advantages of the nanoparticle formulation
over free dye.

3.4. PDT of Planktonic Bacteria. Although the microflora
of chronic wounds is typically polymicrobial and hetero-
geneous, S. aureus and P. aeruginosa are the most com-
mon bacteria isolated from these wounds [48–50]. These
two bacteria are frequently found together and often cause
biofilm-mediated infections in their hosts. Therefore, the
efficacy of the TB-mediated PDT was evaluated against both
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planktonic and biofilm phases of P. aeruginosa, S. aureus,
and their mixed culture. The results of the planktonic PDT
experiments are depicted in Figure 3. Without TB treat-
ment, bacterial samples (L+TB−) exhibited normal growth,
suggesting that the selected irradiation dose (fluence rate
17mW/cm2, total fluence 25.5 J/cm2) alone had no antibac-
terial effects (Figure 3(a)). Similarly, without irradiation,
incubation of bacterial suspension with 100 𝜇M of free TB or
TB encapsulated nanoparticles (L−TB free+ or L−TB NP+)
in the dark for 30min did not induce killing. This indicates
that TB nanoparticles or free TB did not exert dark toxicity
against P. aeruginosa. In contrast, irradiation of P. aeruginosa
in the presence of 100 𝜇M of TB free or encapsulated in
nanoparticles (L+TB free+ and L+TB NP+) resulted in a
3.5 log

10
CFU reduction in the viable counts (Figure 3(a)),

which demonstrates the feasibility of TB-mediated PDT for
the treatment of P. aeruginosa infection.

Likewise, the incubation of S. aureus with TB encapsu-
lated nanoparticles (equivalent to 100 𝜇M of free TB) in the
dark for 30min exhibited no decrease in the number of CFU
(Figure 3(b)). Irrespective of the bacterial species there were
no significant (𝑝 > 0.05) differences between free TB and TB
NP groups in single culture. However, the PDT group (L+TB
NP+) exhibited complete killing of S. aureus (>5 log

10
CFU).

These results are in agreement with the existing literature
suggesting S. aureus (Gram-positive) is more susceptible to
photokilling compared to Gram-negative P. aeruginosa [51].
This is due to the differences in their membrane structure.
Gram-positive bacteria have a relatively porous layer of
peptidoglycan and a single lipid bilayer, which allows greater
diffusion of the photosensitizer into the bacterial cell [52].
Therefore, they can be eradicated by a wide range of dyes
and at lower doses of irradiation, which explains the higher
susceptibility of S. aureus to PDT in our study [51]. On the
other hand, Gram-negative bacteria comprise a double lipid

bilayer sandwiching the peptidoglycan layer and an outer
lipopolysaccharide layer, which act as an efficient barrier to
limit permeability of various substances [17].

In the mixed suspension, as expected, the potency of
PDT was found to be higher for S. aureus as compared to
P. aeruginosa (Figure 3(c)). In contrary to single culture, the
photokilling efficiency of free TB was marginally (𝑝 = 0.034
for S. aureus and 𝑝 = 0.048 for P. aeruginosa) higher than
that of TB nanoparticles. The lower efficacy of nanoparticle-
encapsulated TB compared to free TB is associated with
the competitive extraction of the dye from nanoparticles
compared to the dye interaction with bacteria. However, the
overall bacterial killing rate in mixed suspension was low
as compared to their single culture PDT, probably due to
synergy between S. aureus and P. aeruginosa [53, 54]. It
has to be further noted that we used same amount of TB
dose in mixed culture as that used in the isolated individual
cultures of each strain. Since there is almost double the
amount of species present for the same amount of TB, it
is anticipated that there will be diminished overall bacterial
killing efficiency.

3.5. PDT of Bacterial Biofilm. The biofilms were incubated
with either 100 𝜇MTB free or TB encapsulated nanoparticles
for 30min in dark at room temperature. Following dark
incubation, each side of the coupon was exposed to red
light (𝜆

665 nm) with a fluence rate of 17mW/cm2 and a
total light fluence of 25.5 J/cm2. The results of the biofilm
PDT experiments are shown in Figure 4. Free TB or TB
encapsulated nanoparticles did not exhibit dark toxicity
against P. aeruginosa, S. aureus, and their mixed biofilms.
However, irradiation of P. aeruginosa biofilm in the presence
of free TB (L+TB free+) and TB encapsulated nanoparticles
(L+TB NP+) resulted in 2.5 log

10
CFU and 2.8 log

10
CFU

reduction in the viable counts, respectively (Figure 4(a)).
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Figure 3: Survival (log
10

CFU) of planktonic (a) P. aeruginosa, (b) S. aureus, and (c) mixed suspension P. aeruginosa and S. aureus after
treatments with PBS, free TB, or TB-loaded alginate nanoparticles in the presence or absence of light (𝜆

665 nm).
∗𝑝 < 0.05 compared to

respective TB NP control group and †𝑝 < 0.05 compared to respective TB free control group.

Moreover, the efficiency of PDT on biofilms was found
to be strain dependent. For S. aureus biofilm, PDT group
(L+TB NP+) induced a 3.4 log

10
CFU reduction in bacterial

count (Figure 4(b)). As expected, in the mixed biofilm, the
reduction of S. aureus was greater than that observed for
P. aeruginosa (Figure 4(c)). However, mean log

10
CFU level

of free TB was not significantly different from that of TB
NPs.

The results of PDT experiments clearly demonstrated that
the photosensitivity of planktonic bacteria was higher than
bacteria within biofilms. Several factors have been found to
be responsible for biofilm resistance that include slow growth
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Figure 4: Survival (log
10
CFU) of biofilm-based (a) P. aeruginosa, (b) S. aureus, and (c)mixture of P. aeruginosa and S. aureus after treatments

with PBS, free TB, or TB-loaded alginate nanoparticles in the presence or absence of light (𝜆
665 nm).

∗𝑝 < 0.05 compared to respective TB NP
control group and †𝑝 < 0.05 compared to respective TB free control group.

rate compared to planktonic cultures, differences in cell wall
composition, and the presence of EPS matrix in biofilm
cultures [30]. It has been demonstrated that the higher
viscosity of the EPS matrix results in diminished diffusion
of photosensitizer and hence its association with bacterial
cells in addition to increased hindrance to the penetration of

light and hence photosensitization of the biofilms [30, 40].
Further, the EPS-matrix molecules are capable of reacting
with diverse antimicrobials/photosensitizers via electrostatic
interactions or through 𝜋-𝜋-interactions of aromatic moi-
eties, thus inhibiting the penetration of these molecules into
deeper parts of the biofilm [40].
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Figure 5: UV-vis spectrum of TB free and TB NP at (a) 6.86 𝜇Mmethanol solution and (b) 100𝜇M PBS solution.

Contrary to the expectations, our data reveal not sig-
nificantly different (𝑝 > 0.05) photobactericidal efficacy of
TB free and TB encapsulated in sodium alginate nanopar-
ticles against bacteria grown both planktonically and in
biofilm (Figures 3 and 4). Several factors could explain
the observed photokilling activities in our experiments. TB,
a cationic dye, likely interacts with anionic polymers via
electrostatic (Coulomb) interactions, resulting in the gener-
ation of metachromatic complex dimers and trimers [55]. In
order to understand the mechanism of reduced efficacy of
nanoparticles, we studied the changes in the conformation
of TB encapsulated inside nanoparticles. The spectral char-
acteristics of free TB and TB encapsulated nanoparticles are
shown in Figure 5. As depicted in Figure 5(a), there was no
observable difference in the absorption spectra of free TB
and TB extracted fromnanoparticles inmethanol. Regardless
of the formulation type (free or nanoparticle encapsulated),
TB existed as a monomer in methanol as shown by a single
peak at 626 nm. These results clearly indicate that there
is no difference in the structural conformation of the dye
when it is encapsulated in the nanoparticles. However, in
the presence of PBS, the absorbance maxima of TB bound
to nanoparticles was shifted toward the shorter wavelengths
of the spectrum, suggesting the formation of dye dimers
and higher aggregates. In contrast, free TB appeared as both
dimer and monomer as demonstrated by the presence of
two peaks at 626 nm and 590 nm. As reported earlier, the
negatively charged nanoparticle matrix could induce dimer
formation of positively charged TB [44]. Subsequently, the
aggregated TB would decrease the quantum yield of singlet
oxygen, resulting in decreased bacterial killing [56].

Figure 5(b) demonstrates the induced TB dimer for-
mation in alginate nanoparticles. The same kind of TB

dimers can be produced on the surface of lipopolysaccharide
(LPS), an anionic polymer found in the outer membrane
of the Gram-negative bacteria. It was previously shown
that the first step of photodynamic action of TB against
Gram-negative bacteria is the formation of metachromatic
complex between the dye and LPS, resulting in the damage
of the outer membrane layer [57]. Additionally, the amount
of dye available from the nanoparticles was only 10% of
the free dye and still same effect was exerted suggesting
superiority of nanoparticles in imparting toxicity at low
doses.

However, TB-alginate nanoparticles have a number of
potential advantages over free TB. Successful wound treat-
ment requires a moist environment. Under these conditions,
encapsulation inside alginate nanoparticles could improve
the stability of the dye and sustained retention in bacterial
biofilms (Figure 2(b)), whereas free TB could be cleared
away with the wound fluid [58]. Thus, free TB may not
be effective when repeated doses of PDT are required as
in the case of chronic wounds where repeated exposure to
phototherapy has been proven beneficial [59, 60]. Further-
more, TB-sodium alginate nanoparticles are more resistant
to the albumin environment than free TB (Figure 2(a)).
The existence of metachromatic complex between TB and
alginate eliminates the TB interaction with proteins. It is
widely known that the free cationic dyes bound to plasma
proteins have negligible bactericidal effect when photosen-
sitized due to bound/hidden photosensitizer groups. Finally,
sodium alginate is the polymer of choice due to its gelling
ability, biocompatibility, biodegradability, and established
use in wound dressings [61]. These factors along with the
bactericidal efficacy of TB-alginate nanoparticles could result
in effective in vivo wound treatment.
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4. Conclusions

In this paper, we studied the effect of TB-mediated PDT
against biofilms of Gram-positive P. aeruginosa, Gram-
negative S. aureus, and their mixed culture. The reduction
of bacterial survival reached 3.4 log

10
CFU for S. aureus and

2.8 log
10
CFU for P. aeruginosa biofilm, respectively. Greater

photo bactericidal effect was observed in case of the Gram-
positive bacteria when compared to their Gram-negative
counterpart.This could be attributed to the differences in the
membrane structure of the two species and hence differences
in uptake of the photosensitizer. Nanoparticles were equally
effective, despite the availability of less free dye (<10% of the
encapsulated TBwas released from the nanoparticles). Future
studies evaluating the efficacy of nanoparticle-mediated PDT
in vivowill substantiate the usefulness of this alternative treat-
ment modality against antibiotic resistant chronic infections.
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Baicalein (BAI) is a major constituent of Scutellaria baicalensis Georgi. Previous studies showed that BAI had obvious effects on
U14 cervical tumor-bearing mice model and HeLa cells. However, the use of BAI is inconvenient and troublesome, due to its low
oral bioavailability. The aim of this study was to develop baicalein-loaded nanoliposomes (BAI-LP) to improve its bioavailability.
In this study, BAI-LP was prepared by thin film hydration method.The average size, polydispersity index (PDI), zeta potential and
encapsulation efficiency (EE) of the BAI-LPwere 194.6±2.08 nm, 0.17±0.025,−30.73±0.41mV, and 44.3±2.98%, respectively. Drug
storage stability study showed no significant changes in these values after 4 weeks of storing at 4∘C. Additionally, Sulforhodamine
B (SRB) experimental results indicated that the BAI-LP could achieve better anti-tumor effects than free BAI. The results of the
experiment demonstrated that BAI-LP had a better antitumor effect with a higher inhibition rate of 66.34 ± 15.33% than free BAI
with a inhibition rate of 41.89 ± 10.50% by using U14 cervical tumor-bearing mice model. In conclusion, the study suggested that
BAI-LP would serve as a potent delivery vehicle for BAI in future cancer therapy.

1. Introduction

Liposomes are microscopic vesicles which were originally
found by British scholar Bangham et al. and composed of one
ormore lipid bilayers arranged in a concentric form enclosing
an equal number of aqueous compartments [1]. Since the
1970s, researchers have begun to use it as a drug carrier for
clinical diagnosis and treatment [2]. The main compounds
of liposomes are phospholipid molecules and cholesterol.
Liposomes can encapsulate both hydrophilic and lipophilic
drugs. Basically, the lipophilic drugs have higher tendency
to be entrapped in the lipid bilayers of liposomes. However,
the hydrophilic drugs may be entrapped inside the aqueous
cores of liposomes or located in the external water phase [3].
Liposomes can be divided into conventional, stealth, ligand-
targeted, long-release, triggered-release, and long-circulating
nanoliposomes based on different functions [4]. Liposomes

have already been used in clinical treatments as carriers of
anticancer drugs. In addition, an efficient enhanced perme-
ability and retention (EPR) effect-based passive targeting of
liposomes has been achieved.The EPR effect provides a great
chance for passive targeting of liposomal anticancer agents
into the tumor tissue, and this phenomenon has been widely
observed in many solid tumors [5, 6]. For example, Doxil is
a kind of liposome used in clinical treatments which is used
to entrap doxorubicin [7–9].TheDoxil formulation enhances
the anticancer activity of doxorubicin by EPR effect [10, 11]. At
present, there are a lot of methods to prepare liposomes, such
as thin film hydration method, ethanol injection method,
freeze-drying method, ether injection method, and reverse
phase evaporation method. [12]. In particular, thin film
hydration method is most widely used and very suitable to
encapsulate lipophilic drugs.
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Figure 1: Transmission electronic microscopic images of liposomes. (a) LP; (b) BAI-LP.

BAI, a major constituent of Scutellaria baicalensisGeorgi,
has a variety of pharmacological effects such as antivirus,
antibacterial, and anticancer [13]. According to previous
studies, BAI is a very promising and attractive drug in
treatment of bladder cancer [14]. Our research group has
conducted years of researches on anticancer effects and
mechanisms of BAI. The research results indicated that U14
cervical carcinoma cells and HeLa cells can be significantly
inhibited by BAI. Toxicology tests showed that BAI could
not lead mice to death even at the maximum tolerated dose.
Though BAI has antitumor effects, the deficiencies such as
low bioavailability and poor absorptions limited its clinical
applications [15]. If encapsulated in liposomes, BAI will be
easily absorbed by the human body due to the similarities
between the bilayer of liposomes and biological membranes.
Thus the bioavailability and the toxic side effects of BAI will
be improved or reduced, respectively [16]. The object of this
studywas to improve bioavailability of BAI by preparing BAI-
loaded nanoliposomes (BAI-LP) using thin film hydration
method, characterize BAI-LP in terms of morphology, aver-
age size, polydispersity index, zeta potential, EE, and stability,
and explore the antitumor effects of BAI-LP.

2. Materials and Methods

2.1. Materials. Soybean phosphatidylcholine (SPC, AR) and
cholesterol (CHOL, AR) were purchased from AVT Phar-
maceutical Co., Ltd. Baicalein (BAI) (purity ≥ 98%) was
fromXianTianbao Biotechnology Co., Ltd. Dichloromethane
was obtained from Tianjin JingDongTianZheng Precision
Chemical Reagent Factory. Methanol (AR) was purchased
from Tianjin Kai Chemicals Co., Ltd. Methanol (LC) was
from Tianjin Shield Company. Rotary evaporator was from
NobuoLtd. Shanghai, China.UltrasonicCleanerKQ5200was
obtained fromKunshanUltrasonic InstrumentCo., Ltd. TEM
(JEM-100CX/II) was produced by JEOL Ltd., Tokyo, Japan.
TU-1950 UV-visible spectrophotometer was from Beijing
Jingpin Seth Technology Co., Ltd. Zetasizer Nano-90 was

purchased from the Malvern Instruments Ltd. U14 cervical
carcinoma cells were purchased from the Beijing Cancer
Hospital. Kunming mice were obtained from the Laboratory
Animal Center of the Academy of Military Medical Sciences
(China). All procedures involving animals were in accor-
dance with institutional and governmental regulations about
the use of experimental animals.

2.2. Preparation of LP and BAI-LP. A lipid phase was pre-
pared by dissolving accurately weighed quantities of SPC,
CHOL, and BAI in 6mL dichloromethane-methanolmixture
(2 : 1, V/V), in a 25mL recovery flask. The mixture was
removed by rotary evaporation at 40∘C, to form a thin film
of lipids on the wall of the eggplant-shaped bottle. Then
the thin film was purged with nitrogen for 5 minutes. The
lipids film was hydrated with 10mL ultrapure water in the
eggplant-shaped bottle at 60∘C, followed by sonication for 15–
30minutes. 450 nm and 220 nmmembrane filter were used to
filter samples to obtain yellowish BAI-LP. Likewise, LP with
Pan-blue light was obtained.

2.3. Characterization of LP and BAI-LP. The size, PDI, and
zeta potential of LP and BAI-LP were determined using
dynamic light scattering (DLS) techniques with a Zetasizer
Nano-90 instrument at room temperature. The PDI was
determined to check the level of homogeneity of particle size.
The morphology of LP and BAI-LP was observed by TEM.
A droplet of LP or BAI-LP was placed on a copper grid
with carbon film for 10 minutes, followed by removal of the
excess fluid with filter paper and then dried for 1 h at room
temperature before examination on TEM.

2.4. Determination of Entrapment Efficiency and Drug Load-
ing. The BAI was dissolved in a mixed solvent of ultrapure
water and methanol (1 : 2, V/V) to obtain a concentra-
tion of 100 𝜇g/mL, and then the mixture was successively
diluted to 50 𝜇g/mL, 25 𝜇g/mL, 12.5 𝜇g/mL, 6.25 𝜇g/mL, and
3.125 𝜇g/mL for standard curve. BAI detectionwas performed
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Figure 2: (a) Size distribution of LP; (b) size distribution of BAI-LP.
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Figure 3: UV-visible absorption spectra of BAI solution.

using an UV-visible spectrophotometer at a wavelength of
275 nm.

Separation of unentrapped drug from the liposomes
was carried out by ultracentrifugation method. Appropriate
amount of BAI-LP was placed in polycarbonate centrifuge
tubes and centrifuged at 50,000×g for 40 minutes at 4∘C.
Subsequently, 1mL of free BAI solution was transferred into
a new centrifugal tube, and then 2mL of methanol was
added into this tube. The BAI detection was performed as
described above. Its concentration was calculated according
to the linear regression equation. EE and drug loading (DL)
were calculated by using the following [17]:

EE% =
(𝑊total −𝑊free)

𝑊total
× 100%,

DL% =
(𝑊total −𝑊free)

𝑊lipids
× 100%,

(1)

where 𝑊total is the analyzed weight of the drug in the
dispersions and 𝑊free is the analyzed weight of free drug in
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Figure 4: Release profiles in vitro of free BAI and BAI-LP. (𝑛 = 3).

the supernatant and 𝑊lipids is the total weight of the lipid
content.

2.5. Drug Release In Vitro Study. The dialysis method was
used to detect the in vitro release of BAI from liposomes.
Briefly, 2mL of free BAI and BAI-LP was added into the
dialysis bags (molecular weight cutoff 3500), respectively.The
dialysis bags were incubated in 40mL PBS (pH 7.4) using
a rotational speed of 100 rpm at 37∘C. At predetermined
time intervals, 2mL of incubation medium was removed
and the same volume of PBS (pH 7.4) was added. In the
end, BAI detection was performed using an UV-visible
spectrophotometer at a wavelength of 275 nm.

2.6. Stability of Liposomes. The LP and BAI-LP were eval-
uated for chemical and physical stability in the storage
condition at 4∘C for 4 weeks. The liposome samples were
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Figure 6: Anticancer effects of LP, free BAI, and BAI-LP. All values
are expressed as mean ± SD (𝑛 = 6).

withdrawn at 2 weeks and 4 weeks, respectively, and charac-
terized by the changes in average size, PDI, zeta potential, and
EE [18].

2.7. Anti-Tumor Effects Assay In Vitro. In vitro, antitumor
effects of LP, free BAI, and BAI-LP were evaluated by SRB
colorimetric assay [19]. Briefly, HeLa cells were plated in 96-
well plates at a density of 10,000 cells/well and cultured for
24 h. Then, the cells were treated with 50 𝜇L PBS, 50 𝜇L LP,
50𝜇L free BAI (100 𝜇g/mL), and 50 𝜇L BAI-LP (100 𝜇g/mL)
for 12 h, 24 h, 36 h, and 48 h, respectively. Afterward, the
cells were fixed with cold trichloroacetic acid and dried at
room temperature. The cells were then stained with 0.4%

SRB for 30min and 1% acetic acid was used to wash the
excess dye. 10mM Tris base solution was used to dissolve the
bound dye and then the absorbance was determined using a
Thermo scientificmultiskan FCmicroplate photometer at the
wavelength of 540 nm (𝑛 = 6).

2.8. Determination of Tumor Inhibition Rate In Vivo

2.8.1. U14 Mouse Cervical Carcinoma-Bearing Solid Tumor
Model. To investigate the antitumor efficacy of free BAI
and BAI-LP in vivo, we established the cervical carcinoma
xenograft model through transplantation of the U14 cell
line into female Kunming mice. Under the sterile condition,
0.3mL of U14 cells (1 × 106 cells/mL) was injected into the
forelimb per mouse.

2.8.2. Groups and Treatment Scheme of Experimental Animals.
The successfully vaccinated mice were divided into 4 groups,
8 for each group, and were named as follows: negative control
group—intravenous administration of LP, 0.3mL; Positive
control group—intragastric administration of 80mg/kg BAI,
0.2mL (our previous studies showed that this dose of BAI
which was used for intragastric administration had obvi-
ous inhibitory effect on tumor growth); free BAI group—
intravenous administration of 1mg/kg free BAI, 0.3mL; BAI-
LP group—intravenous administration of 1mg/kg BAI-LP,
0.3mL; the mice were given the above-mentioned agents for
15 days.

2.8.3. Tumor Inhibition Rate. On the 16th day, the mice were
sacrificed. Afterward, the tumor tissues taken from the mice
were weighed to detect inhibition rates. Inhibitory rates were
calculated according to the following:

Inhibition rate =
(negative group tumor mass − experimental group tumor mass)

negative group tumor mass
× 100%. (2)

2.9. Statistics. Data analyses were performed usingGraphpad
Prism 5 software and the results were shown as mean ±
standard deviation. One-way ANOVA was used to evaluate
the differences between groups, and 𝑝 < 0.05 was considered
as statistically significant.

3. Results and Discussion

3.1. Physical and Chemical Properties of LP and BAI-LP. LP
and BAI-LP prepared by the thin film hydrationmethodwere
found to be a mildly translucent liposomal suspension. We
first explored the optimal conditions for preparation of LP
and BAI-LP in terms of components of BAI, cholesterol, and
SPC; we found that the appropriate ratio of cholesterol to SPC
(w/w)was 1 : 4 and that the optimal ratio of drug to SPC (w/w)
was 1 : 8. Likewise, the optimal temperature for film-forming
and hydration was 40∘C and 60∘C, respectively. Based on the
above conditions, we successfully prepared LP, Pan-blue light
suspension, and BAI-LP, yellowish suspension.

3.1.1. The Morphology of LP and BAI-LP. The images in
Figure 1 showed that the liposome nanoparticles were clearly
separated from each other. The shape of the LP and BAI-
LP was spherical with smooth surface. Furthermore, the
obvious lipid bilayer of the LP and BAI-LP can be seen clearly.
However, there were obvious changes between LP and BAI-
LP in the morphology. Figure 1(a) showed that the inside of
LP is blank. Figure 1(b) showed the inner black dots and the
outer darker ring in BAI-LP corresponding to BAI and the
phospholipids’ vesicles, respectively [20].

3.1.2. The Size, PDI, and Zeta Potential of LP and BAI-LP.
The results of DLS analysis were presented in Figure 2. The
average size of LP was 166.9±0.43 nm (PDI 0.19±0.012) with
no obvious aggregation. Similarly, the average size of BAI-LP
was 194.6 ± 2.08 nm (PDI 0.17 ± 0.025). Notably, the average
size and the size distribution of BAI-LP are much smaller
than those of BAI-LP prepared by diethyl ether injection
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Figure 7: Images of HeLa cells incubation with PBS (control), free BAI, and BAI-LP.

method [14].The PDI was determined to examine the level of
uniformity of particle size. Hence, the above results indicate
that the particle size of LP and BAI-LP was uniform, which
may prevent the agglomerations.

Zeta potential measurements showed that the surface
charges of LP andBAI-LPwere−18.23±0.25mVand−30.73±
0.41mV (𝑛 = 3), respectively. A large zeta potential could
prevent the agglomerations between liposome particles and
thus maintained their nanoscaled morphology.

3.1.3. Drug Entrapment Efficiency and Drug Loading of BAI-
LP. Known quantities of BAI were added into ultrapure
water and methanol mixed solvent (1 : 2, V/V), and then the
resultant samples were analyzed by UV-visible spectropho-
tometer. The absorption measurement showed that BAI
concentration was linear over the range of 3.125–50 𝜇g/mL
with a regression equation: 𝑌 = 69.4069𝑋 + 0.5699. The
correlation coefficient was 0.9827. The UV-visible absorption
spectra of BAI solution are shown in Figure 3.
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The concentration of free BAI was calculated according
to the linear regression equation. The final entrapment
efficiency of BAI-LP was 44.3 ± 2.98%, which was similar
to previous report [14]. Compared with published data
on liposomal drug delivery systems of herbal extracts or
compounds from herbal origin, the entrapment efficiency
was satisfactory.Thedrug loading of BAI-LPwas 4.41±0.02%.

3.1.4. Drug Release In Vitro Study. The release behaviors of
BAI from the liposomes in vitro were shown in Figure 4. The
release profiles of BAI-LP contained two stages including an
initial stage of relatively large burst effect and a slower release
stage. As shown in Figure 4, the free BAI exhibited the fastest
release rate andmore than 92% BAI was released within 48 h.
However, the release rate of BAI-LP was 65% within 48 h
which was less than that of free BAI.Thus a drug depot effect
could be achieved by the liposomes. The BAI-LP showed a
more stable state and slow drug release in 48 h.

3.1.5. Stability of Liposomes. Stability of LP and BAI-LP
was important from the nanomedicine point of view. The
agglomerations between liposomeparticles and the leakage of
the encapsulated drug may occur, when liposomes were kept
for a long time. In this study, no remarkable agglomerations
or leakage for BAI-LP was observed in the storage condition
at 4∘Cafter 2 and 4weeks. No obvious changes in average size,
PDI, zeta potential, and EE for LP and BAI-LPwere observed.
In particular, the average size of LP was about 170 nm after 2
and 4 weeks. Similarly, the average size of BAI-LP was about
190 nm and 96% of drug was entrapped (Figure 5).

3.2. Antitumor Effects Assay In Vitro. The antitumor effects
of LP, free BAI, and BAI-LP in vitro were investigated. SRB
assay revealed the time-dependent antitumor effects of LP,
free BAI, and BAI-LP. As shown in Figure 6, the HeLa cells
treated with LP exhibited 1.02±3.43%, −0.02±1.85%, −3.27±

3.48%, and −0.08 ± 2.37% cell inhibitory rates at 12 h, 24 h,
36 h, and 48 h, respectively. Hence, the LP had no effect on
the growth of cancer cells. The HeLa cells treated with free
BAI (66 𝜇g⋅mL−1) exhibited 9.52 ± 4.46%, 25.24 ± 7.24%,
45.38 ± 1.71%, and 50.90 ± 1.17% cell inhibitory rates at 12 h,
24 h, 36 h, and 48 h, respectively. The HeLa cells treated with
BAI-LP (66𝜇g⋅mL−1) exhibited 6.15 ± 5.34%, 32.61 ± 3.71%,
51.19 ± 4.85%, and 52.77 ± 2.19% cell inhibitory rates at
12 h, 24 h, 36 h, and 48 h, respectively. Notably, compared to
the free BAI, BAI-LP enhanced tumoricidal effect at 24 h,
36 h, and 48 h. The anticancer effect of BAI was improved by
entrapping BAI into liposomes. However, the inhibitory rates
of BAI-LP were lower than free BAI at 12 h. This may be due
to the action of liposome, which has the slow-released drug
effect. As shown in Figure 7, more dead cells were observed
in the treatments of free BAI and BAI-LP, which conformed
that BAI can inhibit the tumor cells growing. The antitumor
effect of BAI-LP was most remarkable. The high inhibition
rates of BAI-LP are probably due to the reason that the lipid
bilayers of liposomes can improve drug permissive into the
cell membrane and eventually enhance the penetration of
drugs.

3.3. Tumor Inhibition Rate. On the third day after inoculation
of U14 cervical cancer cells, tumors grewwell atmice armpits,
indicating that the vaccination was successful and the success
rate was 100%. Figure 8 showed the photographs of the
representative tumor tissues isolated from tumor-bearing
mice after 15-day treatments. The tumors inhibition rate of
eachmouse groupwas calculated according to (2).The results
are shown in Figure 9 and Table 1. The BAI-LP group had the
similar inhibitory effect on tumor growth with the positive
control group. Obviously, BAI-LP improved the inhibition
rate compared with free BAI group (𝑝 < 0.01). This may
be related to the fact that BAI-LP showed a more stable
state and slow drug release. Hence, BAI-LP could release
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Table 1: The tumors inhibition rate of each mouse group (𝑛 = 8).

Group Positive control Free BAI BAI-LP
Inhibition rate (%) 60.90 ± 10.05 41.89 ± 10.50 66.34 ± 15.33
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Figure 9: Histogram of inhibition rate of mice in each group.
Compared with positive group, ∗𝑝 < 0.05. Compared with free BAI
group, ##𝑝 < 0.01 (𝑛 = 8).

drug slower than free BAI to achieve a better therapeutic
effect. Moreover, liposomes not only improve the solubility
of BAI but also enhance the absorption due to the similarities
between the bilayer of liposomes and biological membranes.
Furthermore, the pores in tumor endothelium were larger
than 100 nm, while the spaces in endothelial junctions of
normal vessels were 5 nm to 10 nm in size. Hence, the BAI-
LP with 194.6 ± 2.08 nm could reduce rapid clearance and
prolong time of blood cycle to reach tumor tissues.

4. Conclusion

As is demonstrated above, the thin filmhydrationwas a useful
method to prepare highly dispersed nanoscaled BAI-loaded
nanoliposomes, which had a smaller particle size of distinct
spherical vesicles with narrow distribution and a similar EE
of BAI compared with diethyl ether injection method in
previous studies. The uniform particle size and the large
zeta potential of LP and BAI-LP prevent the agglomerations
between liposome particles and stabilize for at least 4 weeks.
The tumor inhibition rate of BAI-LP was much higher than
BAI’s in vitro and in vivo. Hence, the study suggests that BAI-
LP may serve as a promising approach for cancer therapy.
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Curcumin, a natural chemical compound found in Curcuma longa, has been applied in multiple medicinal areas from antibiotic to
antitumor treatment. However, the chemical structure of curcumin results in poor stability, low solubility, and rapid degradation
in vivo, hindering its clinical utilization. To address these issues, we have developed a novel niosome system composed of nonionic
surfactants: Span 80, Tween 80, and Poloxamer 188. Curcumin was encapsulated in the niosomes with a high entrapment efficiency
of 92.3±0.4%.This system provided controlled release of curcumin, thereby improving its therapeutic capability. Dynamic dialysis
was conducted to evaluate the in vitro drug release of curcumin-niosomes. Curcumin-niosomes exhibited enhanced cytotoxic
activity and apoptotic rate against ovarian cancer A2780 cells compared with freely dispersed curcumin.These results demonstrate
that the curcumin-niosome system is a promising strategy for the delivery of curcumin and ovarian cancer therapy.

1. Introduction

Curcumin (C
21
H
20
O
6
) is a natural yellow compound typi-

cally found in Curcuma longa that is regarded as a natural
polyphenolic antioxidant presented in many kinds of herbs
[1]. Curcumin has been exhibited multiple therapeutic rele-
vance including anticancer, anti-inflammatory, antioxidant,
antimicrobial, antirheumatic, and hepatoprotective activities
[2]. In particular, the anticancer property of curcumin is
responsible for the downregulation of a variety of transcrip-
tion factors such as AP-1, NF-𝜅B, and 𝛽-catenin [2, 3]. Its
anticancer, anti-inflammatory, antiangiogenic, antineoplas-
tic, and chemosensitizing effects make it a potent candidate
in the treatment for multiple types of cancer [4, 5]. In
spite of the well-received pharmacological properties, the
therapeutic application of curcumin has been impeded by its
shortcomings such as low aqueous solubility at acidic and
physiological pH and its degradability in alkaline conditions
[1, 6]. In addition, poor absorption and rapid metabolism

of curcumin severely limit its bioavailability [7]. As a result,
researchers have been exploring methods for the effective
delivery of curcumin with novel formulations including
liposomes [8],micelles [9], conjugates [10], nanoparticles [11],
and nanoglobules [12].

Recent developments of nanotechnology and nanomedi-
cine have generated many promising drug delivery systems
[13–15]. Niosomes are nonionic surfactant vesicles with a
bilayer structure, which have been used to deliver various
drug elements including chemotherapeutic agents, genes,
hormones, antigens, and peptides [16, 17]. Niosomes share
some similarities with liposomes but are composed of non-
ionic surfactants such as Span 80, Span 60, Span 40, Span 20,
Tween 80, and Pluronic 188 instead of phospholipids used
in liposomes [18, 19]. Typically, niosomes are produced from
two main components: nonionic surfactants and additives
[20]. While nonionic surfactants serve as the vesicular layer,
the additives such as cholesterol act to enhance the rigidity
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of the bilayer. This carrier system provides protection of
the drug molecule from degradation and inactivation caused
by immunological and pharmacological effects. Similar to
liposomes, niosomes exhibit superior cellularmembrane per-
meation via osmosis and provide excellent biocompatibility
due to their cell membrane-like components. In addition,
niosomes surpass liposomes through low production cost
and room-temperature chemical storage requirements. In
recent years, niosomes are becoming increasingly accepted
as an alternative method of drug delivery to liposomes,
particularly for drugs with poor stability, low solubility, or
rapid degradation [17]. For instance, candesartan cilexetil, a
commercially marketed compound that has low bioavailabil-
ity (15%), was loaded inside niosomes composed of Pluronic
P85 and Span 60. The niosomes significantly enhanced
aqueous solubility and oral bioavailability [21].

The present study seeks to effectively deliver curcumin
to tumor sites using niosomes composed of nonionic sur-
factants Tween 80 and Pluronic 188, in order to improve the
solubility and the therapeutic effects of curcumin. The syn-
thesis of curcumin-loaded niosomes (curcumin-niosomes)
and the physicochemical properties in terms of particle size,
zeta potential, and in vitro drug release were investigated.
Furthermore, the in vitro cytotoxicity and therapeutic effects
against human ovarian cancer A2780 cell line were evaluated.

2. Material and Methods

2.1. Materials. Poloxamer 188 was purchased from BASF SE
(Germany). Span 80 and Tween 80 were obtained from
Damao Chemical Reagent (Tianjin, China). Poloxamer 188
was obtained from BASF SE (Germany); sodium dodecyl
sulfate (SDS) was purchased from Beyotime Biotechnology
(Jiangsu, China). Sephadex G50 was obtained from Seebio
Biotechnology Co., Ltd. (Shanghai, China). Curcumin was
purchased from Huabiao Biotechnology Co., Ltd (Tianjin,
China). DMEM culture medium, fetal bovine serum (FBS),
penicillin-streptomycin (PS), phosphate-buffered saline
(PBS), 0.25% (w/v) trypsin/EDTA, propidium iodide (PI),
and Hoechst 33342 were obtained from Life Technologies
(Grand Island, USA). 3-[4,5-Dimethyl-2-thiazolyl]-2,5-
diphenyl tetrazolium bromide (MTT) was obtained from
Sigma Aldrich (St. Louis, MO, USA). All water used was
pretreated with a Milli-Q apparatus (Millipore Corporation,
Darmstadt, Germany). All other chemicals used were of
analytical grade.

2.2. Preparation of Curcumin-Niosome. Curcumin-niosomes
were prepared using solvent evaporation. A mixture of
surfactants (0.05 g of Span 80, 0.05 g of Poloxamer 188, and
0.15 g of Tween 80, in a weight ratio of 1 : 1 : 3) was accurately
measured and dissolved in 100 𝜇L of anhydrous ethanol.
Curcumin (3.75mg) was added to the surfactant solution and
mixed thoroughly by ultrasonication andwas vortexed at 40–
50∘C such that clear claret-colored miscible substance was
obtained. The resultant substance was added drop by drop
into 25mL preheated (75–80∘C) distilled water. The solution
was then mixed via magnetic stirring so that the surfac-
tants were completely dissolved. The hydration process was

conducted by stirring the solution for 20–30min at 40–50∘C
and the curcumin-niosomes were gradually formed. The
niosomes were homogenized under various high-pressure
settings to improve niosome nanodispersity while avoiding
sample contamination [22].

2.3. Characterization of Curcumin-Niosome

2.3.1. Particle Size and Zeta Potential. The average particle
size and zeta potential of curcumin-niosome were deter-
mined using dynamic light scattering (DLS) Zetasizer using
Zetasizer Nano ZSP system (Malvern Instruments, Worces-
tershire, UK) at 25∘C. Diameter, particle dispersion index
(PDI), and zeta potential were obtained based on at least
three measurements. The morphology of curcumin-niosome
was examined using a transmission electron microscopy
(TEM) (JEM-1400, Japan). The sample was deposited on
an amorphous carbon-coated copper grid and stained with
the phosphotungstic acid solution (2%, w/v) for 30 s. TEM
images were performed at an accelerating voltage of 120 kV.

2.3.2. Drug Encapsulation Efficiency (EE%). The EE% of cur-
cumin in niosomes was determined using size exclusion
chromatography. Microcolumn gel was produced by filling
and hydrating Sephadex G50 superfine beads in a 5mL
syringe (filled to 2.2 cm). The microcolumn gel was dehy-
drated to approximately 0.7mL by centrifugation for 2min
at a rotational speed of 900 rpm, forming a 2.0 cm micro-
column.The sample (100 𝜇L) was added to the microcolumn
and centrifuged for 2min (900 r/min) to dehydrate the whole
100 𝜇L sample.Thiswas followed by repeated eluted processes
of 100 𝜇L distilled water under the same conditions. The
eluate was collected and the niosome concentrations were
determined with liquid phase assay. The EE% of curcumin in
curcumin-niosomes was calculated by applying the following
equation:

EE% =
(𝑊initial −𝑊free)

𝑊initial
. (1)

2.3.3. In Vitro Drug Release. The release assay was performed
to assess the amount of curcumin released from niosomes
vesicles. In vitro drug release of curcumin-niosomes was
determined using dialysis membrane processing [23].
Curcumin-niosomes (5mL) were placed into a preswelled
dialysis bag with a molecular weight cut-off at 8,000 Dalton
and curcumin was allowed to release into medium composed
of 0.5% of SDS. The medium was incubated at 37∘C and
mixed at 100 rpm. Medium samples (2mL) were collected
after 1, 2, 4, 6, 8, 10, 12, and 24 h of incubation. Each collected
sample was replaced with 2mL of fresh medium. The
medium samples were promptly filtrated and analyzed using
HPLC with a C18 reverse-phase liquid chromatography
column (250 × 4.6mm) at a flow rate of 1mL/min at the
maximum absorption wavelength of 426 nm to determine
the concentration of released curcumin. The mobile phases
consisted of acetonitrile/0.1% acetic acid (60/40, v/v). Each
experiment was repeated in triplicate.
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Figure 1: Particle size, zeta potential, and TEM image of curcumin-niosome.

2.4. Cell Lines and Cell Culture. Human ovarian cancer
A2780 cells were obtained from KeyGen Biotech (Nanjing,
China). The cells were cultured in DMEM with 10% (v/v)
heat-inactivated FBS and antibodies (100U/mL penicillin,
100 𝜇g/mL streptomycin) at 37∘C. The cells were cultured in
an incubator with a 5% CO

2
atmosphere at 37∘C under 5%

CO
2
.

2.5. Cellular Uptake Study. The native green fluorescence of
curcumin and curcumin-niosomes was used to determine
cellular internalization in A2780 cells using flow cytometry
[24]. A2780 cells were incubated with free curcumin and
curcumin-niosomes at a concentration of 12.5 𝜇M. After
incubation for 1, 2, and 4 h, the medium was removed and
the cells were carefully washed three times with PBS. The
cells were then removed using trypsin and were subsequently
washed twice with PBS. The intracellular curcumin fluores-
cence was quantified with flow cytometry (FACScan, BD, San
Jose, CA) [25]. A total of 10,000 cells were collected, ampli-
fied, and scaled to generate a single parameter histogram.

2.6. Cell Viability Assay. A2780 cells were seeded in 96-well
plates at a density of 5,000 in 100 𝜇L of medium per well.
When reaching approximately 80% confluence, the cells were
treated with a series of concentrations of free curcumin and
curcumin-niosomes for 24 h, respectively. Cell viability was
determined with MTT assay, where the cells were incubated
with medium containing 1mg/mL of MTT for 4 h, followed
by dissolving formazan crystals in 100 𝜇L of DMSO. Cell
viability was evaluated using a 570 nm microplate reader
(SpectraMax M5, Molecular Devices, USA). The results were
analyzed according to three independent biological repli-
cates.

2.7. Cell Cycle Analysis. The cell cycle distribution was evalu-
ated as previously described [26]. A2780 cells (2.0 × 105 cells)
were treated with free curcumin, blank niosomes without

curcumin, and curcumin-niosomes, respectively, and incu-
bated for 24 h. These cells were then harvested, washed twice
with PBS for 5min by centrifugation, and fixed in 70%
ethanol at −20∘C overnight. The collected cells were stained
with 100𝜇L of PI stain solution (30 𝜇g/mL PI, 8 𝜇g/mL
RNase) for 30min while protected from light. Analysis was
conducted using a flow cytometer (BD FACSCanto�, BD
Biosciences, San Jose, USA). The cell distributions in phases
of SubG1, G0/G1, S, and G2/M were calculated using ModFit
LT software (version 3.0, Verity, USA). The results were
analyzed based on three independent replicates.

2.8. Assessment of Apoptosis. An Annexin V FITC/PI apop-
tosis detection kit (BD Biosciences) was used to detect
cell apoptosis. A2780 cells were exposed to 12.5 𝜇M of free
curcumin and curcumin-niosomes. After incubation for 24 h,
A2780 cells were trypsinized with EDTA-free trypsin and
collected by centrifugation, washed twice with cold PBS, and
gently resuspended in a binding buffer.The cells were stained
with 5 𝜇L of Annexin-FITC and 5 𝜇L of PI in the dark for
15min, after which they were analyzed with a flow cytometer
(BD Biosciences). All experiments were conducted in tripli-
cate.

2.9. Statistics. The results were expressed as the mean ±
SD. Each value is the mean of at least three independent
experiments in each group. Statistical analysis was performed
using Student’s t-test. A significance value of 𝑝 < 0.05 was
used to indicate significant difference.

3. Results

3.1. Characterization of Curcumin-Niosome. The curcumin-
niosomes were successfully prepared. TEM image showed
that curcumin-niosomes had homogeneous spherical shapes
and smooth surfaces without aggregation (Figure 1). The
diameters of the blank niosomes and the curcumin-niosomes
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Figure 2: Drug release profile of curcumin-niosome in 24 h.

decreased as the pressure of the applied homogenization
increased. Interestingly, the diameter and zeta potential of the
curcumin-niosomeswere smaller than those of the blank nio-
somes under the same pressure of homogenization (Figure 1).
Two reasons may be responsible for this phenomenon. First,
curcumin is believed to bind with the lipophilic segments of
surfactant, resulting in a more compact curcumin-niosome
structure and particle size. This may be due to a favorable
lipid-soluble associative region provided by the surfactants.
Second, the potential of blank niosomes fluctuated around
30mV, which was related to the high-strength friction during
the process of pressure homogenization. However, when
curcumin was loaded, the potential value of the particles was
slightly decreased, which may be due to the free curcumin
distributed in the water phase or potential diffusion layer.The
DLS analysis revealed that the mean diameter of curcumin-
niosomes was 84.15 ± 4.03 nm at the homogenization pres-
sure of 800 bar with the drug EE% of 92.3%, indicating the
successful loading of curcumin into niosomes. The size of
the niosomes is appropriate for tumor specific accumulation
via the enhanced permeability and retention (EPR) effect
[27]. Additionally, after niosome storage at 4∘C for over 3
months, there was less than 20 nm size increase, suggesting
that curcumin-niosomes were stable over storage.

3.2. In Vitro Drug Release Profile. The in vitro release profile
of curcumin was investigated via dialysis. The in vitro release
behavior of curcumin-niosomes is shown in Figure 2. The
release of curcumin from niosomes exhibited a biphasic pat-
tern of constant sustained release after the initial burst. The
burst release rate reached 45% within 6 hours of treatment
and decreased thereafter. After 24 h, the accumulated release
of curcumin from niosomes reached 80%, suggesting that
niosomes provide excellent release from the carriers.

3.3. Cellular Uptake. The uptake of free curcumin and cur-
cumin-niosomes was investigated using flow cytometry.
Figure 3 shows the mean fluorescence intensity of A2780
cells treatedwith either free curcumin or curcumin-niosomes
(12.5 𝜇M) at different incubation times (1, 2, and 4 h). After
1 h of incubation, there is no distinction of cellular uptake
between the free curcumin group and curcumin-niosomes
group. However, extended incubation periods for 2 and 4 h
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Figure 3: Quantification of cellular uptake of curcumin and
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showed significant increases of curcumin uptake compared
to that of freely dispersed curcumin by A2780 cells. The
intracellular levels of curcumin for the curcumin-niosomes
group were 1.40-fold and 1.43-fold higher than those of the
free curcumin group at 2 h and 4 h, respectively.

3.4. In Vitro Cytotoxicity of Curcumin-Niosome. Thecytotox-
icity of curcumin-niosomes in the human ovarian can-
cer A2780 cell line after 24 h of incubation was assessed
with MTT assay. Compared with free curcumin, curcumin-
niosomes exhibited significantly higher cell killing rates at all
of the tested concentrations (Figure 4). Approximately 50%
of cells survived after treatment with 12.5 𝜇M of curcumin-
niosomes for 24 h, whereas more than 90% of cells were
alive after incubation with free curcumin for 24 h. The
cytotoxicity of curcumin-niosomeswasmore potent (killed>
80% cells) when higher concentration of curcumin was
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Figure 5: Cell cycle arrest induced by curcumin-niosomes.

used (25 𝜇M), while free curcumin killed only 20% of
the cells. Compared to free curcumin, curcumin-niosomes
exhibited remarkable cytotoxicity, which is likely due to
improved aqueous curcumin solubility and enhanced cellular
uptake.

3.5. Cell Cycle Arrest. The growth inhibition mechanisms of
curcumin-niosome in ovarian cancer A2780 cells were inves-
tigated using cell cycle analyses. Analyses were performed
on A2780 cells after 24 h of drug incubation using flow
cytometry (Figure 5). The blank niosomes and control group
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displayed similar cell cycle distribution, while curcumin-
niosomes increased the fraction of cells in S phase. The
enhanced effect was observed to be 43.74% in the cells treated
with 12.5𝜇M of curcumin-niosomes and was 55.72% in the
cells treated with equivalent concentration of free curcumin
(Figure 5). This suggests curcumin-niosomes significantly
arrest the cell cycle of ovarian cancer cells at S phase.

3.6. Proapoptotic Effects. Induction of apoptosis is an effec-
tive strategy used in cancer chemotherapy. It was previously
reported that curcumin was capable of inducing apoptosis in
ovarian cancer cells [2]. In order to investigate the proapop-
totic effect of curcumin-niosomes, the curcurmin-niosomes
induced apoptosis was characterized by Annexin V/PI dual
staining. For early apoptotic cells, phosphatidylserine (PS)
turns from the inner side of the cell membrane to the outer
leaflet, which is an important indication of early apoptosis
[28]. SinceAnnexinVhas a high affinity to PS, early apoptotic
cells can therefore be detected by Annexin V staining [29].
As shown in Figure 6, the apoptotic rate of A2780 cells after
24 h treatment was 2.5% and 4.65% in the control and blank
niosome group, respectively, while free curcumin (12.5 𝜇M)
induced A2780 cell apoptosis at a ratio of 12.85% and the
curcumin-niosomes (12.5 𝜇M) induced an apoptotic ratio of
42.7%. These results indicate that the curcumin-niosomes
induced apoptosis more effectively than the freely dispersed
curcumin.

4. Discussion

Ovarian cancer is one of the leading causes of death in gyne-
cological malignancies. Yet, the successful treatment of this
cancer remains elusive accounting for several impediments
including a lack in early diagnosis due to a symptomless early
state, a high incidence of recurrence, and chemoresistance
[30, 31]. The development of effective therapeutic agents for
ovarian cancer therapy remains a key goal of current cancer
therapy research. Curcumin has garnered increased interest
due to its multiple bioactive effects including antiapoptosis,
anti-inflammation, antiangiogenesis, and chemosensitivity.
However, the poor aqueous solubility and rapid metabolism
of curcumin have greatly impeded its clinical usage [1, 6].
Moreover, curcumin suffers from self-degradation even in the
dark at physiological pH, while it is also photodegradable due
to its light sensitivity in phosphate buffer (pH 7.4) [32]. To this
end, various particles, such as biocompatible and biodegrad-
able liposomes, have been used to improve the stability of
curcumin and ferry curcumin to cancer cells. Karewicz et al.
prepared curcumin-loaded liposomes consisting of dihexyl
phosphate (DPH), egg yolk phosphatidylcholine (EYPC),
and cholesterol by the film evaporation technique, allowing
curcumin to be soluble in the lipophilic bilayer owing to
its lipophilicity. EYPC/DPH/cholesterol liposomal bilayer
enabled improving the stability of curcumin and served as a
favorable carrier for curcumin [33].

Niosomes are nonionic surfactant vesicles composed of
nonionic surfactants such as Span 80, Span 60, Span 40, and

Span 20, Tween 80, Pluronic 188, cholesterol, and Cremophor
RH40.Niosomes have a similar bilayer structure as liposomes
but are more cost-effective and have better chemical and
storage capabilities owing to the easy derivatization and
versatile vesicular structure of surfactants. Taking advantage
of niosomes, pH-sensitive niosomal formulations composed
of PEG-poly(monomethyl itaconate)-CholC6 and cholesteryl
hemisuccinate were reported to be prepared by an ethanol
injection method and were evidenced to improve the in vitro
effect and to reduce the side effects of the loaded drug [34].

Considering the merits of niosome overwhelming lipo-
some, we constructed a niosome-based system for curcumin
delivery to improve its cytotoxic efficacy. In the present
study, a novel niosome system composed of the nonionic
surfactants, Span 80, Tween 80, and Poloxamer 188, has been
developed. Curcumin was encapsulated in these niosomes
with a high entrapment efficiency of 92.3 ± 0.4%, twice
the reported curcumin-loadedLipo-PEG-PEI complex (45%)
[35]. The DLS analysis revealed that the mean diameter of
curcumin-niosomes was 84.15 ± 4.03 nm at the homoge-
nization pressure of 800 bar and exhibited superior size
compared to other curcumin-loaded liposomes (157 nm for
curcumin-loaded silica-coated flexible liposomes, 132 nm for
curcumin-loaded liposomes coupled with ApoE peptide,
and 207 nm for curcumin-conjugated nanoliposomes) [36–
38]. Curcumin-niosomes with considerable size (84.15 nm)
were expected to accumulate in tumor tissues via enhanced
permeability and retention. Interestingly, the particle size of
curcumin-niosomes was found to be slightly smaller than
its blank niosomes counterpart, which was attributed to the
excellent binding between curcumin’s lipophilic chemical
structures to the lipophilic segments of surfactant. Moreover,
the accumulated release of curcumin from niosomes reached
80% after 24 h, suggesting that niosomes provide excellent
release from the carriers.

The blank niosomes did not induce cytotoxicity on
cells, suggesting the niosomes had high biocompatibility and
were suitable for drug delivery system. Curcumin-niosomes
demonstrated enhanced cytotoxicity and proapoptotic effects
when compared to free curcumin treatment of the A2780
cancer cell line, indicating that niosomes promoted cellular
uptake and the protection of the bioactive, but biochemi-
cally unstable chemical, curcumin. This was evidenced by
increased intracellular levels of curcumin (1.43-fold) through
niosomes-mediated delivery compared to that of freely dis-
persed curcumin after 4 h incubation. Cell cycle analyses
were also performed after 24 h treatment to investigate the
growth inhibition mechanism of curcumin-niosomes. The
analyses demonstrated significant cell cycle arrest at S phase
of ovarian cancer cells treated with curcumin-niosomes, fur-
ther confirming the enhanced apoptotic effects of curcumin-
niosomes.These results demonstrate that niosomes represent
a promising drug delivery system for curcumin in cancer
therapy. In addition, niosomes can be further functionalized
to specifically target tumor sites andprolong circulation in the
body.The in vivo antitumor effects of curcumin-niosomes are
still under investigation and will be the subject in subsequent
studies.
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5. Conclusions

In this study, a novel curcumin-loaded niosomes system was
developed to effectively deliver curcumin for the treatment of
ovarian cancer. It was demonstrated that niosomes provided
a biochemically stable protection and high entrapment effi-
ciency of curcumin.Moreover, curcumin-niosomes exhibited
enhanced cellular uptake, cytotoxic activity, cell cycle arrest,
and apoptotic rate against ovarian cancer A2780 cells. Taken
together, curcumin-niosomes are potential delivery formula-
tions for the treatment of ovarian cancer.
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Solid-self-emulsifying drug delivery system (S-SEDDS) of paclitaxel (Ptx) was developed by the spray drying method with the
purpose of improving the low bioavailability (BA) of Ptx. 10% oil (ethyl oleate), 80% surfactant mixture (Tween 80 : Carbitol, 90 : 10,
w/w), and 10% cosolvent (PEG 400) were chosen according to their solubilizing capacity.Themean droplet size, zeta potential, and
encapsulation efficiency of the prepared S-SEDDSwere 16.9± 1.53 nm, 12.5± 1.66mV, and 56.2± 8.1%, respectively. In the S-SEDDS,
Ptx presents in the form of molecular dispersion in the emulsions or is distributed in an amorphous state or crystalline with very
small size. The prepared S-SEDDS formulation showed 70 and 75% dissolution in 60 and 30min in dissolution medium pH 1.2
and 6.8, respectively. Significant increase (𝑃 ≤ 0.05) in the peak concentration (𝐶max), the area under the curve (AUC0–∞), and the
lymphatic targeting efficiency of Ptx was observed after the oral administration of the Ptx-loaded S-SEDDS to rats (20mg/kg as
Ptx). Our research suggests the prepared Ptx-loaded S-SEDDS can be a good candidate for the enhancement of BA and targeting
drug delivery to the lymphatic system of Ptx.

1. Introduction

Paclitaxel (Ptx) is an anticancer drug that has a diterpenoid
pseudoalkaloid structure and is extracted from the bark of
Western yew, Taxus brevifolia [1, 2]. It is active in metastatic
breast cancer and is under evaluation for the adjuvant and
neoadjuvant treatment of early breast cancer [3, 4]. It has been
approved by the US Food and Drug Administration for the
treatment of ovarian and breast cancer, Kaposi’s sarcoma, and
diverse carcinomas including lung, colon, prostate, head and
neck, cervical, and brain [5–7]. Ptx is practically insoluble in
water with a very low aqueous solubility [2, 8, 9]. It is soluble
in a mixture of Cremophor� EL and anhydrous ethanol
(50 : 50, v/v) [2, 10]. Thereby, the commercial product of Ptx
(i.e., Taxol�, Paxene�) is prepared as parenteral formulation
with the mixture of Cremophor EL and ethanol (50 : 50, v/v)
as solvent. The form needs to be diluted with saline to give a
final concentration of 0.03–0.60mg/mL Ptx right before the
injection. However, Cremophor EL has been associated with
serious side effects and leads to hypersensitivity, nephrotoxi-
city, and neurotoxicity in many patients [2, 11].

In the last years, various efforts have been performed
to develop Ptx oral formulation. Oral administration would
offer advantages over intravenous infusion such as being
more attractive for patients because of its simplicity and
would enable the development of chronic treatment sched-
ules resulting in sustained plasma concentrations above a
pharmacologically relevant threshold level. However, orally
administered Ptx presents a major therapeutic problem,
because of low bioavailability (BA) (<10%) [12]. This effect
is mainly due to its low aqueous solubility and dissolution
as well as its affinity for intestinal and liver cytochrome P-
450 metabolic enzymes (i.e., CYP3A4) and the multidrug
efflux transporter P-glycoprotein (P-gp) which is present
abundantly in the gastrointestinal tract [5, 12]. To overcome
this problem, various formulations have been studied and
developed to enhance the oral BA of Ptx, such as liposome [11,
13–15], microsphere [6, 16], nanocapsule [17], nanoparticle
[7, 18–20], nanosponge [12], and combination with P-gp
inhibitors [5, 21, 22].

Self-emulsifying drug delivery system (SEDDS) has got
much attention of researchers in the last decade. The SEDDS
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is an isotropic mixture of oils and surfactants with or
without cosolvents, which spontaneously forms an oil-in-
water nanoemulsion upon gentle agitation with water. Upon
its introduction into aqueousmedia, it forms fine oil-in-water
emulsions with only gentle agitation such as GI motility,
because the free energy required to create a new surface
between the oil and water is lower than the entropy change
that favors dispersion [23]. In comparison to emulsions,
SEDDS can overcome the emulsion system’s shortcoming in
stability, the large volume required, andmanufacturing prob-
lems associated with their commercial production and can
offer an improvement in the rate and extend the absorption by
maximizing the drug solubility within the primer absorption
site of the gut [24]. Moreover, SEDDS can stimulate the
lymphatic transport, because of lipid-based formulation, and
lipid may enhance the extent of lymphatic transport and
increase the BA directly or indirectly by reducing first-pass
metabolism [23, 25–28]. The lymphatic system is a part
of the circulatory system and plays a crucial role in the
immune system’s recognition and response to the disease.
It is the primary route for spreading cancer cells or viruses
and dissemination infections. Once invaded by cancer cells or
viruses, regional lymph nodes act as reservoirs where cancer
cells or viruses take root and seed into other parts of the body
[29–31]. Thus, the lymphatic system is an important target
site for developing new vaccines, anticancer treatments,
immunotherapeutic agents, and imaging agents.The key step
to successfully prepare a SEDDS is finding a suitable oil
phase (oils, surfactants, and/or cosolvents) that has ability to
dissolve the drug at required therapeutic concentration [25].
However, SEDDS has high surfactant concentrations which
in self-emulsifying formulation irritates the GI tract and
volatile cosolvents migrate into the shell of gelatin capsules,
resulting in precipitation of the lipophilic drugs.

Solid-SEDDS (S-SEDDS) has been investigated as an
alternative approach. S-SEDDS combines the advantages
of SEDDS with those of solid dosage forms. A variety of
methods such as adsorptions to solid carriers, spray drying,
melt extrusion, and nanoparticles technology have been
used for the preparation of S-SEDDS [25, 32]. This study
aimed to prepare and characterize the S-SEDDS by the spray
drying method, because of its simplicity [33] in enhancing
drug efficiency and reducing side effects by improving BA
and targeting intestinal lymphatic delivery of Ptx. We also
evaluated the pharmacokinetic characteristics and lymphatic
targeting efficiency of the prepared S-SEDDS in rats.

2. Materials and Methods

2.1. Materials

2.1.1. Reagents. Ptx was kindly supplied by the Korean
Institute of Science and Technology (KIST) (Seoul, Korea).
Glimepiride was kindly supplied by Sam Chun Dang
Pharm. Co., Ltd. (Seoul, Korea). Olive oil, soybean oil,
isopropyl myristate (IPM), oleic acid, polyoxyethylene sor-
bitan monooleate (Tween 80), Cremophor EL, Carbitol,
and dextran were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Ethyl oleate and polyethylene glycol 400 (PEG

400) were purchased from Fischer Scientific (Fair Lawn, NJ,
USA). Propylene glycol was purchased from Junsei Chemical
Co., Ltd. (Tokyo, Japan). Ethylene glycol and ethanol were
purchased from Dae-Jung (Incheon, Korea). Aerosil 200 was
purchased from Evonik Industry. Normal saline solution
(Choongwae Pharma. Co., Seoul, Korea), heparin sodium
(25,000 IU/5mL, Choongwae Pharm. Co., Seoul, Korea),
phosphate buffered saline (PBS, pH 7.4, Sigma-Aldrich, St.
Louis,MO,USA), 70% ethanol, and dichloromethane (DCM,
Dae-Jung, Incheon, Korea) were used for animal experiments
and sample extractions. High-performance liquid chro-
matography (HPLC) grade water obtained from a Milli-Q
water purification system (Millipore Co., Milford, MA, USA)
was used throughout the study except HPLC assay. HPLC
grade acetonitrile and water (Fischer Scientific, Fair Lawn,
NJ, USA) were used for HPLC assay. All other chemicals and
solvents were of analytical grade or highest quality available.

2.1.2. Instruments. Chemical balance (EL204-IC, Mettler-
Toledo, Greifensee, Switzerland), vortex mixer (G560, Scien-
tific Industries Inc., Bohemia, NY, USA), bath-type sonicator
(Kodo Technical Research Co., Ltd., Hwaseong, Korea),
and spray dryer (SD-Basic, Lab-Plant UK Ltd., Filey, North
Yorkshire, UK) were used for preparation of S-SEDDS.
Particle size analyzer (Scatteroscope-I, Qudix, Seoul, Korea),
zeta potential analyzer (ELS-8000, OTSUKA Electronics,
Osaka, Japan), shaking incubator (BS-11, Jeio Tech Co., Ltd.,
Daejeon,Korea), differential scanning calorimeter (DSC823e,
Mettler-Toledo, Greifensee, Switzerland), and X-ray diffrac-
tometer (X’Pert PRO Multipurpose X-Ray Diffractometer,
PANalytical, Almelo, Netherland) were used for the eval-
uation of the prepared S-SEDDS. For animal experiments
the following instruments were used: pH meter (Seve-
nEasy, Mettler-Toledo, Greifensee, Switzerland), homoge-
nizer (IKA-WERKE, KGD-79219, GmbH & Co., Staufen,
Germany), deep-freezer (DF9014, Il-Shin Lab., Seoul, Korea),
centrifugal evaporator (Model CVE-200D, EYELA, Tokyo
Rikakikai Co., Ltd., Tokyo, Japan), centrifuge (Model 5415C,
Brinkmman Instruments Inc., Westbury, NY, USA), Vacu-
tainer� (K3 EDTA, 13 × 75mm, Becton Dickinson, Mey-
lan, UK), and polyethylene tube (PE-50, Intramedic�, Clay
Adams Co., Parsippany, NJ, USA). HPLC system (Shimadzu
Corp., Kyoto, Japan) consisted of a pump (Model LC-
10ADvp), degasser (model DGU-12A), UV detector (model
SPD-10Avp), system controller (SCL-10Avp), and Shim-Pack
CLC-ODS (M) 15CM column (150 × 4.6mm, 5 𝜇m particle
size).

2.1.3. Experimental Animals. Experimental animals were
managed according to the protocol approved by the Ethical
Review Committee on Experimental Animals of Chonnam
National University, South Korea. Male Sprague-Dawley rats
weighing ∼190–210 g were obtained from Dae Han Biolink
(Eumseong, Korea). Animals were housed separately in a
cage in a ventilated animal roomwith controlled temperature
(19 ± 1∘C) and relative humidity (50 ± 5%), kept on 12 h
light/dark cycle, and provided free access to food (Cheil Food
and Chemical, Incheon, Korea) and water. Rats weighing
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∼240–280 g were used. Prior to the test, the rats were fasted
overnight and had access to water.

2.2. Methods

2.2.1. Preparation of SEDDS

(1) Screening of Oil Phase. Suitable oil, surfactants, and
cosolvents were identified by determining the solubilization
capacities of various oils (olive oil, soybean oil, IPM, ethyl
oleate, and oleic acid), surfactants (Carbitol, Cremophor
EL, Tween 80, Cremophor RH40, and Solutol HS 15), and
cosolvents (PEG 400, ethylene glycol, propylene glycol, and
ethanol) for Ptx, respectively. An excess amount of Ptx was
added to a cap vial containing 500𝜇L of each oil, surfactant,
and cosolvent. After sealing, the mixtures were mixed by
vortexing and heated at 40∘Cusing awater bath and then kept
for 3 days at 37 ± 1∘C in a water shaker to reach equilibrium.
At that time, after centrifuging at 5,000 rpm for 15min to
remove the unsolved Ptx, the supernatants were collected and
recentrifuged. Each supernatant was diluted with a specific
volume of mobile phase and then 20𝜇L was injected into
the HPLC system to determine the solubility of Ptx in each
vehicle [35]. The chosen oil phase was used for further study.

(2) Surfactant Combination Test. Combination study was
conducted to identify the most effective surfactants with
respect to the emulsifying ability of soybean oil, IPM, and
ethyl oleate. Tween 80 and Carbitol were selected for the
combination test based on the results of the screening
of oil phase. As known, each material to be emulsified
requires a surfactant (or a surfactant mixture) with a specific
hydrophilic-lipophilic balance (HLB) number to optimum
emulsification. Use of a surfactant that reaches required HLB
value of the lipid should yield a stable emulsion with a small
and narrow droplet size [36]. The required HLB values of
surfactant (surfactant mixture) for soybean oil, IPM, and
ethyl oleate were reported to be ∼6-7, ∼10–12, and ∼14-15,
respectively [37, 38]. Therefore, we mixed these two surfac-
tants (Tween 80 withHLB of 15 and Carbitol withHLB of 4.2)
at various weight ratios to reach the required range of HLB
value for each of the oils.The optimal oils and corresponding
surfactantmixtures were conducted by visual test and droplet
sizemeasurement of the resulting dispersions.Thepercentage
amount of Tween 80 was calculated by the following equation
[36, 37]:

% Tween 80 =
RHLB −HLBlow
HLBhigh −HLBlow

, (1)

where HLBhigh and HLBlow are the HLB value of Tween
80 (HLB = 15) and that of Carbitol (HLB = 4.2), respec-
tively. RHLB is required HLB value. The weight ratio of
oil : surfactant mixture was fixed at 1 : 9 based on the property
of class III in lipid formulation classification system proposed
by Pouton [39].

(3) Examination of Pseudoternary Phase Diagram. Pseu-
doternary phase diagrams of a mixture containing oil (ethyl
oleate and IPM), surfactant mixtures (Tween 80 : Carbitol) at

different HLB values, and water were constructed using the
water titrationmethod described previously [40, 41]. Briefly, a
predetermined amount of oil-surfactant mixture was diluted
with a specific volume of deionized water (DIW) dropwise.
The ratios of oil-surfactant mixture were varied from 1 : 9
to 9 : 1 at 10% increments. Each mixture was titrated with
water under constant magnetic stirring to reach equilibrium;
then the nature of the resulting emulsions was decided by
turbidity and viscosity with the naked eye [42]. The final oil
and surfactant mixture was determined by comparison of the
emulsion region area in the phase diagrams.

(4) Determination of Optimal Concentration of Cosolvent.
PEG 400was chosen for the test of effect of cosolvent concen-
tration based on the result of evaluation of the solubility test.
The effect of PEG 400 concentration on the droplet size in the
SEDDSwas studied by increasing its concentration from 10 to
40% (w/w). The sort and ratio of oil and surfactant mixture
were selected based on the previous test results.

(5) Determination of Optimal Concentration of Ptx. Ethyl
oleate (10%, w/w), Tween 80 : Carbitol (90 : 10, 80%, w/w),
and PEG 400 (10%, w/w) were fixed to make SEDDS based
on the previous test results. The optimal concentration of
Ptx was determined by measuring the droplet size and drug
encapsulation efficiency (EE). Briefly, 0.5, 1, 2, and 5mg of
Ptx were added to 100mg of blank SEDDS in a cap vial
and then sonicated at 50∘C in a bath-type sonicator until
the Ptx was completely dissolved in the blank SEDDS. Final
formulation was diluted with 100𝜇L of DIW, gently stirred
for 10min, and kept stationary for 2 h at 37 ± 1∘C before
the droplet size and EE measurement. To determine the EE,
the resulting emulsions were centrifuged at 3,000 rpm for
10min to remove undissolved drugs. The supernatants were
collected and added into new glass, followed by diluting with
a specific volume of mobile phase. 20𝜇L of each sample was
injected into the HPLC system for determination. EE was
calculated by the following equation:

EE(%, 𝑤
𝑤

)

=
weight of drug in SEDDS droplets

weight of drug used in preparation of SEDDS

× 100.

(2)

2.2.2. Preparation of S-SEDDS. The S-SEDDS was prepared
by the spray drying method. In detail, the solubilized liquid
SEDDS was atomized into a spray of droplets. The droplets
were introduced into a drying chamber, where the volatile
phase (e.g., the water contained in an emulsion) evaporated,
forming dry particles under controlled temperature and
airflow conditions [32]. To determine the optimal method
for preparation of the S-SEDDS, 100mg of each S-SEDDS
formulation was dispersed into 10mL of DIW by vortexing
and incubated for 6 h at 25∘C [43, 44].The resultant emulsion
was tested for droplet size measurement.This result was basic
of determining the optimal method for preparation of S-
SEDDS.
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Aerosil 200 and dextran were tested to determine the
optimal solid carrier. In the test, Aerosil 200 (500mg) or
dextran (2000mg) was suspended in 100mL of water. After
sonicating at 50∘C in a bath-type sonicator, 1mL of the
optimized liquid SEDDSwas added, followed by stirring con-
stantly until a good suspension was obtained.The suspension
was then spray-dried as previously described to make the S-
SEDDS formulation [31]. In the case of solvent test, water
and ethanol were compared to identify the optimal solvent.
Aerosil 200 (500mg) was suspended in 100mL of solvent and
followed by the described method to prepare the S-SEDDS
formulation. Optimal solid carrier and solvent obtained from
these tests were used for further studies. For determining the
optimal concentration of solid carrier, various amounts of
Aerosil 200 (125, 200, 250, 333, and 500mg) were suspended
in 100mL of water. The S-SEDDS formulation was prepared
as previously described.

2.2.3. Characterization and Evaluation of the Formulation

(1) Measurement of Droplet Size, Zeta Potential, and Drug
Encapsulation Efficiency. The blank liquid SEDDS, blank S-
SEDDS, andPtx-loaded S-SEDDSwere tested for droplet size,
zeta potential, and drug encapsulation efficiency. The mean
droplet size and size distribution of the emulsion droplets
weremeasured by the dynamic light scattering (DLS)method
at room temperature with a 90∘ scattering angle for optimum
detection.The zeta potentials were measured by an ELS-8000
zeta potential analyzer to assess the surface charge and the
stability of the emulsions. For the test, an aliquot of 10 𝜇L
of the liquid SEDDS was diluted with 10mL of DIW in a
cap vial. The samples were gently mixed for 10min and then
kept stationary at 37 ± 1∘C for 1 h. The formulation of the S-
SEDDSwas dispersed inDIW in a volumetric flask to get final
concentration of ∼1.5mg/mL. To ensure complete dispersion
of the formulation, the volumetric flask was inverted twice.
All studies were repeated in five replicates among different
batches and the values of z-average diameters were used. To
determine drug EE, 100 𝜇L of the liquid SEDDS was mixed
with 0.9mL of methanol and vortexed vigorously for 1min.
The solution was then diluted with a specific volume of
mobile phase and injected into the HPLC system for deter-
mination.The blank liquid SEDDS, blank S-SEDDS, and Ptx-
loaded S-SEDDS were reconstituted as previously described.

(2)Thermal Analysis and X-Ray Diffractometry (XRD) Analy-
sis. The endothermic melting temperature for Ptx, blank S-
SEDDS, physical mixture of Ptx/blank S-SEDDS, and Ptx-
loaded S-SEDDS was determined by DSC 2920. The physical
mixture was prepared by mixing well 1.25 g of the blank S-
SEDDS and 10mg of Ptx using mortar and pestle (to make a
similar ratio of Ptx in the physical mixture to that in the Ptx-
loaded S-SEDDS). Samples were scanned from 30 to 280∘C
at a rate of 10∘C/min. In all the cases, an empty pan was
used as the reference. XRD patterns of blank S-SEDDS and
Ptx-loaded S-SEDDS were recorded using an X’Pert PRO
Multipurpose X-Ray Diffractometer equipped with CuK𝛼
radiation (40 kV, 20mA). The 2𝜃 scanning range was varied
from 2 to 100∘.

(3) In Vitro Release Studies. The Ptx-loaded S-SEDDS was
evaluated for in vitro release using the United States Pharma-
copoeia paddlemethod at 37±0.5∘Cat 100 rpm in buffer at pH
1.2 and 6.8. The S-SEDDS was filled in a hard gelatin capsule.
Each sample was placed in a dialysis tube (MWCO: 12,000),
which was placed in a 50mL screw-capped Falcon tube with
10mL of dissolution medium. During the study, 1mL of each
sample was withdrawn at the predetermined time intervals
of 10, 20, 30, 45, and 60min and replaced with fresh buffer.
The samples were centrifuged at 3,000 rpm for 10min, and
the drug concentration was determined by HPLC.

(4) In Vivo Studies. The femoral artery of rats was cannulated
with a PE-50 polyethylene tube under light ether anesthesia.
The cannulated rats were kept in restraining cages under nor-
mal housing conditions for ∼1-2 h until they recovered from
the anesthesia prior to the experiments.The rats were divided
into two groups (five rats per group): (1) Ptx solution diluted
with 1 : 1 blend of Cremophor EL and ethanol (6mg/mL) [22,
45, 46] and (2) Ptx-loaded S-SEDDS. A single dose (20mg/kg
of Ptx) of each formulation was orally administered to rats at
the same time. At the predetermined time intervals (0.5, 1, 1.5,
2, 4, 6, 8, 12, and 24 h), whole blood samples were withdrawn
from the femoral artery into Vacutainer tubes with EDTA.
The blood samples were then centrifuged (3,000 rpm, 10min)
immediately, and plasma was transferred and stored at −80∘C
until assay. Moreover, for the determination of the targeted
lymphatic delivery of Ptx, the rats were also divided into two
groups and given each formulation as mentioned above. At
4 h after the administration, whole blood was taken from
the abdominal aorta, and mesenteric and axillary lymph
nodes were isolated and weighed [47–49]. These lymph node
samples were suspended by homogenization for 1min in PBS
(pH 7.4) to yield a final concentration of 25mg/mL in the
suspension. The samples were stored at −80∘C until assay.

(5) Determination of Ptx in Rat Plasma and Lymph Node
Suspension. The plasma concentration and lymph node sus-
pension of Ptx were determined by HPLC assay following
literature method [50–53] with some modifications. The
chromatographic column used was Shim-Pack column CLC-
ODS (M) 15CM (150 × 4.6mm, 5𝜇m particle size). The
mobile phase consisted of acetonitrile : water (50 : 50, w/w),
and the flow rate was set at 1mL/min. The quantity of Ptx
was measured by the UV absorbance at the wavelength of
227 nm. The stock solutions of Ptx and the internal standard
(I.S., glimepiride) were prepared at 1mg/mL inmethanol and
stored at 4∘C. Calibration standard samples were prepared
by spiking 10 𝜇L aliquot of Ptx working solutions into 90𝜇L
of blank rat plasma or lymph node suspension to give the
final concentrations of Ptx at 10, 20, 50, 100, 200, 500,
and 1000 ng/mL. The calibration curves were obtained by
plotting the peak-area ratio of the analyte to I.S. against
the concentration of Ptx. These samples were treated as
the real rat plasma and lymph node suspension samples.
Liquid-liquid extraction method was used for the extraction
of Ptx from the rat plasma and lymph node suspension
samples. In sum, 100 𝜇L of each sample was placed in an
Eppendorf tube, followed by adding 10 𝜇L of I.S. (glimepiride
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in methanol, 5𝜇g/mL). After vortexing for 30 s, 2mL of
DCM was added and vortexed for 2min for extraction.
After centrifuging at 3,000 rpm for 10min, the upper layer
was aspirated and 1.5mL of the lower organic layer was
transferred to a polypropylene tube and evaporated at room
temperature under vacuum.The residue was reconstituted in
100 𝜇L ofmobile phase, and 20 𝜇Lwas injected into theHPLC
system for determination.

(6) Pharmacokinetic Analysis and Lymphatic Delivery Eval-
uation. The pharmacokinetic parameters such as the area
under the plasma concentration-time curve (AUC

0–∞), time
to peak plasma concentration (𝑇max), and peak concentration
(𝐶max) associatedwith the oral administrationwere estimated
by the noncompartment methods using a WinNonlin�
program [54, 55]. Moreover, the targeting efficiency of Ptx to
the lymphatic system was estimated as the ratio of Ptx con-
centration in lymph nodes to the concentration in rat plasma
at 4 h after the oral administration of each formulation [55].

2.2.4. Statistical Evaluation. All the calculated values are
expressed as mean ± SD. All the data were analyzed for
statistical significance by Student’s 𝑡-test with 𝑃 ≤ 0.05
indicating a significant difference.

3. Results and Discussion

3.1. Preparation of SEDDS

3.1.1. Screening of Oil Phase. The oil represents one of the
most important excipients in the SEDDS formulation because
it can solubilize considerable amount of the lipophilic drug
and increase the fraction of the drug transported via the
intestinal lymphatic system. In general, modified medium-
chain triglyceride (MCT) oils, with varying degrees of sat-
uration or hydrolysis, have been used widely for the design
of SEDDS, because the solvent capacity ofMCT for lipophilic
drugs is higher than that of long chain triglyceride (LCT) and
it does not oxidize [24, 56]. Moreover, because the junctions
of the endothelial cells forming walls of lymphatic capillaries
are larger than those of blood capillaries and the rate of
fluid flows in the portal blood is ∼500 times higher than
that of the intestinal lymph [57], the vehicles with small size
enough to penetrate blood capillaries are not easily absorbed
to the lymph. Thereby, fatty acids with long chain length
about 14 or greater, which can produce more hydrophobic
and larger chylomicron in enterocytes, are preferred for
effective lymphatic drug transport than fatty acids having
short carbon chain [58, 59]. Furthermore, the production of
an optimum SEDDS requires relatively high concentrations
(generallymore than 30%w/w) of surfactants to form a stable
SEDDS [60]. The addition of cosolvents aids in enabling
the dissolution of large amounts of hydrophilic surfactants
and also contributes to the improvement of lipophilic drug
solubility in the lipid vehicle [60]. In this study, we screened
various organic solvents, including ethanol, PEG 400, ethy-
lene glycol, and propylene glycol because they are suitable for
oral administration.

Table 1: Solubility of Ptx in various oils, surfactants, and cosolvents.

Solubility# (mg/mL)
Oils
Olive oil 1.00 ± 0.14
Soybean oil 2.29 ± 0.01
IPM (isopropyl myristate) 2.46 ± 0.03
Ethyl oleate 2.88 ± 0.08
Oleic acid 0.38 ± 0.07

Surfactants
Carbitol 70.09 ± 1.02
Cremophor� EL 20.13 ± 0.42
Tween 80 52.64 ± 0.77
Cremophor RH40∗ 30.52 ± 1.67
Solutol HS 15∗ 20.74 ± 1.81

Cosolvents
PEG 400 43.28 ± 0.08
Ethylene glycol 9.62 ± 0.25
Propylene glycol 14.35 ± 0.13
Ethanol∗ 32.27 ± 0.29

∗From Sun et al. [34]
#Mean ± SD (𝑛 = 5).

The solubility of Ptx in various oils, surfactants, and
cosolvents is shown in Table 1. Optimal oil and surfactants
are considered as having good solubilization capacity, because
the property of the SEDDS components for dug is important
to achieve the optimum drug loading, prevent precipitation
from SEDDS during the storage and in vivo dilution, and
achieve clear and monophasic formulation at ambient tem-
perature. There were no significant differences among five
chosen oils in terms of the solubility of Ptx, except for olive
oil and oleic acid.

From the result, soybean oil, IPM, and ethyl oleate, Tween
80 (HLB = 15) and Carbitol (HLB = 4.2), and PEG 400
were selected as oil, surfactants, and cosolvent, respectively,
because of the highest solubilization capillary for Ptx.

3.1.2. Surfactant Combination Test. HLB refers to the relative
attraction of a surfactant of emulsifier for water and oil. The
efficiency of self-emulsification is much related to the HLB
of the surfactant [41]. Normally, surfactants with higher HLB
value show a high efficiency on SEDDS [35]. However, low
HLB surfactants may also be an important component of oral
lipid-based formulation by behaving as a coupling agent for
the high HLB surfactants and the lipophilic solvent compo-
nents, as well as contributing to solubilization by remaining
associated with the lipophilic solvent after dispersion. More-
over, using a blend of high and low HLB surfactants may also
lead to more rapid dispersion and finer emulsion droplet size
upon the addition to an aqueous phase [39, 40, 56–58, 61–
63]. Thus, in this study, we mixed a surfactant with high
HLB value (Tween 80 (HLB = 15)) with a surfactant with
low HLB value (Carbitol (HLB = 4.2)) to identify the most
effective combination emulsifying with three chosen oils.The
size of the emulsion droplets decreased as the HLB value of
surfactant mixture reached the required HLB (Table 2). In
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Table 2: The results of droplet size measurement in surfactant combination tests#.

Oil Ratio (%) HLB
Droplet size

(nm)
Tween 80 (HLB = 15) Carbitol (HLB = 4.2) Mean SD

Soybean oil
(required HLB, 6∼7)

15 85 5.8 316 33.9
20 80 6.4 277 2.49
25 75 6.9 473 182

Ethyl oleate
(required HLB, 14∼15)

90 10 13.9 10.5 0.596
95 5 14.5 11.1 0.205
100 0 15 11.5 0.807

IPM
(required HLB, 10∼12)

60 40 10.7 12.9 0.170
65 35 11.2 13.1 0.125
70 30 11.8 13.2 0.974

#The weight ratio of oil : surfactant mixture was fixed at 1 : 9. SD is standard deviation (𝑛 = 5).

Figure 1: The results of visual test in various combination tests.

the case of soybean oil, the smallest size was 277 ± 2.49 nm
obtained at 20 : 80 (w/w) ratio of Tween 80 : Carbitol. In the
cases of ethyl oleate (Tween 80 : Carbitol, 90 : 10, w/w) and
IPM (Tween 80 : Carbitol, 60 : 40), the smallest droplet sizes
were 2.9 ± 0.170 and 10.5 ± 0.596 nm, respectively. These
results show that the combination of Tween 80 and Carbitol
had extremely good emulsifying ability, resulting in a fine
emulsion in the cases of using ethyl oleate and IPM oil.

The results of the visual test (Figure 1) are parallel to the
results of droplet size measurements. The combinations that
had a smaller droplet size of 100 nmor less formed a transpar-
ent or bluish emulsion, and this phenomenon was consistent
with the features of microemulsion in the literature. Overall,
we selected Tween 80 and Carbitol as surfactant mixture for
ethyl oleate and IPM (oil) for further studies.

3.1.3. Examination of Pseudoternary Phase Diagram. Draw-
ing of ternary phase diagrams gives an idea about the com-
position of a selected system and the nature of the resultant
dispersions such as phase separation, coarse emulsions, self-
nanoemulsification and, hence, assists in selecting optimum
formulation [56, 62]. Figure 2(a) shows the phase diagrams
of IPM, water, and surfactant mixtures at the weight ratios of

60 : 40 (HLB = 10.7), 65 : 35 (HLB = 11.2), and 70 : 30 (HLB =
11.8) Tween 80 : Carbitol, respectively. Figure 2(b) shows the
phase diagrams of ethyl oleate, water, and surfactantmixtures
at the weight ratios of 90 : 10 (HLB = 13.9), 95 : 5 (HLB =
14.5), and 100 : 0 (HLB = 15) Tween 80 : Carbitol, respectively.
Filled circles mean self-emulsifying points, and black areas
represent the self-emulsifying regions. In other areas, the
compositions showed inverted emulsion, gel-like form, or
phase separation. In general, when the oil content in the oil
and surfactant mixtures is less than 30%, the condition of the
mixtures changed from water-in-oil emulsion to a clear gel-
like form and then to microemulsion [56]. Otherwise, the
dispersions showed phase separation; this result was similar
to the results previously studied by Guo and Chu [16]. Our
finding showed that IPM + surfactant mixture (65 : 35, w/w)
and ethyl oleate + surfactant mixture (90 : 10, w/w) showed
the most self-emulsifying regions (Figure 2). Overall, in con-
trast to IPM + surfactant mixture (65 : 35, w/w), ethyl oleate
+ surfactant mixture (90 : 10, w/w) showed finer emulsion in
larger self-emulsifying range.These results indicate that ethyl
oleate and Tween 80 : Carbitol (90 : 10, w/w) were identified
as the optimal oil and surfactant mixture, respectively, for
preparing SEDDS.
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Figure 2: Pseudoternary phase diagram with surfactant mixture of Tween 80 : Carbitol. Pseudoternary phase diagram for a mixture of (a)
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Table 3: The results of droplet size measurement in effect of
cosolvent test#.

Cosolvent ratio (%, w/w) Mean (nm) SD (nm)
10 10.7 0.392
20 14.1 0.544
30 17.3 1.537
40 27.5 0.368
#The weight ratio of oil : surfactant mixture was fixed at 1 : 9. SD is standard
deviation (𝑛 = 5).

D
ro

pl
et

 si
ze

 (n
m

)

0

5

10

15

20
600
650
700
750
800

EE
 (%

)

0

20

40

60

80

100

0.5 1 2 5
Amount of drug (mg) in 100mg of blank SEDDS

Figure 3: Effect of drug incorporation in SEDDS system on
mean droplet size (◼) and encapsulation efficiency (e). Each value
represents the mean ± SD (𝑛 = 5).

3.1.4. Determination of Optimal Concentration of Cosolvent.
As known, cosolvents can be powerful solubilizing agents
for lipophilic molecules. However, it is important to realize
that smaller quantity of cosolvents should be used in SEDDS
because larger amounts can cause drug precipitation on
dispersion into aqueous phase in the in vivo environment on
oral administration [64].

The concentrations of PEG 400 were varied from 10 to
40% (w/w) to evaluate the effect of cosolvent concentration
on the SEDDS droplet size. As shown in Table 3, the mean
droplet size of SEDDS increased with increasing PEG 400
concentration in the range of 11–28 nm. The smallest droplet
size was 10.7 ± 0.392 nm obtained at 10% (w/w) of PEG
400. From these results, the optimal concentration was
determined at 10% (w/w) of PEG 400.

3.1.5. Determination of Optimal Concentration of Ptx. The
mean sizes and EE were used to evaluate the optimal
drug concentration and the effect of drug incorporation on
SEDDS. As shown in Figure 3, the mean droplet size was
maintained in the range of ∼10–15 nm at 0.5, 1, and 2mg
Ptx but dramatically increased to ∼750 nm at the 5mg of
Ptx incorporation on 100mg of SEDDS. Moreover, the EE
decreasedwith increasing drug extent. Itmight be interpreted
that the possibility of precipitation increased with increasing
drug concentration because the calculatedmaximum solubil-
ity of Ptx in this SEDDS (100mg) was about 2mg. Several

Table 4:The results of droplet sizemeasurement in solid carrier and
solvent tests.

Mean (nm) SD (nm)
Solid carrier
Dextran 84.1 1.77
Aerosil� 200 29.9 1.15

Solvent
Ethanol 457 29.1
Water 29.9 1.15

Amount of Aerosil� 200
500mg 38.03 11.43
333mg 30.67 6.46
250mg 14.37 1.53
200mg 20.73 1.47

SD is standard deviation (𝑛 = 5).

studies observed similar trends: droplet sizes may increase
and EEs may decrease with increasing drug incorporation on
SEDDS [24, 27, 40, 59, 61]. Because there was no significant
difference between 0.5 and 1mg of Ptx incorporation on
SEDDS with respect to droplet size and EE, the optimal drug
concentration was determined at 1mg of Ptx per 100mg of
blank SEDDS.

In summary, the optimal Ptx-loaded liquid SEDDS for-
mulations were prepared as the following procedure: Ptx
(1mg) was added into 100mg of the blank SEDDS that
contains ethyl oleate (oil, 10%, w/w), Tween 80 : Carbitol
(90 : 10, w/w) (surfactant mixture, 80%, w/w), and PEG 400
(cosolvent, 10%, w/w). The resultant mixture was sonicated
at 50∘C in a bath-type sonicator until a clear solution was
obtained (the Ptx was completely dissolved in the blank
SEDDS). This liquid SEDDS formulation containing Ptx was
used for further studies.

3.2. Preparation of S-SEDDS. Aerosil 200 and dextran (solid
carrier) and water and ethanol (solvent) were selected to
determine the optimal solid carrier and solvent for preparing
S-SEDDS. The results of droplet size are shown in Table 4.
There was a significant difference in the size of emulsion
droplets between using Aerosil 200 and dextran as the
solid carrier with the droplet size of 29.9 ± 1.15 nm and
84.1 ± 1.77 nm, respectively. A significant difference was also
observed in the size of emulsion droplet using water and
ethanol as the solvent with droplet size of 29.9 ± 1.15 nm
and 457 ± 29.1 nm, respectively (Table 4). Based on these
results, Aerosil 200 andwater were chosen for further studies.
Table 4 also shows the droplet size of S-SEDDS for the test
determining the optimal amount of solid carrier (Aerosil
200). As shown, the amount of the solid carrier (Aerosil 200)
affects the droplet size of the resultant dispersion.The droplet
size of the S-SEDDS may increase with increasing Aerosil
200 amount over a range of 250 to 500mg. But, the mean
droplet size of S-SEDDSwith 200mgofAerosil 200was larger
than that of S-SEDDS with 250mg of Aerosil 200. And the
formulation preparedwith 125mg ofAerosil 200 did not form
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Figure 4:Themean droplet size (◼) and zeta potential (e) in SEDDS
and S-SEDDS system. Each value represents the mean ± SD (𝑛 = 5).

the S-SEDDS. These phenomena suggested with less than
125mg of Aerosil 200 that the S-SEDDS could not be made
because of the shortage of solid carrier; over a range between
required amount to form solid formulation and 250mg of
Aerosil 200, the droplet size of the S-SEDDSmay not increase
with increasing Aerosil 200 amount; but with more than
250mg of Aerosil 200, there was a trend that the droplet size
increases with increasing Aerosil 200. Based on these results,
an amount of 250mg of Aerosil 200 was chosen for preparing
optimal S-SEDDS.

In summary, the optimal S-SEDDS was prepared as
follows: Aerosil 200 (250mg) was suspended in 100mL of
water. After sonicating at 50∘C in a bath-type sonicator, 1mL
of the optimized liquid SEDDS was added and followed by
stirring constantly until a good suspension was obtained.The
suspension was then spray-dried as previously described.

3.3. Characterization and Evaluation of the Formulation

3.3.1. Measurement of Droplet Size, Zeta Potential, and Drug
Encapsulation Efficiency. The mean droplet size and zeta
potential of Ptx-loaded S-SEDDS were not significantly
different from those of the blank liquid SEDDS droplet and
blank S-SEDDS (Figure 4). In detail, the mean sizes of liquid
SEDDS, blank S-SEDDS, and Ptx-loaded S-SEDDS droplets
in DIW were 15.6 ± 0.395, 16.9 ± 1.53, and 18.4 ± 0.912 nm,
respectively. The zeta potential of liquid SEDDS, blank S-
SEDDS, and Ptx-loaded S-SEDDS droplets inDIWwas 11.1±
0.965, 11.4 ± 0.587, and 12.5 ± 1.66mV, respectively. From
these results, we expected that the prepared Ptx-loaded S-
SEDDS can be a good candidate to improve the BA and
biocompatibility by targeting Ptx to the lymphatic system.

3.3.2. Thermal Analysis and X-Ray Diffractometry (XRD)
Analyses. Thephysical status of Ptx in the prepared S-SEDDS
was investigated since it would have an important influence
on the in vitro and in vivo release characteristics. The DSC
thermograms for Ptx, the blank S-SEDDS, physical mixture
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Figure 5: DSC thermograms of (A) Ptx, (B) blank S-SEDDS, (C)
physical mixture of Ptx/blank S-SEDDS, and (D) Ptx-loaded S-
SEDDS.

of Ptx/blank S-SEDDS, and Ptx-loaded S-SEDDS are shown
in Figure 5 (the DSC thermograms). Pure Ptx showed a sharp
endothermic peak corresponding to a melting point of ∼
220∘C (curve (A)). This value was consistent with reported
melting point of Ptx in previous literature [65–67]. A similar
endothermic peak for Ptx was observed in the physical
mixture of Ptx/blank S-SEDDS (curve (C)). In contrast, such
peaks were not found in the blank S-SEDDS (curve (B)) and
in the Ptx-loaded S-SEDDS (curve (D)).The results indicated
that the drug would be either molecularly dispersed in the S-
SEDDS formulation or distributed in an amorphous state or
crystalline with very small size.

This suggestion was also confirmed by the XRD study. As
known, the intensity of the XRD peak depends on the crystal
size. Ptx powder exhibited several intense diffraction peaks
[68]. However, these peaks were not observed in the XRD
patterns of blank S-SEDDS (Figure 6(a)) and Ptx-loaded S-
SEDDS (Figure 6(b)).

3.3.3. In Vitro Release Studies. As mentioned above, in the
SEDDS, the free energy required to create a new surface
between the oil and water is very low. It is suggested that the
oil/surfactant/cosolvent and water phases effectively swell,
decrease the droplet size, and eventually increase the release
rate. In vitro dissolution profiles of Ptx in pH 1.2 and 6.8
from the Ptx-loaded S-SEDDS are displayed in Figure 7.
The release ratios of Ptx from the Ptx-loaded S-SEDDS in
pH 1.2 and 6.8 reached 70 and 75% within 60 and 30min,
respectively. Aerosil 200 is hydrophilic fumed silica and is
dispersed easily in both the two buffers. Thereby, it seems to
have no effect on the release rate of Ptx from the formulation.
Additionally, because Ptx is a weak base (pKa = 10.36), its
solubility increaseswith decreasing the pH; a higher solubility
can be obtained in pH 1.2 buffer than in pH 6.8 buffer. But, as
shown in Figure 7, the release rate of Ptx in pH 6.8 buffer was
higher and faster than that in pH 1.2 buffer, especially within
the first 30min. This inverse phenomenon may be attributed
to the effect of environmental pH on the hard gelatin capsule
and the dialysismembrane for a short period of time (30min)
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Figure 6: XRD patterns of (a) blank S-SEDDS and (b) Ptx-loaded S-SEDDS.
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Figure 7: In vitro dissolution profiles of Ptx from the S-SEDDS in
pH 6.8 and 1.2 at 37 ± 0.5∘C. Each value represents the mean ± SD
(𝑛 = 5).

which indirectly affects the release rate of Ptx from the S-
SEDDS formulation.

More importantly, according to the previous report on
dissolution profiles of Ptx powder, it took 72 h to release 3.2%
of Ptx in pH 6.8 buffer [14]. In comparison to the report, a
dramatic increase in dissolution of Ptx was observed in the
Ptx-loaded S-SEDDS. This effect may be due to the small
droplet size of the formulation resulting in a higher surface
area of drug exposed to the dissolution media which permits
a faster rate of drug release into aqueous phase. Additionally,
the effect was attributed to the improvement of drug disso-
lution by the surfactant mixture (Tween 80 : Carbitol) and
Aerosil 200. The study ensured that the S-SEDDS preserved
the improvement of in vitro dissolution of liquid SEDDS.
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Figure 8: Rat plasma concentration-time profiles of Ptx after oral
administration (20mg/kg) of the Ptx-loaded S-SEDDS and Ptx
solution to rats. Each value represents the mean ± SD (𝑛 = 5).

3.3.4. Pharmacokinetic Analysis and Lymphatic Delivery Eval-
uation. Figure 8 shows the mean rat plasma concentration-
time profiles of Ptx after the oral administration of Ptx-
loaded S-SEDDS and reference solution (20mg/kg as Ptx,
Cremophor EL : ethanol = 1 : 1), respectively. Table 5 lists the
pharmacokinetic parameters obtained by the noncompart-
mental methods using WinNonlin. After the oral admin-
istration, the pharmacokinetic parameters related with BA
such as AUC

0–∞ and 𝐶max of the Ptx-loaded S-SEDDS
(3308.5±486.2 ng⋅hr/mL and 259.5±7.5 ng/mL, resp.) showed
significant differences (𝑃 ≤ 0.05) in comparison to those of
the reference solution (1816.5 ± 206.4 ng⋅h/mL and 84.6 ±
4.1 ng/mL, resp.). AUC

0–∞ and 𝐶max of the Ptx-loaded S-
SEDDS were 1.8 and 3.0 times higher than those of the ref-
erence solution. The concentrations of Ptx in the mesenteric
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Figure 9: (a) Concentration of Ptx in mesenteric and axillary lymph nodes at 4 h after the oral administration of Ptx solution and Ptx-
loaded S-SEDDS to rats. (b) Lymphatic targeting efficiencies of Ptx in mesenteric and axillary lymph nodes at 4 h after oral administration
(20mg/kg) of the Ptx-loaded S-SEDDS and Ptx solution to rats. Vertical bar represents the mean ± SD (𝑛 = 5). ∗𝑃 ≤ 0.05 between the
S-SEDDS formulation and paclitaxel solution.

Table 5: Pharmacokinetic parameters of Ptx after the oral adminis-
tration (20mg/kg) of the Ptx reference and Ptx-loaded S-SEDDS in
rats (𝑛 = 5).

Parameters Oral administration
Ptx solution S-SEDDS

𝐶max (ng/mL)# 84.6 ± 4.1 259.5 ± 7.5
𝑇max (hr) 1.8 ± 0.2 1.7 ± 0.2
AUC
0–∞ (ng⋅hr/mL)# 1816.5 ± 206.4 3308.5 ± 486.2

#
𝑃 ≤ 0.05.

and axillary lymph nodes after the oral administration are
shown in Figure 9(a), in which the concentrations of Ptx after
the administration of Ptx-loaded S-SEDDS were significantly
higher than those of the reference solution in both lymph
nodes. Moreover, the lymphatic targeting efficiencies of Ptx
calculated as the ratio of the lymph node concentration to
the plasma concentration are shown in Figure 9(b). The Ptx-
loaded S-SEDDS shows higher lymphatic targeting efficien-
cies than those of the reference solution. In the mesenteric
lymph nodes, there was a significant difference (𝑃 ≤ 0.05)
between the Ptx-loaded S-SEDDS and reference solution.
This increased lymphatic targeting efficiency can lower the
drug amount required to have a clinical effect. Moreover,
because of increasing efficiency at the targeted sides, the use
of Ptx might reduce the systemic side effects. These results
suggest that the prepared S-SEDDS containing Ptx could be
used as effective oral formulation for enhancing the BA of Ptx
and targeting drug delivery to the lymphatic system.

4. Conclusions

We have prepared S-SEDDS containing Ptx easily and repro-
ducibly by the spray drying method for enhancing the

BA and targeted delivery of Ptx to the lymphatic system.
The Ptx-loaded S-SEDDS was prepared using Aerosil 200
(250mg), water (100mL), and Ptx-loaded liquid SEDDS
(1mL).The Ptx-loaded liquid SEDDS consisting of Ptx (1mg)
and blank liquid SEDDS (100mg) which contains 10% oil
(ethyl oleate), 80% surfactant mixture (Tween 80 : Carbitol,
90 : 10, w/w), and 10% cosolvent (PEG 400) is an optimal
formulation in terms of mean emulsion droplet size, zeta
potential, and encapsulation efficiency. The optimal Ptx-
loaded S-SEDDS formulation showed 16.9±1.53 nm, 12.47±
1.66mV, and 56.2 ± 8.1% in mean emulsion droplet size,
zeta potential, and encapsulation efficiency, respectively.
Both DSC measurements and X-ray diffraction analysis
suggested that Ptx in the S-SEDDS may be in the form
of molecular dispersion in the emulsions or distributed in
an amorphous state or crystalline with very small size. In
vitro dissolution test showed that the prepared S-SEDDS
had a dramatic increase in in vitro release rate than the
powder. Furthermore, from the in vivo studies, the prepared
Ptx-loaded S-SEDDS showed significant increases (𝑃 ≤
0.05) in AUC

0–∞, 𝐶max, and lymphatic targeting efficiency
in comparison to those of the reference solution after the
oral administration. In conclusion, our research suggested
that the prepared S-SEDDS formulation could be a good
candidate for the enhancement of BA and delivery of Ptx to
the lymphatic system, and this approach also could be used
as an alternative formulation technology for other low BA
drugs.
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weij, and A. Sparreboom, “Mechanism-based pharmacokinetic
model for paclitaxel,” Journal of Clinical Oncology, vol. 19, no.
20, pp. 4065–4073, 2001.

[2] A. K. Singla, A. Garg, and D. Aggarwal, “Paclitaxel and its
formulations,” International Journal of Pharmaceutics, vol. 235,
no. 1-2, pp. 179–192, 2002.

[3] J. Crown, M. O’Leary, and W.-S. Ooi, “Docetaxel and paclitaxel
in the treatment of breast cancer: a review of clinical experi-
ence,” Oncologist, vol. 9, no. 2, pp. 24–32, 2004.

[4] A. K. Nowak, N. R. C. Wilcken, M. R. Stockler, A. Hamilton,
and D. Ghersi, “Systematic review of taxane-containing versus
non-taxane-containing regimens for adjuvant and neoadjuvant
treatment of early breast cancer,” The Lancet Oncology, vol. 5,
no. 6, pp. 372–380, 2004.

[5] L.-Q. Yang, B.Wang, H. Gan et al., “Enhanced oral bioavailabil-
ity and anti-tumour effect of paclitaxel by 20(s)-ginsenosideRg3
in vivo,” Biopharmaceutics & Drug Disposition, vol. 33, no. 8, pp.
425–436, 2012.

[6] S. M. Azouz, J. Walpole, S. Amirifeli, K. N. Taylor, M. W.
Grinstaff, and Y. L. Colson, “Prevention of local tumor growth
with paclitaxel-loaded microspheres,” Journal of Thoracic and
Cardiovascular Surgery, vol. 135, no. 5, pp. 1014–1021, 2008.

[7] P. H.-L. Tran, T. T.-D. Tran, and B.-J. Lee, “Biodistribution and
pharmacokinetics in rats and antitumor effect in various types
of tumor-bearing mice of novel self-assembled gelatin-oleic
acid nanoparticles containing paclitaxel,” Journal of Biomedical
Nanotechnology, vol. 10, no. 1, pp. 154–165, 2014.

[8] M. R. Wenk, A. Fahr, R. Reszka, and J. Seelig, “Paclitaxel parti-
tioning into lipid bilayers,” Journal of Pharmaceutical Sciences,
vol. 85, no. 2, pp. 228–231, 1996.

[9] C. M. Kearns, L. Gianni, and M. J. Egorin, “Paclitaxel pharma-
cokinetics and pharmacodynamics,” Seminars in Oncology, vol.
22, no. 3, pp. 16–23, 1995.

[10] D. M. Vyas and J. F. Kadow, “6 Paclitaxel: a unique tubulin
interacting anticancer agent,” Progress in Medicinal Chemistry,
vol. 32, pp. 289–337, 1995.

[11] T. Yang, F.-D. Cui, M.-K. Choi et al., “Enhanced solubility and
stability of PEGylated liposomal paclitaxel: in vitro and in vivo
evaluation,” International Journal of Pharmaceutics, vol. 338, no.
1-2, pp. 317–326, 2007.

[12] S. J. Torne, K. A. Ansari, P. R. Vavia, F. Trotta, and R. Cavalli,
“Enhanced oral paclitaxel bioavailability after administration of
paclitaxel-loaded nanosponges,”DrugDelivery, vol. 17, no. 6, pp.
419–425, 2010.

[13] G. J. Fetterly and R. M. Straubinger, “Pharmacokinetics of
paclitaxel-containing liposomes in rats,” AAPS PharmScitech,
vol. 5, no. 4, 2003.

[14] Y. W. Cho, J. Lee, S. C. Lee, K. M. Huh, and K. Park,
“Hydrotropic agents for study of in vitro paclitaxel release from
polymeric micelles,” Journal of Controlled Release, vol. 97, no. 2,
pp. 249–257, 2004.

[15] H.-Y. Cho, C. K. Lee, and Y.-B. Lee, “Preparation and evaluation
of PEGylated and folate-pegylated liposomes containing pacli-
taxel for lymphatic delivery,” Journal of Nanomaterials, vol. 2015,
Article ID 471283, 10 pages, 2015.

[16] K. Guo andC. C. Chu, “Biodegradable and injectable paclitaxel-
loaded poly(ester amide)s microspheres: fabrication and char-
acterization,” Journal of Biomedical Materials Research Part B:
Applied Biomaterials, vol. 89, no. 2, pp. 491–500, 2009.

[17] S. Peltier, J.-M. Oger, F. Lagarce, W. Couet, and J.-P. Benoı̂t,
“Enhanced oral paclitaxel bioavailability after administration of
paclitaxel-loaded lipid nanocapsules,” Pharmaceutical Research,
vol. 23, no. 6, pp. 1243–1250, 2006.

[18] D. Pandita, A. Ahuja, V. Lather et al., “Development of lipid-
based nanoparticles for enhancing the oral bioavailability of
paclitaxel,”AAPS PharmSciTech, vol. 12, no. 2, pp. 712–722, 2011.

[19] D. Yang, S. Van, X. Jiang, and L. Yu, “Novel free paclitaxel-
loaded poly(L-𝛾-glutamylglutamine)-paclitaxel nanoparticles,”
International Journal of Nanomedicine, vol. 6, no. 1, pp. 85–91,
2011.

[20] V. Zabaleta, G. Ponchel, H. Salman, M. Agüeros, C. Vauthier,
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Resveratrol has been reported as a potential antitumor agent for several years. The possible application was greatly hampered by its
poor solubility. The current study reported the construction of electrospun Resveratrol loaded nanofibers with methoxypolyethy-
lene glycol-poly(caprolactone) (mPEG-PCL) block copolymers as drug carriers. Characterization studies showed the successful
encapsulation of Rsv in the nanofibers with an in vitro sustained release pattern. In vitro XTT assay suggested the superior
cytotoxicity of Rsv-NFs withmore apoptosis induction on cancer cells. Cells that exposed to Rsv-NFs showed less clonogenic ability
when compared to the equivalent dose of free Rsv. In addition, the migration and invasion ability of cells were also significantly
lower when treated with Rsv-NFs. In the in vivo study, local implantation of Rsv-NFs greatly increased the growth inhibitory effect
compared to free Rsv. Therefore, results from the current study demonstrated a promising way to improve the antitumor effect of
Rsv by nanofiber delivery.

1. Introduction

Chinese herbal medicine, also known as Traditional Chinese
Medicine, has attracted increasing interest in recent years.
There are plenty of studies demonstrating the potential
anti-inflammation, antitumor, antioxidant effects of herbal
medicines such as Tetrandrine, Curcumin, Resveratrol, and
Harmine[1–4]. Recently more and more researchers focus on
the potential anticancer effect of herbal medicines as well as
their possible mechanisms [5–7].

Among these herbal medicines, Resveratrol (Rsv) attracts
intensive interest for its potential in cancer therapy. Previous
studies have demonstrated the inhibitory effect of Rsv against
a series of cancers, including glioma, colon cancer, and gastric
cancer [8, 9]. It is reported that Rsv could induce apoptosis
through regulating apoptosis-related proteins [10].Moreover,
Rsv could also block several pro-proliferative pathways, such
as PI3k/Akt/mTOR andMAPK pathways [11, 12]. In addition,

there are some reports stating that Rsv could enhance the anti-
tumor effect of commonly used chemotherapeutics, which
makes it a promising chemotherapy adjuvant [13, 14].

One hindrance for the application of Rsv is its poor sol-
ubility. However, the hydrophobicity of Rsv renders it a
goodmodel drug for nanodelivery systems. In previous stud-
ies, we prepared Rsv-loaded nanoparticles (Rsv-NPs) with
amphiphilic polymers as drug carriers [2, 15, 16]. Characteri-
zation of Rsv-NPs showed good aqueous stability and loading
efficiency and controlled release kinetics. In vitro studies
indicated the superior cell inhibitory effect over free Rsv. In
the in vivo study, Rsv-NPs showed better antitumor effect
due to the EPR (EnhancedPermeability andRetention) effect.
Nevertheless, there are still some disadvantages, such as lack
of targeted ability and low loading efficiency.

To overcome these disadvantages, drug loaded nanofibers
based on amphiphilic copolymers become an alternative to
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deliver the drugs.There are some studies focusing on the con-
struction of drug loaded nanofibers with herbal medicine as
model drugs [17, 18]. Drug loaded nanofibers have a large
surface area-to-volume ratio, which enables an excellent drug
loading efficiency.Moreover, previous studies focusing on the
shape effect of nanostructures have demonstrated that nano-
fibers showed 10 times circulation times longer than spherical
nanostructures, thereby exhibiting stronger tumor shrinkage
[19].

In the current study, we prepared Rsv-loaded nanofibers
(Rsv-NFs)with PCL-PEGas drug carriers by electrospinning.
Rsv-NFs were characterized by DLS, Uvis, and FTIR. In
vitro studies were performed including cellular uptake, cyto-
toxicity, migration, and invasion studies. Animal study was
performed to evaluate the in vivo antitumor effect of Rsv-NFs.

2. Materials and Methods

2.1. Materials. Resveratrol and methoxypolyethylene glycol
(mPEG) was purchased from Sigma Aldrich Co. (St. Louis,
MO, USA). 𝜀-Caprolactone (𝜀-CL, Sigma) was purified by
drying over CaH

2
at room temperature and distillation under

reduced pressure. Coumarin-6 was purchased from Sigma
(St. Louis, MO, USA). All other chemicals were of analytical
grade. Human glioma cell line U87 was obtained from
Shanghai Institute of Cell Biology (Shanghai, China).

2.2. Methods

2.2.1. Synthesis of mPEG-PCL Block Copolymers. mPEG-
PCL block copolymers were synthesized by a ring-opening
copolymerization [20]. Certain amount of CLwasmixedwith
mPEGwith the presence of stannous octoate (0.1%wt/wt) in a
tube connecting to a vacuum system and then incubated in an
oil bath at 130 for 48 h. Dichloromethane (DCM)was utilized
to dissolve the raw synthesized polymers and the obtained
solution was precipitated into cold methanol to eliminate the
excess monomer and oligomer. The precipitates were then
purified by filtration before being thoroughly dried at lower
pressure. The polymers were then characterized by 1H NMR
and gel permeation chromatography (GPC).

2.2.2. Preparation of Rsv-Loaded Nanofibers. Rsv-NFs were
prepared using an electrospinning device. mPEG-PCL was
dissolved in ethanol and water at a ratio of 5 : 1 to generate
a 10% transparent polymer solution. Then 5wt%, 10 wt%,
and 15wt% Rsv with respect to mPEG-PCL were added and
dissolved to the polymeric solution. The solution was then
sonicated for 30 s and then loaded in a 5mL syringe with a
needle connected to a high voltage of DC supply.The distance
between the top of the needle and the collector is 12 cm. The
flow speed of the solution was set at 0.5mL/h. The nanofiber
was collected through an aluminum foil. Coumarin-6 loaded
Rsv-NFs were prepared with the addition of coumarin-6
(1 wt%) together with Rsv.

2.2.3. SEM, FTIR, and Loading Efficiency. Scanning Electron
Microscopy (SEM) (JEOL, Japan) was performed to observe
the morphology of Rsv-NFs. Fourier transform infrared

(FTIR) spectra were measured by a Perkin-Elmer Paragon
1000 Fourier transform spectrometer. Drug loading efficiency
was determined by high performance liquid chromatog-
raphy (HPLC, Shimadzu LC-10AD, Japan) system with a
Shimadzu UV detector. Briefly, a predetermined amount of
10mg Rsv-NFs was dissolved in mobile phase consisting of
methanol (spectral grade, Merck, Germany)/double-distilled
water/glacial acetic acid (48/52/0.05, v/v/v). The pump rate
was 1mL/min. The detected wavelength was 303 nm and the
retention time was about 4.2min. The encapsulation effi-
ciency was calculated as the following equation: encapsula-
tion efficiency (%) = weight of the drug in nanofibers/weight
of the feeding drugs ∗ 100%.

2.2.4. In Vitro Release. For the in vitro release study, a small
piece of 20mg Rsv-NFs mat was immersed in a 50mL glass
tube with 30mL PBS containing 5% ethanol and the tube was
incubated at 37 in a thermostat shaker. At preset time points,
the nanofiber mat was transferred to another tube with the
same medium. The released Rsv in the previous medium
buffer was extracted by the mobile phase and measured on a
HPLC. The concentration of released Rsv was calculated and
plotted at different time points.

2.2.5. Cellular Uptake. U87 cells were seeded in 6-well plates
and allowed to grow for 24 h. Coumarin-6 loaded Rsv-NFs
were incubated with cells in 6-well plate for 2 h. After cells
were washed two times by PBS, cells were observed under a
fluorescent microscopy.

For quantitative study, Res-NFs were incubated with cells
for different time periods with different concentrations. Cells
were then trypsinized, washed by PBS for 3 times, and
centrifuged at 1500 rpm for 5mins. The cell pellets were
dissolved in 1mL methanol and sonicated for 60 s, followed
by a centrifugation of 10000 rpm for 5mins. Supernatant was
collected and run on a UV-spectrometer at a wavelength of
310 nm.

2.2.6. In Vitro Cytotoxicity. The in vitro cytotoxicity of Rsv-
NFs with different Rsv loadings was evaluated by XTT assay.
U87 was seeded in 96-well plates with a density of around
5 ∗ 10

3/well. Cells were allowed to adhere for 24 h prior to
the test and then exposed to free Rsv, blank copolymers, and
Rsv-NFs for 24, 36, and 48 h, respectively. The concentration
of Rsv was set to 2, 4, 8, 16, and 32 𝜇M, while Rsv-NFs were
administered at the equivalent dose of free Rsv. After the
incubation, 50𝜇L XTT solution was added to each well of the
plate and incubated for another 18 h at 37∘C in the incubator.
Then the plates were read at a wavelength of 490 nm with
670 nm as a reference.

2.2.7. Edu Staining and AO/EB Dual Staining. U87 cells were
treated with Rsv and Rsv-NFs at an equivalent dose of 𝜇M
for 36 h and then washed out with PBS. 300 𝜇L 50 𝜇M Edu
solution was added to the wells for an incubation time of
2 h, followed by a staining of Hoechst 33342 for 5min in the
dark. After washing, air-drying, and fixing with 90% glycerol,
cells were observed under a fluorescence microscope with an
excitation wavelength of 350 nm and an emission wavelength
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of 550 nm. Cells stained with Edu were counted from five
different fields.

U87 cells were treated with Rsv and Rsv-NFs at an equiv-
alent dose of 𝜇Mfor 36 h and thenwashed out with PBS. Cells
were then stained by dual fluorescent staining solution (1 𝜇L)
containing 100 𝜇g/mLAO and 100 𝜇g/mLEB (AO/EB, Sigma,
St. Louis, MO). Cells were immediately observed under a
fluorescence microscope.

2.2.8. Clonogenic Assay. U87 cells were seeded in T 25 flasks
and allowed to adhere to 80–90% confluent before drug
treatment. After being treated with Rsv or Rsv-NFs at a series
of equivalent doses (3, 6, and 12 𝜇M) for 36 h, cells were tryp-
sinized and seeded in 6-well plate at different density. After
10 days, cells were stained with 0.5% crystal violet for 2mins,
washed out, and air-dried in room temperature.The colonies
at each well were counted. Plate efficiency (PE) and survival
fraction (SF) were calculated with the following equations:

PE = number of colonies counted
number of cells plated

∗ 100%,

SF = PE of treated sample
PE of control

∗ 100%.
(1)

2.2.9. Wound Healing Assay. Cellular migration ability was
evaluated through the wound healing assay. Briefly, U87 cells
were seeded in 6-well plates and allowed to grow till confluent
monolayers were observed. A vertical clear space “wound”
was made by a sterile pipette tip. The time that the wound
wasmadewas designated as 0 h and themargins of thewound
were photographed bymicroscopy. After cells were incubated
with Rsv and Rsv-NFs at the equivalent doses for 36 h, the
same fields of the woundmargin were screened again. Adobe
Photoshop was applied to superpose the pictures and wound
area was measured by Scion Image Analysis Software (Scion
Corporation, Frederick, MD, USA). Wound healing rate was
calculated by the following equation: wound healing rate =
(the average area of wound at 0 h − the average area of wound
at 36 h)/the average area of wound at 0 h.

2.2.10. Transwell Assay. After growing to subconfluency, U87
cells were cultured in nonserummedium for 24 h. Cells were
then trypsinized and resuspended in serum-free medium.
After 2 ∗ 104 cells were seeded in the upper chamber, the
equivalent doses of Rsv and Rsv-NFs were incubated with
the cells for 36 h. The invaded cells on the lower membrane
surface were then fixed with methanol and stained with 0.1%
crystal violet. The cells were photographed and counted.

2.2.11. Protein Expression. Protein expression was examined
by western blot as described in previous studies [21]. Whole
cell lysates were fractionated by SDS-PAGE and then trans-
ferred into nitrocellulose membranes. After being blocked by
5% nonfat milk, the membranes were incubated overnight
with primary antibodies including antiphospho-ERK, anti-
ERK, anti-Bcl-1, anti-Bcl-xl, and anti-Bax. The blots were
incubated with secondary antibodies according to the origin

Table 1: Characterization of the synthesized mPEG-PCL copoly-
mers.

Copolymer Mn1 Mn2 Mw2 Pd (Mw2/Mn2)
mPEG4k-PCL20k 25160 21760 38480 1.76
Pd: polydispersity, defined as the ratio of weight-averagemolecular weight to
the number-average molecular weight (Mw/Mn).
1Determined by 1H NMR.
2Determined by GPC.

of primary antibodies, respectively, and then activated by an
ECL kit (GE Healthcare, Piscataway, NJ).

2.2.12. In Vivo Study. Male nudemice were raised under spe-
cific pathogen-free circumstances. The experiments were in
compliance with animal guidelines approved by the Animal
Care Committee of Nanjing Medical University. 0.05mL cell
suspension containing 1 million U87 cells was injected into
the left axillary space of the mice. After 7 to 10 days, the mice
with tumor volume of around 50mm3 were selected and this
daywas designated asDay 1.Micewere divided to four groups
with each group containing 6 mice and treated with blank
NFs, free Rsv, and Rsv-NFs, respectively. The dose of Rsv
was at an equivalent dose of 10mg/kg. Blank NFs and Rsv-
NFs were implanted on the tumor nodule through a small
surgery while free Rsv was injected intratumorally at the
same dose. Mice were ear tagged and tumors were measured
by an electronic caliber every other day. Tumor volume
was calculated by the formula (𝑊2 ∗ 𝐿)/2, where 𝑊 is the
tumor measurement at the widest point and 𝐿 is the tumor
dimension at the longest point.

2.2.13. Statistics. Data were presented as the mean ± SD of
three independent experiments. Statistical analysis for the
comparison of relative groups was based on Student’s 𝑡-test
or one-wayANOVAanalysis with SPSS software. Significance
was accepted at the 0.05 level of probability.

3. Results and Discussion

3.1. Synthesis andCharacterization ofmPEG-PCLCopolymers.
The obtained mPEG-PCL copolymers were characterized by
1H NMR and GPC. The calculated molecular weight was
listed in Table 1. The purity of the polymer was demonstrated
by the only peak of mPEG-PCL copolymer in GPC curve
(see Figure S1 of the Supplementary Material available
online at http://dx.doi.org/10.1155/2016/5918462).Themolec-
ular weight and molecular weight distribution of mPEG-
PCL from GPC were also listed in Table 1. As shown in
Table 1, the molecular weight from NMR and GPC was con-
sistent with the feeding ratios. In addition, the number of
molecular weight from GPC was lower than that from NMR,
which meant that GPC data were relative values based on
polystyrene standards [22].

3.2. Preparation and Characterization of Rsv-NFs. As shown
in Figure S2, SEM was performed to observe Rsv-NFs with
a uniformed size of about a hundred nanometer (Figure
S2). FTIR spectrum in Figure S3 showed three characteristic
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Figure 1: Cellular uptake of Rsv-NFs by U87 cells. (a) Pictures of U87 cells incubated with coumarin-6 loaded Rsv-NFs. (b) Uptake efficiency
of Rsv-NFs by U87 cells with different concentrations. (c) Uptake efficiency of Rsv-NFs by U87 cells with different incubation periods. In
Figure 1(b), ∗∗means 𝑝 < 0.01 versus the group of 12 𝜇MRsv. In Figure 1(c), ∗∗means 𝑝 < 0.01 versus the group of 1 h incubation. # means
𝑝 < 0.05 versus the corresponding group.

peaks of pure Rsv, which corresponded to the three typical
strong bands at 1383.85 (C–O stretching), 1586.53 (C–C
olefinic stretching), and 1606.21 cm−1 (C–C aromatic double-
bond stretching) [23]. As reported in previous study, PCLwas
characterized by the two bands corresponding to amorphous
(1735 cm−1) and crystalline (1725 cm−1) absorption [24, 25].
In the FTIR spectrum of mPEG-PCL, there was a strong
absorption at 1728 cm−1, indicating the high PCL crystallinity
inside the mPEG-PCL nanofibers. As reported earlier, PCL
crystallinity was one of the main factors that affect the drug
loading efficiency.There was a blue shift of the C=O vibration
from 1728 cm−1 to 1730 cm−1 in the spectrum of Rsv-NFs.
Possible explanations may be some form of interaction bet-
ween Rsv and the C=O group of mPEG-PCL. Moreover, the
characteristic peaks of Rsv and mPEG-PCL in the spectrum
of Rsv-NFs demonstrated the successful loading of Rsv into
Rsv-NFs.

3.3. In Vitro Release Study. Figure S4 showed the in vitro
release pattern of two kinds of Rsv-NFs. For the lower loading
nanofibers (5 wt%), there was an initial burst of more than
20% drugs in the first several hours, followed by a relatively

controlled release in the rest of hours. At the end of the
experiment (128 h), nearly 60% of the loading drug was
released from the nanofibers. In contrast, a much faster
release pattern was observed in higher loading Rsv-NFs at
15 wt%. The different release kinetics suggested that drug
loading efficiency had a great impact on the release pattern of
the nanofibers. According to the structure of the drug loaded
nanofibers, the hydrophobic PCL of the nanofiber functioned
as the main part to encapsulate poor soluble Rsv. As the
drug loading content increased without the corresponding
augment of the amount of PCL, the interaction of the
hydrophobic PCL and Rsv weakened to some extent, which
led to the faster release of Rsv-NFs. Moreover, during the
preparation process, some of the drug was finally entrapped
inside the nanofibers and some drug was absorbed to the
surface of the nanofibers.Therefore, high drug loading might
cause the relatively high drug absorption to the surface,
thereby leading to the faster burst release of the drug loaded
nanofibers. Similar results were also reported by a previous
study about Curcumin loaded nanofibers [26].

3.4. Cellular Uptake of Rsv-NFs. As reported previously, the
uptake efficiency of loaded drugs was primarily influenced by
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Figure 2: In vitro antitumor effect of Rsv-NFs. (a) Cytotoxicity of Rsv-NFs against U87 cells for 48 hr. (b) Cytotoxicity of Rsv against U87
cells for 48 hr. (c) Clonogenic assay of Rsv and Rsv-NFs in U87 cells.

the physicochemical characteristics of nanocarriers instead
of the drug since the drug is mostly encapsulated inside
the nanocarriers [21]. In the current study, coumarin-6 was
utilized as fluorescent marker to trace the nanofibers. Two-
hour incubation with the cells was enough for the fluorescent
Rsv-NFs to enter the cells (Figure 1). From the fluorescent
photos, Rsv-NFs were mainly located in the cytoplasm
instead of being in the nucleus. The cellular uptake efficiency
of nanofibers was closely related to the drug loading content.

As shown in Figures 1(b) and 1(c), higher loading effi-
ciency of coumarin-6 led to brighter fluorescence in cells,
which means higher uptake efficiency. As reported in previ-
ous studies, cellular uptake of nanofiber was mainly through
the absorption mediated endocytosis [1]. However, the inter-
nalization of free coumarin-6 was dependent on diffusion
with most of the coumarin-6 trapped in cell membrane.

Therefore, Rsv-NFs could transport the lipophilic drug into
the cells through efficient endocytosis.

3.5. In Vitro Cytotoxicity and Apoptotic Induction of Rsv-NFs.
As shown in Figures 2(a) and 2(b), both Rsv and Rsv-NFs had
a time- and dose-dependent cytotoxicity against U87 cells.
When cells were incubated with both drugs for 24 h, free Rsv
showed a stronger cell growth inhibitory effect than Rsv-NFs
did at the equivalent dose. As the incubation time increased
to 36 h, both Rsv-NFs and Rsv led to similar toxicity to cells
at the equivalent concentration. Moreover, further extension
of incubation time to 48 h resulted in a faster increase in the
cytotoxicity of Rsv-NFs than that of free Rsv. For example,
about 85% cells survived after 24 h incubation with 4𝜇M
Rsv while only 73% cells were alive when incubated with the
same dose of Rsv-NFs. However, after 72 h incubation, there
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Figure 3: Apoptotic induction of Rsv-NFs and Rsv in U87 cells. The upper panel of (a): Edu/Hoechst 33342 dual staining; the lower panel
of (a): AO/EB dual staining. Bar graph (b): quantitative analysis of apoptosis rate by FACS. ∗∗ represents 𝑝 < 0.01 versus control group. #
represents 𝑝 < 0.05 versus the corresponding group.

were only 51% cells alive in Rsv-NFs treated group while the
viability was more than 56% in the groups of Rsv treatment.
In addition, Table 1 indicated that the IC

50
value of Rsv-NFs

for 24 h was higher and decreased faster than that of Rsv as
incubated time extended.

For proliferation detection, cells were dually stained by
Edu and Hoechst 33342 (Figure 3). Red staining from Edu
stood for proliferative cells with blue staining by Hoechst
33342 indicating cell nucleus. From Figure 3, when cells were
incubated with the equivalent dose of Rsv and Rsv-NFs, there
was less red fluorescence in Rsv-NFs treated group than in the
group of Rsv, which demonstrated the stronger cytotoxicity of
Rsv-NFs.

Moreover, AO/EB dual staining was applied to visualize
the apoptosis and necrosis of cells. AO can penetrate the
intact membrane of living cells and early apoptotic cells and
stain them green while EB can only enter late apoptotic cells
and dead cells with broken membrane and stain them red.
As shown in the lower panel of Figure 3(a), cells underwent
obvious apoptosis and necrosis when treated with either Rsv
or Rsv-NFs. Most importantly, Rsv-NFs led to more early

apoptosis and late apoptosis (necrosis) of U87 cells than the
equivalent dose of Rsv did.

Previous studies have reported the preparation of drug
loaded nanofibers made by electrospinning [17, 18, 27]. Most
of them focused on the characterization of nanofibers [18].
Few of them evaluate the antitumor effect systematically. For
example, Zupančič et al. successfully constructed Rsv-loaded
nanofibers with PCL as drug carriers. They characterized
the nanofiber by FTIR, DSC, and so forth with no further
evaluation on the anticancer effect [28]. Here we studied
the in vitro antitumor effect of Rsv-NFs through XTT assay,
proliferation and apoptosis staining, and clonogenic assay.
XTT assay and cell staining indicated that Rsv-NFs were
more cytotoxic than free Rsv against cells within certain range
of concentrations, which was in accordance with the results
from Edu staining that less proliferation was observed in the
Rsv-NFs treated group.

3.6. Clonogenic Assay. As indicated in previous studies, there
are two ways to evaluate the cell drug sensitivity. One way
is to measure the cytotoxicity, which assesses the cellular
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Figure 4: Wound healing assay of U87 cells when exposed to the equivalent dose of either Rsv or Rsv-NFs. ∗∗ represents 𝑝 < 0.01 versus
control group. # represents 𝑝 < 0.05 versus the corresponding group.

ability of proliferation after drug treatment. The other way is
to study the cell survival by clonogenic assay to evaluate the
ability of individual cells to form colonies [29]. Cells that are
able to go through mitosis but cannot divide and reproduce a
big number of progeny are considered as dead due to the loss
of reproductive integrity. Only cells that possess the ability
to proliferate and reproduce a large colony are regarded as
“clonogenic” [30]. Therefore, cell survival cure generated
from clonogenic assay describes a relationship between
cytotoxic drug and the percent of cells that survive.

In the current study, clonogenic assay was performed
to evaluate the ability of proliferation and clonogenesis of
glioma cells. Figure 2(c) showed that the survival curve of
cells exposed to either Rsv or Rsv-NFs. At the three dose
levels, cells treated with Rsv-NFs exhibited less clonogenic
abilities than cells exposed to the equivalent dose of Rsv. The
numbers of cell colonies in the Rsv-NFs treated groups were
significantly lower than those in corresponding Rsv-treated
groups, which means that the clonogenic ability of cells
treated with Rsv-NFs was substantially abrogated compared
to free Rsv-treated cells.

3.7. Inhibition on the Migration and Invasion of Cells by Rsv-
NFs. There are several important steps during the process of
tumor metastasis including the ECM degradation, vascular
penetration, and adhesion elsewhere [31]. During the whole
process, the ability of cells to migrate and invade is the main
factor that contributes to the tumor metastasis [32].

Here we employed a highly invasive cell line to evaluate
the migration and invasion of cells when exposed to Rsv and
Rsv-NFs by wound healing and transwell assay. As shown
in Figure 4, both Rsv-NFs and Rsv inhibited the migration
of cells in a dose-dependent manner. Moreover, Rsv-NFs
delayed the migration of cells more efficiently than free Rsv
did at the equivalent concentration. Similar trends could be
observed from the results of transwell assay (Figure 5). The
number of successful invading cells in the Rsv-NFs treated
group was significantly lower than that in Rsv treated group,
which demonstrated an enhanced inhibitory effect of Rsv-
NFs.

3.8. Protein Expression. Protein expressions were evaluated
by western blot to elucidate the possible mechanism of



8 Journal of Nanomaterials

Con B-NFs Rsv Rsv-NFs

(a)

0

100

200

300

400
N

um
be

r o
f i

nv
ad

ed
 ce

lls

∗∗

Con B-NFs Rsv Rsv-NFs

∗∗#

(b)

Figure 5: Transwell assay of U87 cells when exposed to the equivalent dose of either Rsv or Rsv-NFs. ∗∗ represents 𝑝 < 0.01 versus control
group. # represents 𝑝 < 0.05 versus the corresponding group.

antitumor effects of Res-NFs. As a member of the mitogen-
activated protein kinase (MAPK) family, extracellular signal-
regulated kinase (ERK) is constitutively expressed and con-
tributes to cell proliferation and survival in a series of cancer
cells [33]. The close relationship between ERK and apoptotic
proteins has also been established in previous studies. The
activity of ERK pathway has been proved with the upregu-
lation of proapoptotic members of the Bcl-2 family, such as
Bax and Bak, as well as the downregulation of antiapoptotic
members, such as Bcl-2 and Bcl-xl [34, 35].

It is shown in Figure 6 that both Res and Res-NFs
inhibited the expression of p-ERKwhen compared to control.
Most importantly, the expression of p-ERK in cells treated
with Res-NFs was significantly lower than that treated with
the equivalent dose of Res. Moreover, Res-NFs were more
efficient to induce proapoptotic protein Bax and decrease the
antiapoptotic proteins Bcl-2 and Bcl-xl (Figure 6). Therefore,
it is demonstrated that Res-NFs induced the apoptosis of U87
cells through the inhibition of ERK activity and the regulation
of apoptotic pathway.

3.9. In Vivo Study of Rsv-NFs. Figure 7 shows the curve of
tumor volume of tumor bearing mice in different groups. It is
noted that both Rsv and Rsv-NFs dose-dependently delayed
the growth of tumors with no antitumor effect observed in
either control group or blank nanofiber treated group. From
Day 9 to the end of observation, the difference between the
groups of Rsv and control was significant (𝑝 < 0.05), as was

the difference between the groups of Rsv-NFs and control
(𝑝 < 0.05).Most importantly, the antitumor efficiency of Rsv-
NFswasmuchmore stronger than that of freeRsv as themean
tumor volume of mice treated by Rsv-NFs was significantly
smaller than that of mice with the treatment of the equivalent
dose of Rsv from Day 11 to the end of experiment (𝑝 < 0.01).
For instance, mice in the group of Rsv reached the standard
of euthanization (1.998 ± 0.098 cm3) while the mice in Rsv-
NFs treated group was only a bit larger than half the size
(1.213 ± 0.087 cm3) of euthanization standard.

Here Rsv-NFs mats were implanted to cover the tumor
nodule through a small surgery instead of injection through
tail vein.Three advantages could be achieved due to the char-
acteristic pharmacokinetics profile of Rsv-NFs through local
implantation of the drug loaded nanofibers. First, a sustained
release of Rsv around the tumor through local implantation
of nanofibermeans a continuous exposure of tumor nodule to
the drug. Second, controlled release of Rsv around the tumor
will increase the penetration of drug into the tumor since the
density of neovessels on the surface of tumor mass is much
more higher than that inside the tumor. This will lead to
an effective long-term high drug concentration in the tumor
site, thereby generating stronger antitumor effect. Third, the
efficient cellular uptake of Rsv-NFs through endocytosis
also contributes to the increase of intracellular drug concen-
tration. Two previous reports which studied the in vivo effi-
ciency of drug loaded nanofibers also supported the idea
that local implantation increases the antitumor effect of drug
loaded nanofibers [36, 37].
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Figure 6: Protein expression inU87 cells exposed to different treatment. (a) Protein expression of p-ERK/ERKwith semiquantitative analysis.
(b) Expression of apoptotic proteins in cells. ∗∗means 𝑝 < 0.01 versus control group. # means 𝑝 < 0.05 versus the Rsv group.

4. Conclusion

In the current study, we prepared Rsv-loaded nanofibers by
electrospinningwithmEPG-PCL as drug carriers. Character-
ization studies showed the successful encapsulation of Rsv in
the nanofibers with an in vitro sustained release pattern. In
vitro XTT assay suggested the superior cytotoxicity of Rsv-
NFs with more apoptosis induction. Cells that exposed to
Rsv-NFs showed less clonogenic ability when compared to
the equivalent dose of free Rsv. In addition, the migration
and invasion ability of cells were also significantly lower when
treated with Rsv-NFs. In the in vivo study, local implantation
of Rsv-NFs greatly increased the growth inhibitory effect

compared to freeRsv.Therefore, results from thecurrent study
demonstrated a promising way to improve the antitumor
effect of Rsv by nanofiber delivery.
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Graphene quantum dots (GQDs) were synthesized and incorporated with polyethylenedioxythiophene:poly(4-styrenesulfonate)
(PEDOT:PSS) and carbon nanotube (CNT) to form a composite that can be used for humidity sensors.The 600 nm thick composite
films contained bulk heterojunctions of CNT/GQD and CNT/PEDOT:PSS.The sensors made from the composites responded well
to humidity in a range from 60 to 80% at room temperature and atmospheric pressure. With a CNT content of 0.4 wt.% (GPC-1) to
0.8 wt.% (GPC-2) and 1.2 wt.% (GPC-3), the sensitivity of the humidity sensing devices based on CNT-doped graphene quantum
dot-PEDOT:PSS composites was increased from 4.5% (GPC-1) to 9.0% (GPC-1) and 11.0% (GPC-2), respectively.The fast response
time of the GPC sensors was about 20 s and it was much improved due to CNTs doping in the composites. The best value of the
recovery time was found to be of 40 s, for the GPC composite film doped with 1.2 wt.% CNT content.

1. Introduction

Nanocomposites are known as materials mixing two or more
different materials, where at least one of these has a nanod-
imensional phase, for example, conjugate polymers embed-
ded with metallic, semiconducting, and dielectric nanopar-
ticles. In comparison with devices made from standard ma-
terials, the nanocomposites-based devices usually possess en-
hanced efficiency and service life [1–4]. This is because inor-
ganic nanoparticles embedded in conducting polymers can
improve the mechanical, electrical, and optical properties
such as nonlinear optical behavior, photoluminescence, elec-
troluminescence, and photoconductivity [5–7]. Nanostruc-
tured composites or nanohybrid layers containing numer-
ous heterojunctions can be utilized for optoelectronics,
organic light emitting diodes (OLEDs), organic solar flexible
cells (OSC) [8, 9], and so forth. Among conducting poly-
mers, polyethylenedioxythiophene:poly(4-styrenesulfonate)
(abbreviated to PEDOT:PSS) as a p-type organic semicon-
ductor is well used for the hole transport layer in OLED [10]
and OSC [4] as well as for the matrices materials in various

sensors [11]. Various nanocomposite films consisting of con-
ducting polymers mixed with carbon nanotubes (CNTs) as
an active material have been prepared for application in gas
thin film sensors. Recently, Olenych et al. [12] used hybrid
composites based on PEDOT:PSS-porous silicon-CNT for
preparation and characterization of humidity sensors. The
value of the resistance of the hybrid films was as large as
10MΩ that may have caused a reduced accuracy in monitor-
ing the resistance change versus humidity.

It is known that graphene possesses many excellent
electrical properties, since it is an allotrope of carbon with
a structure of a single two-dimensional (2D) layer of sp2
hybridized carbon atoms. Graphene quantum dots (GQDs),
as seen in [13, 14], are a kind of 0D material made from small
pieces of graphene. GQDs exhibit new phenomena due to
quantum confinement and edge effects, which are similar to
semiconducting QDs [15]. Graphene and related materials
like graphene oxide (GO) or reduced graphene oxide (rGO)
as materials used for chemical sensing have significant appli-
cation potential. This is due to the 2-dimensional structure
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Figure 1: Image of a humidity sensor made from a single layer of PEDOT:PSS+GQDs+CNT composite film (a) and the schematic drawing
of the device with the two planar electrodes (b). Humidity change is detected by the change in the current with a constant Dc-bias applied to
the two electrodes.

that results in a high sensing area per unit volume and a
low noise compared to other solid state sensors. There were
many works reporting on the use of graphene or graphene
related materials for monitoring gases and vapors [16, 17].
Particularly, some of the works attempted to connect the
advantages of nanoscale metals with that of graphene for the
improvement of gas sensor applications [18, 19]. GQDs were
mainly used in a single electron transistor (SET). Besides
detecting charge in SETs, GQDs have also been recruited to
build electronic sensors for the detection of humidity and
pressure [20].

In this work we report results of our investigation on the
fabrication of graphene quantumdots and nanocomposites of
PEDOT:PSS+GQDs+CNT. The humidity sensing properties
of the PEDOT:PSS+GQDs+CNT composite based thin film
sensors are also presented.

2. Experimental

2.1. Preparation ofGQDs andCNT-DopedGQDs+PEDOT:PSS
Composites. To prepare GQDs, a solution of graphite
flake (GF), KMnO

4
, and HNO

3
with a weight ratio of

0.2 g : 0.2 g : 0.4mL was prepared and put in a Pt crucible.
This solution was then put in a microwave oven for heating
for 1min to separate GF into laminar form (EG). The second
solution was made from 0.2 g NaNO

3
+ 9.6mL H

2
SO
4
(98%)

+ 1,2 g KMnO
4
(called as NKH). EG was mixed with NKH

solution and carefully stirred by use of a magnetic device
for 2 h to have a GO solution. Adding to the GO solution
30mL distilled water and then 10mL H

2
O
2
allowed us to get

a dark-yellow solution. By spinning with a rate of 7000 rpm
for 5min, a GO powder was obtained and it was diluted
in deionized water. In the next step, NH

3
was added in the

solution and stirred at 100∘C for 5 h until a solution with a
uniform dispersion of GQDs was reached. Finally, the GQDs
dispersed solution was filtrated by using the “Dialysis” funnel
to collect a GQDs powder with a volume of 0.2 g.This powder
then was dissolved in 20mL of twice-distilled water to get a
GQDs-dispersion solution of 10 wt.% GQDs (abbreviated to
GQD10).

To prepare the GQDs+PEDOT:PSS composite solution,
firstly a powder of multiple wall carbonate tubes (shortly
abbreviated to CNT) with an average size of 30 nm in
diameter and 2 𝜇m in length was embedded in 10mL of
the GQD10 solution without CNT and with three contents
of CNT, respectively, 0.5mg, 1.0mg, and 1.5mg. All of the
solutions obtained are called GQC solutions. These solutions
were treated by plasma in a microwave oven. Then 2mL of
PEDOT:PSS (1.25 wt.% in H

2
O) was poured into each GQC

solution. The solutions of GQDs-PEDOT:PSS without and
with CNT of the three abovementioned volumes of CNT
were stirred by ultrasonic wave for 1 hour. Using spin-coating,
four GQC solutions were deposited onto glass substrates
which were coated by two silver planar electrode arrays with
a length (𝐿) of 10mm and separated from one another by
a distance (𝑙) of 5mm, as shown in Figure 1. In the spin-
coating technique used for preparing composite films, the
following parameters were chosen: a delay time of 100 s, a rest
time of 45 s, a spin speed of 1500–1800 rpm, an acceleration
of 500 rpm, and finally a drying time of 3min. To dry the
composite films, a flow of dried gaseous nitrogen was used
for 10 hours. For a solidification avoiding the use of solvents,
the film samples were annealed at 120∘C for 8 h in a “SPT-
200” vacuumdrier. From all the volumes of chemicals such as
GQDs, PEDOT:PSS, and CNT used for the films preparation,
the CNT weight contents (wt.%) in the GQDs-PEDOT:PSS
matrix have been calculated. It is seen that the samples
embeddedwith theCNTvolume of 0.5mg, 1.0mg, and 1.5mg
consist of 0.4 wt.%, 0.8 wt.%, and 1.2 wt.%, respectively. For
simplicity in further analysis, the samples without and with
CNT of 0.4 wt.%, 0.8 wt.%, and 1.2 wt.% were abbreviated
to GPC-0, GPC-1, GPC-2, and GPC-3, respectively. Finally,
these film samples were kept in a dry Ar glove-box until the
measurements.

2.2. Characterization Techniques. The thickness of the films
was measured on a “Veeco Dektak 6M” stylus profilometer.
The size of GQDs and the surface morphology of the
films were characterized by using “Hitachi” Transmission
ElectronMicroscopy (TEM) andEmission ScanningElectron
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Microscopy (FE-SEM), respectively. For humidity sensing
measurements, the samples were put in a 10 dm3-volume
chamber; a humidity value could be fixed in a range from
20% to 80% by the use of a “EPA-2TH”moisture profilometer
(USA). The adsorption process is controlled by insertion
of water vapor, while the desorption process was done by
extraction of the vapor followed by insertion of dry gaseous
Ar. The measurement system that was described in [21]
consists of an Ar gas tank, gas/vapor hoses and solenoids
system, two flow meters, a bubbler with vapor solution, and
an airtight test chamber connected with collect-store data
DAQ component. The Ar gas played a role as carrier gas,
dilution gas, and purge gas.

For each sample, the number of measuring cycles was
chosen to be at least 10 cycles. The humidity flow taken for
measurements was of∼60 sccmmL/min.The sheet resistance
of the samples was measured on a “KEITHLEY 2602” system
source meter.

3. Results and Discussion

3.1. Electrical Properties and Morphology. From a TEM
micrograph of a GQDs sample (Figure 2), it is seen that the
size distribution of the dots is considerably homogenous;
as evaluated in this micrograph, the dots size ranged from
10 nm to 15 nm. Figure 3 is a FE-SEM micrograph of the
GPC-3 sample where the CNT and GQDs clearly appeared
while the conjugate polymer PEDOT:PSS exhibited a trans-
parent matrix. This SEM micrograph also shows that in
the GPC composite film there are mainly heterojunctions
of the GQD/PEDOT-PSS and CNT/PEDOT:PSS, whereas
CNT/GQD junctions are rarely formed.

From the thickness measurements, it can be seen that
embedding CNT made the GPC samples considerably
thicker. However, for the CNT-embedded GPC films, the
CNT concentration was not much affected by the film
thickness, so that the change in the thickness versus CNT
concentration could be neglected. Indeed, for GPC-0 samples
(i.e., the samples without CNT) the value of the film thickness
was found to be ∼5% smaller than that of the GPC + CNT
samples (Table 1).This can be explained by the lower viscosity
of GPC solution in comparison with the viscosity of GPC
composite solutions.The results ofmeasurements of the sheet
resistance (𝑅) of the samples are listed in Table 1.

For thin films, the sheet resistance in the investigated
samples can be expressed as follows:

𝑅
𝑠
= 𝜌
𝑙

𝑆
= 𝜌
𝑙

2𝑙 × 𝑑
=
𝜌

2𝑑
, (1)

where 𝑙 is the separation distance between two Ag electrodes,
𝑆 = 𝐿 × 𝑑 = 2𝑙 × 𝑑.

Thus from the sheet resistance one can determine the
resistivity (𝜌) of the films as follows:

𝜌 = 2𝑅
𝑠
× 𝑑. (2)

Thus, the conductivity (𝜎) is

𝜎 ∼
1

𝜌
=
1

2𝑅
𝑠
𝑑
. (3)

100nm

Figure 2: TEMmicrograph of a GQDs sample.

100nm

Figure 3: FE-SEMmicrograph of the GPC-3 composite sample.

Table 1: Thickness and resistance at room temperature of graphene
quantum dots/CNT composite films.

Samples
CNT
content
(wt%)

Thickness,
𝑑 (nm) 𝑅

𝑠
(kΩ) Conductivity, 𝜎

(S/cm)

GPC-0 0 460 2.180 4.98
GPC-1 0.4 485 2.160 4.76
GPC-2 0.8 487 0.814 7.93
GPC-3 1.2 490 0.356 27.52

The values of the conductivity of the composited films calcu-
lated by formula (3) are shown in Table 1. The conductivity
of the GPC-3 film is the largest and can be compatible to
the conductivity of a pure PEDOT-PSS film as reported in
[22]. EmbeddingGQDs andCNT into PEDOT-PSS hasmade
the conductivity of PEDOT-PSS decrease, leading to the
expectation that the sensitivity of the GPC composite films
would be enhanced.

The temperature dependence of the conductivity of GPC
samples is shown in Figure 4. For GPC-1 sample, 𝜎 versus
𝑇 curves exhibit a typical property of the inorganic semi-
conductors: with increases in temperature the conductivity
increases. With increases in the CNT content, the composite
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Figure 4: Temperature dependence of the conductivity of GPC-1,
GPC-2, and GPC-3 films.

exhibited a clearer semiconductor behavior; and when it
reached a value as large as 1.2 wt.% (namely, in GPC-3
sample), the conductivity of the films maintained an almost
unchanged value of 37.2 S/cm under elevated operating tem-
peratures. This thermal stability property is a desired factor
for materials that are used in sensing applications.

3.2. Humidity Sensing Characterization. To characterize hu-
midity sensitivity of theGPC samples, the deviceswere placed
in a test chamber and device electrodes were connected
to electrical feedthroughs. The measurements included two
processes: adsorption and desorption. In the adsorption
process, the humidity flow consisting of Ar carrier and
H
2
O vapor from a bubbler was introduced into the test

chamber for an interval of time, following which the change
in resistance of the sensors was recorded. In the desorption
process, a dried Ar gas flow was inserted in the chamber
in order to recover the initial resistance of the GPC films.
Through the recovering time dependence of the resistance
one can obtain information on the desorption ability of the
sensor in the desorption process.

Figure 5 demonstrates the adsorption and desorption
processes of the GQDs-PEDOT:PSS and CNT-PEDOT:PSS
sensors. This figure shows that in the first 60 s Ar gaseous
flow eliminated the contamination agents from the GQDs-
PEDOT:PSS surface; consequently the surface resistance
increased. After the cleaning of the sensor surface during
30 s, the introduced humidity vapor was adsorbed onto the
sensor surface, resulting in the decrease of the resistance. In
the subsequent cycles, the humidity desorption/adsorption
process led, respectively, to increase and decrease of the
resistance of sensors, with results similar to those reported
in [11]. However, through each cycle, the resistance of the
GQDs-PEDOT:PSS film did not recover/restore to its initial
value but increased in 1 to 2 kΩ, to a final value of 235 kΩ
after 1000 s from 220 kΩ. The increase in the initial resistance
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Figure 5: Sheet resistance change versus humidity of GQDs-
PEDOT:PSS and CNT-PEDOT:PSS composite films during adsorp-
tion/desorption processes.

of the GQDs-PEDOT:PSS mainly related to the decrease of
the major charge carriers in PEDOT:PSS. This is due to the
elimination of holes (as the major carriers in PEDOT:PSS)
by electrons that were generated from the H

2
O adsorption.

The more desorption/adsorption cycles, the more holes
eliminated in the deeper distances in the composite films.The
similar feature in the sheet resistance change versus humidity
was observed for the CNT-PEDOT:PSS, but the sensitivity of
the last wasmuch less than the one of the GQDs-PEDOT:PSS
sensor. This proves the advantage of GQDs embedded in
PEDOT:PSS polymer for the humidity sensing.

To appreciate better the sensing performance of the GPC
composite films used for the sensors, a sensitivity (𝜂) of the
devices was introduced. It is determined by the following
equation:

𝜂 =
𝑅 − 𝑅

0

𝑅
0

(%) . (4)

The absolute magnitude of the sensitivity of the GPC-0
calculated by formula (4) is of ca. 2.5%.

Plots of time dependence of the sensitivity of the CNT-
doped GPC composite films are shown in Figure 6. From
this figure one can see that, for the GPC samples, opposite
to the GQDs-PEDOT:PSS, the humidity (i.e., H

2
O vapor)

adsorption process led to increase in the resistance of the
films. Moreover the resistance increased at a much faster rate
than when it decreased.

Looking at the humidity sensing curves in Figure 6, one
can distinguish two phenomena: the “rapid” (steep slope) and
“slow” (shallow slope) response. The rapid response arises
from H

2
O molecular adsorption onto low-energy binding

sites, such as sp2-bonded carbon, and the slow response arises
frommolecular interactions with higher energy binding sites,
such as vacancies, structural defects, and other functional
groups [23, 24].

For the next step, the sensitivity ability of GPC composite
was studied and the whole experiment process as described
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Figure 6: Comparison of the humidity sensing of the GPC composite based sensors versus CNT content; (a) GPC-1 (0.4 wt.%), (b) GPC-2
(0.8 wt.%), and (c) GPC-3 (1.2 wt.%).

above was repeated. The data in Figure 6 show that the
presence of CNT can improve the sensing properties of GPC
sheets. With increase in the CNT content, the resistivity
increased, from 4.5% (for GPC-1) to 9.0% (for GPC-2) and
11.0% (for GPC-3).

The response time (i.e., the duration for 𝑅
0
raising up to

𝑅max in the adsorption process) for all three GPC sheets is
almost the same value of 20 s, whereas the recovery time (the
duration for 𝑅

0
lowering to 𝑅max in the desorption process)

decreased from 70 s (GPC-1, Figure 6(a)) to 60 s (GPC-2,
Figure 6(b)) and 40 s (GPC-3, Figure 6(c)). In addition, the
complete H

2
O molecular desorption on the surface of GPC

composites took place at room temperature and atmospheric
pressure. One can guess that connecting together individual
GPC sheets by CNTs caused the increase of the mobility
of carriers in GPC composite films, consequently leading to
higher H

2
O vapor sensing ability of the CNT-doped GQDs-

PEDOT:PSS composites. Indeed, due to the appearance of
CNTs bridges, the number of the sites with high binding

energies in GPC sheets decreases, while the number of
those with low binding energies increases. Since the H

2
O

molecules was mainly adsorbed at the sites with low binding
energies, the appearance of CNTs bridges led to the complete
desorption ability of GPC composites.

4. Conclusion

The synthesized graphene quantum dots (GQDs) and spin-
coated composite thin films of GQDs, PEDOT:PSS, and CNT
(GPC)were used for preparing humidity sensors.The sensors
had extremely simple structure and they responded well to
the humidity change at room temperature and atmospheric
pressure. With the CNT content increase, from 0% (GPC-0)
to 0.4 wt.% (GPC-1), 0.8 wt.% (GPC-2), and 1.2 wt.% (GPC-
3), the sensitivity of the humidity sensing devices based on
CNT-doped graphene quantum dot-PEDOT:PSS composites
improved from 2.5% (GPC-0) to 4.5% (GPC-1), 9.0% (GPC-
1), and 11.0% (GPC-2), respectively. The response time the
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GPC sensors was as fast as 20 s; and the recovery time of the
sensors lowered from 70 s (0.4 wt.% CNT) to 60 s (0.8 wt.%
CNT) and 40 s (1.2 wt.% CNT).
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The self-assembled folate-biotin-pullulan (FBP) nanoparticles (NPs) were prepared by facile one-pot synthesis and their
physicochemical properties were characterized. The self-assembled FBP NPs were used as an anticancer drug nanocarrier
entrapping doxorubicin (DOX) for targeting folate-receptors-overexpressing cancer cells. The identification of prepared NPs to
folate-receptor-expressing cancer cells (KB cells) was affirmed by cell viability measurement, folate competition test, and flow
cytometric analysis. Compared with the naked DOX and DOX/BP NPs, the DOX/FBP NPs had lower IC

50
value compared to

KB cells as a result of the folate-receptor-mediated endocytosis process. The cytotoxicity of DOX/FBP NPs to KB cells could be
inhibited competitively by free folate. The cellular intake pattern of naked DOX and drug-loaded NPs was identified by confocal
laser scanning microscopy (CLSM) observation and the higher cellular uptake of drug for DOX/FBP NPs over naked DOX was
observed. The prepared FBP NPs had the potential to be used as a powerful carrier to target anticancer drugs to folate-receptor-
expressing tumor cells and reduce cytotoxicity to normal tissues.

1. Introduction

Chemotherapy is a type of cancer treatment that uses drug to
destroy cancer cells.Though chemotherapy is an effective way
to treat many types of cancer, it can also harm healthy cells
and cause side effects.Therefore, developing a distinct carrier
system that incorporates a large quantity of drug and specif-
ically targets tumorous cells is indispensable for successful
cancer chemotherapy. The application of nanotechnology in
drug delivery has raised the expectations of achieving this
goal and even likely changes the focus of the pharmaceutical
and biotechnological industries in the future.

Polymeric nanoparticles (NPs) to be developed as anti-
cancer drug transporters are recently emerging because of
the promise in both their protection of the drug from rapid

metabolism or clearance and their selective accumulation in
tumorous tissues via the enhanced permeability and retention
(EPR) effect caused by the vascular architecture difference
of tumorous tissue and the poor lymphatic drainage sys-
tem [1]. Among a variety of polymeric NPs for targeting
delivery of anticancer drugs, the NPs based on natural
polysaccharides, such as heparin [2], dextran [3], curdlan [4],
xyloglucan [5], arabinogalactan [6], hyaluronic acid [7, 8],
alginate [9–12], pullulan [13–17], and chitosan [18–25], have
attracted the attention of pharmacologists. In particular,
pullulan has aroused scientists’ increasing interest due to its
specific structure and outstanding biological properties, such
as biocompatibility, biodegradability, low immunogenicity,
nontoxicity, and water solubility. Pullulan is a linear polysac-
charide consisting of consecutivemaltotriose units, which are
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connected to each other by an𝛼-1,6-glycosidic bond. Pullulan
has beenwidely used in both the food and the pharmaceutical
industries.

In this study, self-assembled folate-biotin-pullulan (FBP)
NPs were prepared by one-pot synthesis via DCC/DMAP-
mediated ester condensation.When biotin is conjugated with
other biomolecules via ester or amide linkages, its water solu-
bility dramatically decreases because of the loss of hydrophilic
carboxyl group. Thus, it is expected that biotin can act
as a hydrophobic moiety to form self-assembled NPs [26].
Additionally, the conjugated folate acts as a targeting ligand
for specific interaction with folate receptors. These receptors
can be overexpressed in the breast, ovary, endometrium,
kidney, lung, head and neck, brain, and myeloid cancer cells
[27–29]. The physicochemical characteristics of the prepared
FBP NPs were studied using nuclear magnetic resonance
(NMR), transmission electron microscopy (TEM), dynamic
light scattering (DLS), electrophoretic light scattering (ELS),
and fluorescence emission spectroscopy (FES). Doxorubicin
(DOX), an anticancer drug commonly used in the treatment
of a wide range of cancers, was encapsulated in the prepared
self-assembled NPs by membrane dialysis method, and the
release behavior of drug was studied by dialysis against
buffer solution. The active targeting and antitumor efficiency
of DOX/FBP NPs to folate-receptors-overexpressing cancer
cells was investigated by cell viability measurement, folate
competition test, and flow cytometric analysis. The cellular
intake pattern of naked DOX and drug-loaded NPs was
identified by confocal laser scanning microscopy (CLSM)
observation. It is expected that the passive and active target-
ing ability of FBP NPs will supply a promising platform for
their future application in vivo.

2. Experimental

2.1. Materials and Reagents. Pullulan (Mw 140 kDa) was
obtained from Hayashibara Biochemical Laboratory, Japan.
Dicyclohexyl carbodiimide (DCC), 4-dimethylaminopyri-
dine (DMAP), pyrene, biotin, folate, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 98%), and
Hoechst 33342 were purchased from Sigma Chemical Co.,
USA. DOX hydrochloride (DOX⋅HCl) was acquired from
Zhejiang Hisun Pharmaceutical Co. Ltd., China. KB cells
(folate-receptor-overexpressing carcinoma cell line of the oral
cavity) were obtained from the Fourth Military Medical
University, China. RPMI 1640 growthmediumwithout folate
was purchased from Invitrogen Technologies (Carlsbad, CA).
All other chemical reagents in the study were of analytical
grade and obtained from commercial sources.

2.2. Synthesis of Self-Assembled NPs. The FBP was prepared
by DCC/DMAP-mediated esterification reaction. Briefly,
DCC/DMAP (400/200mg) and DCC/DMAP (500/250mg)
were, respectively, added to the 70mL of DMSO solution
containing 0.6 g of folate and the 80mL of DMSO solution
containing 1.0 g of biotin with stirring for activating their
carboxyl groups. Subsequently, the above two solutions were
mixed and 2.0 g of pullulan was added with stirring. After
reaction of 24 h at room temperature, the reactant mixture

was filtered and crude product was dialyzed for removing
unreacted biotin and folate against distilled water for 2 days
utilizing a dialysis bag (molecular cutoff: 12 kDa). Distilled
water was changed at intervals of 4 h. The precipitation was
recovered by filtration and washed thoroughly with diethyl
ether and distilled water, followed by lyophilizing to obtain
dried FBP.

The BP (without folate as targeting ligand) was synthe-
sized by the above similar method.

The speculated one-pot synthetic route of self-assembled
FBP NPs was summarized in Scheme 1.

The pullulan, synthesized BP, and FBP were analysed by
1H-NMR spectroscopy for confirming the biotin and folate
had been incorporated into pullulan.

2.3. Preparation of Self-Assembled NPs. BP or FBP was dis-
persed in distilled water with gentle shaking at 37∘C for 2 days
and then ultrasonic treatment using a probe-type sonifier at
100W. The sonication step was repeated until the BP and
FBP formed self-assembled spherical NPs. To avoid heat built
up in the solution during the sonication, the pulse function
(pulse on and off interval for 2.0 s) was used. The solution
of self-assembled NPs was then filtrated through a 1.0 𝜇m
Millipore filter to remove solid impurities.

The morphology of the self-assembled FBP NPs was
observed by TEM. The diameters distribution and zeta
potential of prepared NPs were detected by DLS and ELS.

2.4. Fluorescence Emission Spectroscopy of FBP. The criti-
cal aggregation concentration (CAC) and self-aggregation
behavior of FBP were estimated by FES using pyrene as
hydrophobic fluorescent probe. The pyrene solution (1.0
× 10−4M) in acetone was put into a series of test tubes,
and the solution was evaporated under a nitrogen gas
stream for removing acetone. Then, FBP solutions of various
concentrations were introduced to the test tubes to bring
the final concentration of pyrene to 6.0 × 10−7M, being
roughly equal to the solubility of pyrene in water at ambient
temperature.Themixture solutionswere sonicated for 30min
in the ultrasonic bath. Pyrene emission spectra were obtained
by fluorescence spectrophotometry at excitation wavelength
of 343 nm and emission wavelength of 360–420 nm. The
intensity ratio of the third band (386 nm, 𝐼

3
) to the first band

(374 nm, 𝐼
1
) was plotted against the logarithm of the FBP

concentration. Two straight lines were drawn and the CMC
value was taken from their intersection.

2.5. Preparation of DOX-Loaded NPs. DOX-loaded NPs
were prepared by dialysis method. Briefly, DOX⋅HCl (5mg)
was added to 3 equivalents of triethylamine in N,N-
dimethylacetamide (DMAc) (2mL) to form DOX basic
adduct. Then a phosphate buffered saline (PBS) suspension
containing predetermined amount of BP or FBP (100–
500mg) was mixed with the DOX solution and stirred
overnight at 4∘C in the dark. The mixture was then put
into a dialysis bag (molecular cutoff: 12 kDa) and dialyzed
against the PBS solution (1/15M, pH 7.4) for 3 days at ambient
temperature. The PBS solution was replaced with a fresh
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Scheme 1: One-pot synthetic route of self-assembled FBP NPs.

buffer solution every 4 h for the first day and then daily.
The mixture was filtered through a filter (1.0 𝜇m, Millipore)
to remove any sedimentary polymer or drug and then
lyophilized to obtain the drug-loaded NPs. The freeze-dried
sample (carrier/drug = 40) was utilized for the subsequent
experiments.

The thus-prepared drug-loaded sample was dissolved in
DMAc and vigorously stirred for 2 h followed by 3min of
sonication. The resulting solution was centrifuged and the
drug concentration in supernatant was measured by UV-
vis spectrophotometry at 490 nm.The supernatant from NPs
without DOX was taken as the control. The drug-loading
content (LC) and loading efficiency (LE) of the NPs were
calculated according to the following equations:

LC (%) = total amount of DOX in NPs
total amount of used NPs

× 100,

LE (%) = total amount of DOX in NPs
total amount of used DOX

× 100.

(1)

2.6. Release Profiles of DOX from Drug-Loaded NPs In Vitro.
The release behavior of DOX from drug-loaded FBPNPs was
studied by dialyzing against 1/15M PBS solutions at different
pH value. Briefly, 1.5mL of DOX/FBP NPs (1mg/mL) sus-
pension was poured onto a dialysis bag (molecular cutoff:
12 kDa), and the dialysis bag was submerged fully into 30mL
of the corresponding release medium at 37∘C with gentle
shaking. At specific time intervals, the release medium was
replaced with the fresh PBS solutions. The release total
amount of drug in the collected samples was measured by
UV-vis spectrophotometry at 490 nm.

2.7. Cytotoxicity Assay. The cytotoxicities of naked DOX and
two drug-loaded NPs on KB cells were determined by the
MTTassay. Briefly, KB cells were cultured in folate-free RPMI
1640 culture medium supplemented with 10% fetal bovine
serum, 100 IU/mL penicillin, and 100 𝜇g/mL streptomycin.
After incubation under a humidified atmosphere (5% CO

2

plus 95% air) at 37∘C for 24 h, the cells were inoculated into
96-well plates at a density of 1 × 104 cells/well and cultured in
the same environment. After 1 day of growth, the cells were
exposed to anticancer drug by replacing the culture medium
with 100 𝜇L of freshly prepared growth medium containing
various concentrations of naked DOX, DOX/BP NPs, or
DOX/FBP NPs. Each DOX concentration was repeated three
times and the growth medium without DOX was utilized as
the control. After 48 h of drug exposure, the cells werewashed
twice with cold PBS; hereafter, 20𝜇L of MTT dye (5mg/mL
in PBS) was put into each well and incubated for another
4 h at 37∘C. The culture medium was removed and 100 𝜇L of
DMSOwas added to each well with vigorous shake for 10min
to remove any formazan crystals and then the cell viability
was assessed at 570 nm relative to untreated cells.

2.8. Folate Competition Test. For evaluating the role of folate
in the cellular uptake of drug-loaded FBP NPs, the KB cells
were exposed to the DOX/FBP NPs with invariable drug
concentration of 0.3mg/L in culture medium containing
different free folate concentration within the range of 0–
200mg/L. After 24 h incubation, the cell viability was quan-
tified as described above. Each experiment was repeated 3
times at each folate concentration.

The competitive inhibition of folate in the cellular uptake
of DOX/FBP NPs was also inspected by flow cytometric
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analysis. For flow cytometric analysis, KB cells were inocu-
lated in 6-well plates at a density of 2 × 104 cells/well. After
incubation for 24 h, the culture medium in each well was
substituted with fresh folate (0.5mM) or folate-free culture
medium containing DOX/BP NPs or DOX/FBP NPs (final
dose of DOX = 0.5mg/L). After 5 h of incubation, the cells
were trypsinized, washed with ice-cold PBS, and stained with
PI.The fluorescence intensity associated with suspended cells
was analysed by the flow cytometry.

2.9. Cellular Intake Pattern of Naked DOX and Drug-Loaded
NPs. Cellular intake pattern of naked DOX and drug-loaded
NPs by KB cells was investigated by CLSM observation.
Due to the inherent red fluorescence of DOX molecule, the
cellular intake pattern of naked DOX and drug-loaded NPs
can be observed directly by CLSM. For CLSM observation,
KB cells at a density of 4 × 104 cells/well were inoculated in
6-well plate with a piece of cover glass at the bottom of each
well. After 24 h of incubation, the attached cells were treated
with fresh folate-free culturemedium containing nakedDOX
or drug-loaded NPs (final dose of DOX = 5mg/L) and
incubated at standard cell culture condition for another 4 h.
The cell monolayer was then washed three times with cold
PBS, fixed with 2.5% formaldehyde (1mL/well) at 37∘C for
10min, and then again rinsed with PBS three times. To label
nucleus, fixed cells were treated with Hoechst 33342 solution
(20mg/mL in PBS, 1mL/well) for 10min and then rinsed
with cold PBS several times. The cover glass was placed on
a glass microscope slide and visualized under CLSM in two
fluorescence detection channels (red for DOX and blue for
Hoechst).

2.10. Statistical Analysis. All data were presented as mean
value ± standard deviation, at least triplicate experiments.
Student’s 𝑡-test or one-way analyses of variance (ANOVA)
were exercised in statistical evaluation. 𝑃 < 0.05 was con-
sidered statistically significant and 𝑃 < 0.01 was considered
highly significant.

3. Results and Discussion

3.1. Synthesis and Characterization of Self-Assembled NPs.
The synthesis of BP and FBP was confirmed by comparing
their 1H-NMR spectrawith those of the unmodified pullulan.

Figure 1 showed the 1H-NMR spectra of pullulan (Fig-
ure 1(a)), BP (Figure 1(b)), and FBP (Figure 1(c)). The
new peaks of biotin appeared in 1H-NMR spectrum of BP
(Figure 1(b)), such as 1.0–1.7 ppm (A, 6H, -(CH

2
)
3
-, m),

2.2 ppm (B, 2H, t), 2.75 ppm (C, 2H, d), 3.1 ppm (D, 1H, s),
4.1 ppm (E, 1H, dd), 4.25 ppm (F, 1H, m), and 6.35 ppm (G,
2H, -NH-, d), which confirmed biotin had been grafted onto
the pullulan backbone successfully. The new peaks of folate
appeared in 1H-NMR spectrum of FBP (Figure 1(c)). The
peaks at 6.6 ppm (signal H) and at 7.4 ppm (signal I) were
attributed to the protons from the benzene ring in folate and
the peak at 8.6 ppm (signal J) was assigned to proton from
the pteridine ring of folate, which confirmed the successful
conjugation of folate with hydroxyl groups of pullulan in BP.

Table 1: Characterization of prepared NPs.

Sample Diameter (nm) Zeta potential
(mV) LC (%) LE (%)

BP 146 ± 11 −5.3 ± 0.5 / /
FBP 156 ± 13 −5.1 ± 0.6 / /
DOX/FBP 168 ± 12 −4.9 ± 0.4 1.72 ± 0.25 69 ± 8

The TEM micrograph and diameter distribution of self-
assembled FBP NPs were shown in Figure 2. The images
clearly showed that the FBP NPs were spherical with average
diameter of 150 nm. The diameter of BP NPs was slightly
smaller than that of FBP NPs and the drug-loaded FBP NPs
exhibited an increase in diameter in comparison with the
drug-free FBP NPs (Table 1).

For evaluating the stability of prepared NPs dispersed in
water, the zeta potential of the NPs was investigated. The BP
NPs possessed a negative surface charge and the negative
surface charge decreased after conjugation of folate with
positive charge groups. But the negative surface charge kept
the basic stability after drug loading (Table 1). According to
the previous literature reports [30–33], electrically neutral
NPs often exhibited the reduced uptake rate of macrophage
phagocytosis system and the prolonged circulation time in
blood after systemic administration. Thus, it was deduced
that FBP NPs with low surface charge could be utilized as a
sustained drug delivery carrier.

The fluorescence emission (FE) spectra of pyrene in FBP
solution and the CAC value of FBP were shown in Figure 3.
The CAC value of FBP was 32mg/L, which was slightly
higher than that (28mg/L) reported in [26], maybe due to
conjugation of folate. The low CAC value of FBP indicated
that the self-assembled NPs could be formed at a reasonably
low concentration because of the strong hydrophobicity of
biotin moiety.

3.2. Loading and Release of DOX In Vitro. A good drug
conveyer should have high LE for loaded drug; otherwise,
it would cause waste of drug and limit the use of such
carrier system.TheFBPNPs showed relatively excellent drug-
loading efficiency for DOX. As shown in Figure 4(a), with the
ratio of carrier/drug increasing from 20 to 100, the LE ofDOX
in FBP NPs increased from 63 to 86% while the LC of DOX
in FBP NPs decreased from 3.15 to 0.86%.

The pH value of normal tissues and blood is kept
constantly at pH 7.4.However, the pHvalue ofmost tumorous
tissues is lower than that of normal tissues. For simulating
the physiological and pathological pH environment, three
PBS solutions with different pH values (pH: 7.4, 6.5, and
5.5) were used as release media to investigate the DOX
release characteristic of DOX/FBP NPs. The DOX/FBP NPs
exhibited the release profile relating to the pH value of the
release environment. As shown in Figure 4(b), the DOX was
released from DOX/FBP NPs very slowly at a physiological
pH of normal tissues. Only 8.5% of DOX was released
from DOX/FBP NPs at pH 7.4 within 72 h. In contrast,
the DOX/FBP NPs exhibited significantly rapid drug release
behavior at acidic pH value. The released total amount of
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Figure 1: 1H-NMR spectra of pullulan (a), BP (b), and FBP (c).

Solution with PROB1= 0.5 baseline = 0

0.0001 0.001 0.01 0.1 1 10 100 1E3 1E41E − 5

Radius (nm) (unweighted log.)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Figure 2: TEM images (scale bars: 200 nm, left; 20 nm, right) and
diameter distribution of self-assembled FBP NPs.

DOX at pH 6.5 and pH 5.5 was approximately 26.8 and
58.3% within 72 h, respectively. The above results show that

DOX/FBP NPs are stable under near-neutral pH condition,
but they deformed in acidic pH environments, causing the
release of the enclosed drug. This drug release characteristic
suggested that the FBP NPs had the potential to be utilized as
drug conveyer for sustained release of hydrophobic antitumor
drugs in acidic environment of cancerous tissues.

3.3. Cytotoxicity and Folate Competition Test. First, the cyto-
toxicities of the prepared NPs were examined and found to
be relatively nontoxic up to the highest testing concentration
(500mg/L) against KB cells after 3 days of incubation (data
not shown). As shown in Figure 5(a), the cytotoxicities of
the naked DOX, DOX/BP NPs, and DOX/FBP NPs were
enhancedwith increasing of the drug concentration, showing
a dose-related cytotoxicity. After 2 days of incubation, the
concentration leading to 50% cell death (IC

50
) of naked

DOX was about 1.30mg/L. The DOX/BP NPs exhibited a
slightly higher cytotoxicity than naked DOX, of which the
IC
50
value was about 0.75mg/L. In sharp contrast, DOX/FBP

NPs were more toxic against KB cells than either naked DOX
or DOX/BP NPs. The IC

50
value was about 0.49mg/L, which
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Figure 4: LC and LE of DOX loaded in FBP NPs (a) and release profiles of DOX from FBP NPs (b).

suggested that the folate-receptor-mediated endocytosis with
targeting specificity led to larger cellular uptake of DOX and
thus eliminated the tumor cells more efficiently.

The role of folate in the cellular uptake of DOX/FBP NPs
was investigated by folate competition test. The cytotoxicity
of DOX/FBP NPs against KB cells could be inhibited com-
petitively by free folate, and the cell viability was improved
with increasing folate concentration in culture medium
(Figure 5(b)). For example, the cell viability was about 62.1%
in folate-free medium but increased to about 98.3% in the
presence of 200mg/L free folate. It suggested that the free
folate molecules hampered the cellular uptake of DOX/FBP

NPs by competitive combining with the folate receptors on
KB cell surface.

The inhibiting effect of folate on the cellular uptake
of DOX/FBP NPs was also evaluated by investigating the
difference in apoptosis of KB cells caused by DOX/BP NPs
or DOX/FBP NPs utilizing flow cytometry. As shown in
Figure 6, when KB cells were incubated with DOX/BP NPs,
the difference in apoptosis ofKB cellswas very little regardless
of the presence or absence of folate in culture medium.
However, when KB cells were incubated with DOX/FBPNPs,
the enhanced difference in apoptosis of KB cells was observed
in the folate-free medium compared to the folate medium.
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Figure 5: Viability of KB cells after being treated by naked DOX, DOX/BP, and DOX/FBP (a) and the effect of free folate on viability of KB
cells incubated with DOX/FBP (b).
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Figure 6: Flow cytometric analysis of DOX/BP (a) and DOX/FBP (b) in the folate medium and folate-free medium.

This indicated that free folate in the medium prevented
DOX/FBP NPs from shuttling into KB cells and eliminating
them by competitive combining with the folate receptors on
the cell membrane.

3.4. Cellular Intake Pattern of Naked DOX and Drug-Loaded
NPs. It is known that the free DOX molecules move into
the cells by passive diffusion pattern. Because of the mul-
tidrug resistance effect, most of them are then efflux by P-
glycoprotein pumps and only the drug that combined with
DNA in the nucleus would remain inside the cell. The NPs

are known to be absorbed into cells by endocytic pathway,
thereby making them escape from the efflux action of P-
glycoprotein [34].

Figure 7 showed the CLSM photos of KB cells incubated
with naked DOX and DOX-loaded NPs (DOX/BP and
DOX/FBP) at the same DOX concentration. The red fluo-
rescence of DOX was utilized as probe to trace the location
of drug and cell nucleus was dyed with Hoechst 33342
(blue fluorescence). After incubation with naked DOX, the
DOX fluorescence located primarily in the cell nucleus with
little in the cytoplasm. But, for DOX-loaded NPs, the drug
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Figure 7: CLSM images of KB cells incubated with naked DOX, DOX/BP, and DOX/FBP NPs at the same DOX concentration for 4 h (scale
bars: 25 𝜇m).

fluorescence was observed mainly in the cytoplasm instead
of the nucleus. The enhanced DOX fluorescence intensity
maybe implied an increased cellular uptake at DOX/FBPNPs
compared to that at nakedDOX andDOX/BPNPs. It is worth
noting that strong red fluorescence from DOX/FBP NPs was
found on the surface of cell membrane. This suggested that
the FBP NPs were absorbed into cells by the folate-receptor-
mediated endocytosismechanism and thismechanismmight
result in a higher cellular uptake. The FBP NPs inside the
cells could escape the endolysosomal pathway and enter the
cytoplasm where they were retained for longer time.

4. Conclusion

The self-assembled FBP NPs were successfully fabricated by
facile method on the basis of esterification reaction and uti-
lized to load a hydrophobic anticancer drug (DOX) with high
drug-loading ability. The release of DOX from DOX/FBP
NPs relied on environmental pH value being more rapidly in
an acidic environment. This suggested that anticancer drug
release could be induced by the acidic intracellular environ-
ment of tumor cells, which indicated that maybe DOX/FBP
NPs could reduce the cytotoxicity to normal tissues. The
DOX/FBP NPs showed increased cellular uptake, enhanced
targeting ability, and reinforced cytotoxicity against KB cells.

No significant cytotoxicity was found with the prepared
blankNPs themselves.Therefore, the self-assembled FBPNPs
were anticipated to be a promising conveyer of hydrophobic
antitumor drug for future application in vivo.

In the future, the experiments of normal cell line without
folate receptor should be used as comparison to ascertain the
above conclusion.
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