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Buzzing of nanotechnology in each and every aspect of
science and technology has been booming at a tremendous
rate now a day. Started its journey from inorganic chemistry,
this field has now even reached to aeronautical research,
and a special attention has been drawn in the medical and
allied braches for exploitation of the nanotech for attending
the limitations of the current scenario. Carrying foreword
the success of nanotechnology in field of physical, chemical,
and medical sciences, it has now started revolutionizing the
drug delivery sciences. The specific advantages include su-
perior pharmacodynamics, pharmacokinetics, reduced tox-
icity, and targeting capability. Vehicle in the delivery sci-
ences being critical quality attribute needs special atten-
tion for tailor made design to rationalize the formulation
development; which can be successfully achieved via nan-
otechnology. Additionally, unique size-dependent properties
of nanosystems/nanodevices offers excellent opportunities
for the development of novel “point-of-care” devices and
therapeutic tools. Drugs incorporated in the nanocarriers,
either physically entrapped or chemically tethered, have the
potential to target physiological disorder zone sparing nor-
mal cells from collateral consequences.

Targeting several molecular mechanisms, for either treat-
ment or prevention of difficult-to-treat diseases, for the
design of the various nanotechnology-based drug delivery
systems is one of prime focuses of the formulation scientist
at the present juncture. Gene therapies and gene-based drug
delivery using nanocarriers are booming especially in case
of neoplastic extravasations. Various tumor suppressor genes
are identified, isolated and successfully formulated for treat-
ment of cancer. A remarkable number of such systems have

already made their pave and are under clinical trials, being
expected very soon at the end user level. Besides treating
these diseases, nanotechnology also offers its contributions
in development of preventive measures such as vaccines.
Various nanotechnological adjuvants have been evaluated
for their capabilities to deliver vaccine subunits without
compromising the immunogenicity for successful design
and development of vaccine delivery systems. Furthermore,
regeneration ability of the visceral organs such as liver has
also been evaluated using nanocarriers, and the postulations
are on their way stating the enhanced cytoactivity of the
transplanted cells when cultured in nanocarriers.

The pharmacokinetic profile, especially transportation
capabilities, of the drug substances have been greatly mod-
ified by incorporation in nanodrug delivery system. These
include enhanced accommodation for targeting moieties
such as chaperones and alteration in release rates comprising
of controlled release and site-specific delivery by use of
molecular engineering techniques. Additionally, encapsu-
lation of the drug substances in various polymeric and
inorganic composites has also been evaluated for their ratio-
nalizing the drug delivery systems. Such encapsulations are
generally made for protecting the biologically active protein
and peptide-based drug compounds from the detrimental
effects of biological fluids. Newer nanoprodrug approaches
have also been applied, which has posed enhanced therapeu-
tic efficacy along with superior circulation time.

Emerging methodologies for formulation of nanodrug
delivery systems include newer versions of the top-down
and bottom-up approaches. Additionally allied technologies
such as atomization and pressurization have come in to play
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to facilitate the preparation of nanotechnological carriers.
One such comprises a novel method of atomization, namely,
electrohydrodynamic atomization used in electrospraying
method. Pressurization techniques such as high hydrostatic
pressure technology for encapsulation of genes into polymer-
ic nanomaterials have recently been studied for their efficacy
in delivering the biologically active compounds. These novel
technologies offer advantages by eliminating the usage of
toxic cationic polymers and chemical tethers further replac-
ing them simple yet effective hydrogen bonding. Such ad-
vantages and simplifications of the process have already given
their imminent revolutions in the field of drug delivery.

With these advancements in the novel nanocarriers and
their applicability, the analytical tools are also not lagging
behind. In order to cope up with this and stand aside, newer
evaluation methodologies are already in move of their devel-
opment. These include scanning probe microscopy, more
specifically atomic force microscopy and scanning tunneling
microscopy, which have great capabilities for molecular and
submolecular characterizations.

Furthermore, various platform technologies at the nano-
scale, often referred as nanoplatforms, have been coming
in to play and booming for widespread applications of
these cutting edge technologies for its applicability at end
users. Basically, the common ones in the race include the
nanocrystals (nanopure, nanoedge, Dissocubes), nanoma-
terials (fullerenes, carbon nanotubes, and nanoparticles),
nanomedicines, molecular self-assemblies (self-assembled
monolayers, supramolecular assemblies and DNA nanotech-
nologies), nanoelectronics (in silico technologies), and so on
to name a few. The extension and appliance will be the state-
of-art for future research.

Finally, the common undeniable opinion highlighted in
this issue is that, although it is too early to say whether
these nanocarriers will wean the world from its current
limitations, or monumentally backfire to cause harm, a deep
understanding of the various mechanisms underneath the
reported findings will favor great discoveries, even at the
nanoscale.

In nutshell, efforts are extensively made for utilizing the
nanotechnology concepts for advancements in the current
drug delivery sciences and, further to this, the fruitfulness of
the efforts has been achieved which is well reflected in this
present issue.

Sanyog Jain
Ijeoma F. Uchegbu

Guru Betageri
Giorgia Pastorin
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Cancer is a major health problem in the world. Advances made in cancer therapy have improved the survival of patients in certain
types of cancer. However, the overall five-year survival has not significantly improved in the majority of cancer types. Major
challenges encountered in having effective cancer therapy are development of drug resistance by the tumor cells, nonspecific
cytotoxicity, and inability to affect metastatic tumors by the chemodrugs. Overcoming these challenges requires development
and testing of novel therapies. One attractive cancer therapeutic approach is cancer gene therapy. Several laboratories including
the authors’ laboratory have been investigating nonviral formulations for delivering therapeutic genes as a mode for effective
cancer therapy. In this paper the authors will summarize their experience in the development and testing of a cationic lipid-based
nanocarrier formulation and the results from their preclinical studies leading to a Phase I clinical trial for nonsmall cell lung cancer.
Their nanocarrier formulation containing therapeutic genes such as tumor suppressor genes when administered intravenously
effectively controls metastatic tumor growth. Additional Phase I clinical trials based on the results of their nanocarrier formulation
have been initiated or proposed for treatment of cancer of the breast, ovary, pancreas, and metastatic melanoma, and will be
discussed.

1. Introduction

Cancer is a major health problem in the world. In 2009,
about 1,479,350 people living in the United States of America
(USA), have been diagnosed with cancer [1]. About half of
these cancer patients will die of the disease. The lifetime risk
of developing cancer is predicted to be 1 in 2 for men and
1 in 3 for women [1]. Dissemination of scientific information
and cancer awareness have reduced the incidence for certain
cancer types while the incidence for other cancer types
remain unchanged or increased. For example, reduced
incidence of lung cancer in men due to cessation of smoking
has been observed while the lung cancer incidence in women

is increasing. Similarly, ignoring the risks of exposure to
ultraviolet rays and the potential for developing skin cancer
has resulted in steady increase in the incidence of melanoma.

Effective cancer therapies developed in recent years have
improved the survival of patients diagnosed with cancer.
However, the overall five-year survival rate of cancer patients
remain dismal and is less than 15% at least for solid
tumors of epithelial origin [2]. Factors contributing to the
poor survival rate despite having developed novel therapies
include development of resistance to therapy by cancer cells,
poor drug distribution and accumulation in the tumor, and
nonspecific cytotoxicity to normal tissues thereby limiting
the drug dosage. Thus, there is a tremendous effort in
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developing new cancer therapeutics that are efficacious and
safe with minimal cytotoxicity to normal tissues. Testing and
demonstration of such new therapeutics in preclinical studies
will ultimately lead to testing in humans as a cancer drug.

One therapeutic approach that has shown promise and
safety is cancer gene therapy [3]. The gene therapy approach
that has exploded and tested widely in the last decade is the
use of tumor suppressor genes (TSG’s). Cell division and
cell growth are tightly controlled processes often regulated
by TSG’s. However, alterations such as mutations, deletions,
and silencing at the DNA, RNA, or protein level of TSG
result in dysregulation of the cell growth and transformation
[4]. Retinoblastoma (Rb) and p53 TSG are classical examples
whose function when lost or altered has been shown to
initiate or contribute to cell transformation [5, 6]. Further-
more, p53 gene mutations are observed in a majority of
human cancers, suggesting it is an important gatekeeper of
the cell. Apart from Rb and p53, several other TSGs have been
identified and shown to regulate diverse cellular processes
and loss of their function affects normal cell activity. Based
on these observations, it was hypothesized that restoration
of normal TSG function will inhibit cell proliferation and
growth leading to cell death. Thus TSG-based cancer therapy
was conceived and initiated.

Early studies using viral vectors demonstrated that deliv-
ering TSG’s resulted in tumor inhibition in animal models
[3] (see Table 1). Translating these findings to the clinic
demonstrated clinical and/or biological response to therapy.
Stabilization of the disease (SD) was frequently observed
in patients receiving therapy, and in few cases complete
response to therapy as evidenced by tumors’ regression
[7–10]. Despite the encouraging clinical results observed
in virus-based cancer gene therapy studies, this treatment
strategy has limited application due to the elicitation of host-
immune response by viral proteins [11–14]. Additionally,
testing of virus-based cancer gene therapy for treatment for
metastatic disease has not been proven to be successful so far.

To overcome the limitations encountered with virus-
based cancer therapy, several laboratories including our own
laboratory have been testing nonviral-gene-delivery vehicles
for cancer gene therapy. The nonviral vectors are of different
composition and formulations. They also vary in their size
and geometry. A majority of these nonviral vectors are
nanometer (nm) in size and often have a lipid component.
According to the National Cancer Institute (NCI), any
biological or synthetic material which in any one dimension
is less than 1 micrometer (μm) is called a nanoparticle.
Based on this definition, several nonviral vectors that are less
than 1 μm in size are referred as nanoparticles, nanocarriers,
nanosomes, and so forth.

An advantage of using nanoparticles as gene-delivery
vehicles is that they can deliver therapeutic genes to in situ
tumors that are disseminated inside the body [3, 15]. Studies
have demonstrated nanoparticle-based gene-delivery results
in antitumor activity in experimental preclinical tumor
models. An added advantage of using nonviral nanocarrier
systems, apart from the ease of manufacturing, is the avoid-
ance of problems frequently encountered with adenovirus
[15, 16].

In this paper, we will discuss our experiences with a lipid-
based nanocarrier that was initially tested in the laboratory
as a tumor suppressor gene-delivery vehicle and later tested
in the clinic for the treatment of nonsmall cell lung cancer
(NSCLC). Plans for applying our nanocarrier-based cancer
gene therapy technology for treatment of other solid cancers
will also be discussed.

2. Gene-Based Nanotherapy

2.1. Laboratory Studies. Our interest in testing lipid-based
nanocarriers as gene-delivery vehicles arises from the fol-
lowing observations: (1) cancer is often metastasized in
patients at the time of their initial diagnosis [1, 2]; (2)
conventional therapies are ineffective in treating metastatic
disease [17, 18]; (3) our own laboratory studies demon-
strate that virus-based (retrovirus and adenovirus) tumor
suppressor gene therapy for systemic therapy of metastatic
cancer was ineffective; (4) preclinical studies demonstrated
that nonviral vectors can deliver genes and drugs to localized
and disseminated tumors [19–21].

Although several lipid-based nanocarriers were reported
in the literature to be efficient gene-delivery vehicles, most
of these studies were restricted to in vitro testing with
few being tested in vivo [22–27]. Furthermore, only a
limited number of nanocarriers has moved beyond the
laboratory and has been tested in the clinic (see Table 2).
The reasons for their inability to test several nanocarriers in
the clinic are multifactorial and include inability to produce
clinical grade nanocarriers in large quantities, inflammatory
response [28–30], poor stability and short half-life of the
nanocarrier in vivo [31, 32], interaction with serum proteins
and aggregation [33, 34], poor uptake of the nanocarrier
by the tumors, and rapid clearance by macrophage and the
reticuloendothelial system (RES) [35].

Methods to overcome some of these limitations included
PEGylation of the nanocarriers using polyethylene gly-
col (PEG). Pegylated nanocarriers demonstrated improved
stability in vivo, reduced RES clearance, and increased
accumulation in tumors resulting in enhanced antitumor
activity [36–38]. Similarly, studies using neutral or negatively
charged nanocarriers have reported effective delivery of
oligonucleotides, siRNA, and chemotherapeutic drugs [39,
40]. Despite the advances made with neutral and anionic
lipid-based nanocarriers, they have not been developed and
tested widely as tumor-suppressor gene-delivery vehicles for
cancer therapy.

In 1998, Templeton et al. [41] reported that cationic
DOTAP:cholesterol (DOTAP:Chol) lipid nanocarrier effi-
ciently delivered plasmid DNA to the lung when admin-
istered intravenously. Findings by Gaensler et al. [42]
concurred that DOTAP:Chol lipid nanocarrier to be an
efficient gene-delivery vehicle. Crook et al. [43] reported that
inclusion of cholesterol was important and a key to achieving
stabilization of the DOTAP:Chol-nanocarrier and efficient
gene transfer. The key feature that makes this nanocarrier
better than previously tested lipid-based nanocarriers is its
stability and reduced interaction with blood proteins in vivo
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Table 1: Tumor suppressor genes tested as cancer therapeutic in preclinical studies.

TSG Cancer Animal model Therapeutic outcomes Molecular events

E1A Ovarian
Intraperitoneal

tumor

Reduced abdominal tumor
burden; increased animal

survival

Apoptosis, reduced
ascites, and cell cycle

arrest

p53 Lung
Subcutaneous

tumor; experimental
lung metastasis

Tumor-growth inhibition;
reduced extrapulmonary

tumor nodules and increased
animal survival

Cell cycle arrest,
apoptosis,

andantiangiogenesis

Fhit Lung
Subcutaneous

tumor; experimental
lung metastasis

Tumor-growth inhibition;
reduced extrapulmonary

tumor nodules and increased
animal survival

Cell cycle arrest and
apoptosis

IL-24 Lung
Subcutaneous

tumor; experimental
lung metastasis

Tumor-growth inhibition;
reduced extrapulmonary
tumor nodules; increased

animal survival

Cell cycle arrest,
apoptosis,

antiangiogenesis, and
autophagy proimmune

activity

Fus1 Lung
Subcutaneous

tumor; experimental
lung metastasis

Tumor-growth inhibition;
reduced extrapulmonary
tumor nodules; increased

animal survival

Cell cycle arrest and
apoptosis

BiKDD Pancreas
Subcutaneous

tumor; orthotopic
tumor

Tumor-growth inhibition;
reduced metastasis, increased

animal survival
Apoptosis

which is contributed by the inclusion of cholesterol [41].
Another key feature that likely contributes to its effectiveness
is that the lipid-nanocarrier, when mixed with DNA, forms
unique bilamellar vase-like structures that keep the DNA
intact from rapid degradation [41]. However, it is likely that
additional factors that are unknown at the present time may
contribute to its effectiveness.

Based on these reports, we initiated preclinical studies
in our laboratory and tested whether DOTAP:Chol-lipid
nanocarrier could efficiently deliver tumor suppressor genes
when administered systemically and control metastatic lung
tumors. Size fractionation studies showed our lipid nanocar-
rier was 200–400 nm in size and had a positive charge of
40± 2 mV [44, 45]. The nanocarriers are stable +4◦C for over
a period of one month when stored as empty nanocarriers
and for at least 48 h when mixed with DNA. Although one
may argue that our nanocarriers are large, results from our
studies, as discussed below, support particle size of 200–
400 nm to be optimal and to strike a balance between tumor
uptake and macrophage clearance. Furthermore, we believe
that the size of the nanocarrier will need to be varied and
optimized depending on the disease to be treated and that
the concept of one-size-fits-all disease treatments cannot be
applied.

In vitro studies showed transfection efficiency mediated
by the nanocarrier varied among cell types that correlated
with transgene expression [44, 46, 47]. Transgene expres-
sion was observed to be detectable as early as 12 h after
transfection and was detectable up to 72 h after transfection
albeit expression levels decreased over time. The transfection
efficiency and transgene expression were observed to be
consistent in a given cell line even when different tumor

suppressor genes or marker genes were used. One factor that
affected transfection efficiency and transgene expression was
the size of plasmid contained in the nanocarrier. In general,
a nanocarrier containing a plasmid that was 3-4 Kb in
size produced higher transfection compared to nanocarrier
containing a plasmid that was greater than 4 Kb in size.
Furthermore, the DNA-containing nanocarrier was stable for
at least 48 h when stored at +4◦C and produced comparable
transfection efficiency and transgene expression in tumor
cells when compared to that produced by cells treated with
a freshly prepared DNA-containing nanocarrier.

In vivo studies were initially focused on biodistribution
and toxicity of the DNA-containing nanocarrier in immuno-
competent mice. Biodistribution studies showed that the
DNA-nanocarrier primarily localized to the lung when
injected intravenously. However, over time the nanocarrier
exited the lung and was detectable in other organs (liver,
spleen, kidney etc). Toxicity studies demonstrated a dose-
dependent response with LD10 being in the range of 55–
70 μg of DNA in the lipid nanocarrier and depended on
the backbone of the plasmid DNA. The therapeutic gene
contributed very little to toxicity (unpublished data).

We next investigated the therapeutic effects of a TSG-
containing nanocarrier on human lung tumor xenografts
established in nude mice. Marker gene expression showed
marked transgene expression when injected intratumorally
into subcutaneous lung tumor xenografts [40]. Efficacy stud-
ies showed that a TSGs-containing (p53, Fhit, Fus1, TSG101,
or IL-24) nanocarrier, when administered intratumorally,
produced significant growth inhibition compared to tumor
growth inhibition produced by nanocarrier treatment con-
taining control plasmid DNA [44, 46, 47]. Growth inhibition,
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Table 2: Synthetic nanocarriers tested for cancer gene therapy in human Phase I clinical trials.

Nanocarrier
Therapeutic

gene
Cancer Route of administration

DC (3 beta-[n-(N′, N′-dimethylaminoethane)-
carbamoyl]cholesterol): DOPE
(dioleoylphosphatidylethanolamine)

E1A Breast/ovarian Intratumoral (it)/intraperitoneal (ip)

DC (3 beta-[n-(N′, N′-dimethylaminoethane)-
carbamoyl]cholesterol): Chol
(cholesterol)

EGFR Head & neck Intratumoral

DOTAP (N-[1-(2, 3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium Chloride): DOPE
(dioleoylphosphatidylethanolamine)

p53 Solid tumor Intravenous (iv)

DOTAP (N-[1-(2, 3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium Chloride): Chol
(cholesterol)

BiKDD
Pancreatic

cancer
Intravenous (iv)

DOTAP (N-[1-(2, 3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium Chloride): Chol
(cholesterol)

E1A Breast/ovarian Intravenous (iv)

DOTAP (N-[1-(2, 3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium Chloride): Chol
(cholesterol)

Fus1 Lung Intravenous (iv)

DOTMA (N-[1-(2,3-dioleyloxy)propyl]-
N,N,N-trimethylammonium Chloride): Chol
(cholesterol)

IL-2 Head & neck Intratumoral (it)

Source: www.cancertrials.gov.

produced by TSG-containing nanocarrier was independent
of the tumor model, as comparable growth-inhibitory effects
were observed in human H1299 lung tumor and murine
UV2237 tumor xenografts established in nude mice and C3H
mice, respectively [46]. Furthermore, repeated treatments
showed greater tumor-growth inhibition that correlated with
increased transgene expression when compared to growth-
inhibitory effects produced by single treatments. Our study
also showed that the therapeutic effect produced by p53 TSG-
containing nanocarrier treatment was independent of the
endogenous p53 status of the treated tumor. Additionally,
the therapeutic effect produced using various TSGs was
comparable, albeit differences existed among tumor types.
These results provide evidence and support intratumoral
treatments of localized tumors such as cancer of the head and
neck that are unresectable with TSG-containing nanocarrier.
It is envisioned that such localized intratumoral treatments
with TSG-containing nanocarrier will reduce the tumor
burden and make the tumor accessible to surgery and
radiation therapy.

Since our objective and goal was to test the nanocarrier as
a systemic gene-delivery vehicle for treatment of metastatic
disease, we conducted in vivo studies using experimental
tumor-metastasis models. Human H1299 (p53 null) and
A549 (p53 wild-type) tumor cells were injected intravenously
via tail vein to establish experimental lung metastasis in
SCID/Beige and nude mice, respectively. Mice received
daily intravenous treatments with a p53 TSG-containing
nanocarrier for a total of six doses. At four weeks after the
last treatment mice were euthanized, lungs were harvested
and examined for the number of pulmonary nodules.

A significant reduction in the number of pulmonary tumor
nodules were observed in mice receiving p53 TSG nanocar-
rier treatment compared to the number of pulmonary tumor
nodules in mice receiving control DNA-containing nanocar-
rier treatment [44]. Histopathological examination of the
lungs from mice receiving p53 TSG-containing nanocarrier
treatment showed few tumors with evidence of tumor cells
undergoing apoptotic cell death compared to the number of
tumors in the lungs of control mice and very few tumor cells
undergoing apoptosis.

Since the six-day treatment with p53 TSG-containing
nanocarrier did not completely abolish pulmonary tumor
growth we next determined whether these tumors will
regrow and if they can be treated with a second cycle
of treatment akin to that practiced in the clinic. For
this purpose, mice bearing experimental lung tumors were
divided into two groups. One group of mice (n = 8) received
the initial six treatments with p53 TSG nanocarrier (day 1–
6). A second group of mice (n = 8) received the initial six
treatments with p53 TSG nanocarrier (day 1–6) and a second
cycle of six treatments starting on day 30 (day 30–35). Mice
(n = 4) from each group were euthanized on day 28 and
on day 42. Lungs were harvested from the euthanized mice
and the number of lung tumor nodules counted. Our results
showed that a greater reduction in the number of pulmonary
tumor nodules in the lungs of mice receiving two cycles of
p53 TSG nanocarrier treatment compared to the reduction
in tumor nodules in the lungs of mice receiving single cycle
of p53 TSG nanocarrier treatment (unpublished data). Our
results demonstrate repeated cycles of treatment are feasible
and that they produced a greater therapeutic effect.
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We next determined the therapeutic effects of p53 TSG-
containing nanocarrier in disseminated tumor mouse model.
Injection of H1299 lung tumor cells into SCID/Beige mice
results in disseminated tumors in various organs [44]. Treat-
ing these mice with the p53 TSG nanocarrier intravenously
resulted in prolonged animal survival compared to survival
of control mice that were either untreated or treated with a
control plasmid DNA-containing nanocarrier [44].

Effective gene-delivery mediated by the nanocarrier was
not restricted to p53 TSG therapy or to lung tumor models.
Delivery of Fhit and Fus1 TSGs, that are frequently lost in
human lung cancer, produced therapeutic effects that were
similar to the therapeutic effects observed with p53 [44, 47].
Furthermore, combination of Fus1-containing nanocarrier
with chemotherapy was shown to produce additive to
synergistic therapeutic effect [48]. Similarly, systemic therapy
with IL-24-containing nanocarrier inhibited human lung
tumor and murine fibrosarcoma growth established in nude
mice and immunocompetent C3H mice, respectively [46].
In all of these studies repeated treatments resulted in
additive increases in transgene expression in the tumors
with minimal expression in normal tissues adjacent to the
tumor [49], a finding that was in contrast to the report
by Li et al. [50] who showed repeated treatments reduced
transgene expression due to induction of treatment-related
inflammatory response. The differences in the outcomes
were due to difference in the animal models used. We
demonstrated that mice bearing tumors produced immuno-
suppressive factors within the tumor microenvironment
that altered the host immune pathology resulting in no
inhibitory effects on transgene expression [51]. Additionally,
nanocarrier tracking studies demonstrated tumors that were
larger in size had more nanocarriers compared to tumors
that were smaller in size [49]. The uptake of the nanocarriers
involved tumor-mediated phagocytosis. Furthermore, the
inflammatory response produced in the tumor-bearing mice
was markedly reduced. On the contrary, if the mice did not
bear any tumors then the nanocarrier was widely distributed
in the lung, and induction of treatment-related inflamma-
tory response and shutting down of transgene expression
following repeated treatments was observed [44, 49, 52].
Thus, the outcomes of repeated nanocarrier treatment and
transgene expression can be regulated by the host pathology
and disease conditions and therefore need to be considered
during drug development.

More recently, we have tested the systemic therapeu-
tic effects of IL-24-containing nanocarrier treatments in
a metastatic melanoma model. Nude mice injected with
human melanoma (MeWo) tumor cells that are genetically
modified to express the green fluorescent protein (GFP)
produced tumors that metastasized to the lung, liver, brain,
and several other organs and visible under bright light
and fluorescent light (Figure 1). Mice injected with MeWo-
GFP cells and bearing experimental metastasis were divided
into the following groups: no treatment; treatment with
IL-24 plasmid DNA; treatment with empty nanocarrier;
treatment with IL-24-containing nanocarrier. Mice were
treated twice a week (50 μg DNA) until the study was
terminated. Treatment of these mice having experimental

metastasis intravenously with IL-24-nanocarriers resulted in
prolonged animal survival compared to survival of mice that
received other treatments or no treatment (Figure 2). These
studies showed systemic treatment with our nanocarrier
delivers therapeutic genes and produces effective anticancer
activity.

We next determined whether our nanocarrier can deliver
TSGs to ovarian cancer when administered intraperitoneally
(i.p.) and whether it was superior to adenovirus-mediated
gene-delivery in producing a therapeutic effect. Nude mice
were injected into the peritoneum with human ovarian
MDAH2774 tumor cells. The mice rapidly form ascites with
disease progression and at which time if untreated they
will have to be euthanized. These i.p. tumor-bearing mice
were divided into groups and treated as follows: treated
with IL-24-containing nanocarrier, treated with adenovirus
(Ad)-IL-24, treated with Ad-luciferase (Luc), or treated with
phosphate buffered saline (PBS). Animals were monitored
daily and animal survival recorded. As shown in Figure 3,
mice receiving IL-24-containing nanocarrier showed a trend
for increased survival compared to all other treatment
groups. Our preliminary results showed nanocarrier-based
therapy was more effective than adenovirus-based therapy
in controlling tumor growth and progression for ovarian
cancer. Finally, our studies demonstrate DOTAP:Chol-based
nanocarrier is efficient in delivering therapeutics genes to
local and metastatic tumor sites and can be administered via
various routes resulting in enhanced therapeutic effects in
preclinical models.

2.2. Clinical Studies. On the basis of our preclinical studies,
a Phase I clinical trial for the systemic treatment of nonsmall
cell lung cancer (NSCLC) has been initiated at the University
of Texas MD Anderson Cancer Center, Houston, Texas,
USA [53]. This trial which is a first of its kind aims
at testing whether DOTAP:Chol. nanocarrier-containing a
TSG, Fus1, can be administered intravenously in patients
with recurrent/metastatic lung cancer previously treated with
platinum-based chemotherapy. Fus1 is a TSG located on
chromosome 3p21.3 [54, 55]. The rationale for selecting
Fus1 for NSCLC therapy is because it is frequently lost
or deleted in more than 60% of patients diagnosed with
lung cancer [56]. Additionally, studies have shown that Fus1
effectively suppressed lung-tumor growth in vivo when used
as monotherapy or in combination with other drugs [57–59].
The primary objective of this trial is to treat patients with
an escalating dose (0.01–0.09 mg/Kg) of Fus1-containing
nanocarrier at a three-week interval and determine the
maximum tolerated dose (MTD). Up to date, 23 patients
have been entered on the study trial and have received one
or more Fus1-containing nanocarrier treatment. Preliminary
results demonstrate Fus1 nanocarrier treatment is well
tolerated with no major treatment-related toxicity [53].
Furthermore, MTD is yet to be determined, and the trial is
open and continuing to accrue patients. The final results of
the Fus1 nanocarrier treatment is expected to be available
upon completion of the trial. The outcome of this trial will
facilitate the design of future TSG-nanocarrier-based Phase
I/II clinical trials for lung cancer.
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Figure 1: Detection of melanoma metastasis by fluorescent imaging. Human melanoma MeWo cell line was stably transfected and selected
for GFP positive clones. The MeWo-GFP cells (5 × 106) were injected intravenously via tail vein in nude mice. Mice were euthanized after
four to five weeks and observed under normal white light and under fluorescent light. Melanoma tumors were detectable under white light
in various organs. However, an increased number of GFP-positive tumors (green fluorescence) were observed under fluorescence light in
various organs indicating melanoma metastasis. Additionally, tumors not visible under white light were detected by fluorescence.
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Figure 2: IL-24 nanotherapy improves animal survival. Nude mice
were injected with MeWo-GFP. Ten days after tumor cell injection
mice were divided into four groups: group received no treatment;
group 2 received IL-24 plasmid DNA; group 3 received empty
nanocarrier; group 4 received IL-24-containing nanocarrier (50 μg
DNA). Treatment was twice a week and administered intravenously
for six weeks. Mice were monitored for animal survival. Mice
receiving IL-24-containing nanocarrier therapy showed increased
survival compared to all other treatment groups.
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Figure 3: IL-24 nanotherapy for ovarian cancer. MDAH2774 (1 ×
106) cells were injected into the peritoneal cavity of nude mice. Mice
were then divided into groups and treated with IL-24-containing
nanocarrier intraperitoneally (i.p.). Mice that were treated with
phosphate buffered saline (PBS), treated with adenovirus (Ad)-
IL-24, or treated with Ad-luciferase (Luc) served as controls. An
increase in animal survival was observed in mice that received IL-
24-containing nanotherapy compared to all other treatment groups.

On the basis of our preclinical studies and the Fus1-
containing nanocarrier Phase I clinical trial, two additional

Phase I clinical trials for the treatment of pancreatic cancer,
ovarian, and breast cancer have been approved by the Food
and Drug Administration (FDA) (see Table 2). These trials
will be conducted at the MD Anderson Cancer Center,
Houston, TX, USA. Both of these trials have objectives and
endpoints similar to the Fus1 trial. The only difference is
the therapeutic gene to be used for these cancer types is
different and not Fus1. For pancreatic cancer, a proapoptotic
gene called Bcl-2 interacting killer (Bik) gene (BikDD) will
be used for therapy [60]. The uniqueness is that BikDD
gene expression will be under the control of cholecystokinin
type A receptor (CCKAR) that will be conditionally regulated
by VP16-GAL4-WPRE integrated systemic amplifier (VISA).
This system is tumor selective and high BikDD protein
expression is expected to occur in cancer cells with minimal
protein expression occurring in surrounding normal tissues,
and thus eliminating unwanted cytotoxicity. The objective of
the pancreatic cancer Phase I clinical trial is to determine the
MTD and optimal biological active dose (OBAD) compared
with the clinical response. The trial has not been completed,
and the results from this trial are therefore pending.

In the Phase I clinical trial planned for breast cancer
treatment, the therapeutic gene to be incorporated into the
DOTAP:Chol. nanocarrier is the E1A tumor suppressor gene.
E1A gene introduction into breast cancer cells induces cell
cycle arrest and cell death both in vitro and in vivo [61].
Additionally, E1A has previously been tested in a Phase
I clinical trial for treatment of breast and ovarian cancer
patients. Although results from the early trial did not show
any therapeutic benefits, it demonstrated E1A treatment was
safe [62]. This trial, like the pancreatic trial, is currently open
for patient accrual and not completed. Therefore, results
from this trial will remain unknown for, at least, the next one
to two years.

More recently plans for a Phase I clinical trial testing
systemic IL-24 nanocarrier therapy for metastatic melanoma
is underway. Preclinical efficacy and toxicity studies, that are
prerequisites for submitting IL-24 nanocarrier as investiga-
tional new drug (IND), have been completed. The IL-24
nanocarrier phase I clinical trial is yet to receive approval
from the Food and Drug Administration (FDA) and will be
conducted at the MD Anderson Cancer Center, Houston, TX,
USA.

It is evident from the number of Phase I clinical trials that
have been initiated on the basis of our laboratory findings
that the lipid-based DOTAP:Chol nanocarrier is useful for
systemic delivery of cancer gene therapeutics. Successful
translation of laboratory research to a clinic such as ours
described above will lead to promising cancer treatment
strategies and therapies. It is anticipated that additional
laboratory research will be translated to the clinic in the next
few years.

3. Conclusions

Since the inception and testing of gene-based therapies
for cancer in the early 1990s, significant progress in the
understanding of the biology of the disease and vector
development has been made. Failure to control and/or
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eradicate cancer using virus-based cancer gene therapy has
led to advancement of the nonviral delivery field. Despite
skepticism and unexpected gene therapy related deaths,
progress has been made in the area of cancer gene therapy
and will continue to be made. It is evident from the
progress made in our own laboratory, by moving laboratory
research to the clinic one could successfully translate future
research for cancer therapy. Since combination therapies
have often been reported to produce additive to synergistic
therapeutic effect, it is not far from testing Fus1 nanocarrier
in combination with conventional chemotherapies or molec-
ularly targeted therapies. For example one could combine
Fus1 nanocarrier with the epidermal growth factor receptor
(EGFR) kinase-targeted inhibitors for treatment of lung
cancer. Similarly, IL-24 nanocarrier therapy can be com-
bined with Raf-targeted inhibitor (sorafenib) or alternatively
with the chemotherapeutic Temozolomide for treatment
of metastatic melanoma. Given the possibility of testing
various combinations, it is critical that the ongoing Phase
I clinical trials are successful so that future clinical trials
incorporating combination therapies can be designed and
tested.

With the advent of nanotechnology and its application
to cancer medicine, novel nonviral vector-based nanocarriers
that are multifunctional in their properties have been devel-
oped and are currently being tested in several laboratories
around the world [24, 63–65]. It is thus not far from the
near future that several Phase I clinical trials based on novel
nanoformulations and properties will be initiated for testing
drugs, genes, siRNA, aptamers, or molecular imaging agents
for cancer diagnosis and therapy [27, 66, 67].
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The development of synthetic peptide-based vaccines has many advantages in comparison with vaccines based on live attenuated
organisms, inactivated or killed organism, or toxins. Peptide-based vaccines cannot revert to a virulent form, allow a better
conservation, and are produced more easily and safely. However, they generate a weaker immune response than other vaccines,
and the inclusion of adjuvants and/or the use of vaccine delivery systems is almost always needed. Among vaccine delivery systems,
micro- and nanoparticulated ones are attractive, because their particulate nature can increase cross-presentation of the peptide.
In addition, they can be passively or actively targeted to antigen presenting cells. Furthermore, particulate adjuvants are able to
directly activate innate immune system in vivo. Here, we summarize micro- and nanoparticulated vaccine delivery systems used in
the field of synthetic peptide-based vaccines as well as strategies to increase their immunogenicity.

1. Introduction

In recent years, there has been an increase in the development
of vaccination technology, but the ideal vaccine has not
already been found. In general terms, there are some criteria
which a vaccine must satisfy; it must be capable of eliciting
the appropriate immune response, and it should be safe,
stable, and reproducible. There are other issues such as cost,
number of administrations, or immunization route which
may also have to be taken into account [1]. Traditional
vaccines have been developed using live attenuated organ-
isms (such as BCG—Bacillus Calmette-Guerin, measles,
mumps, rubella, and varicella), killed or inactivated whole
organisms (e.g., influenza) or inactivated toxins (including
diphtheria and tetanus) [2]. Live vaccines have the advantage
of producing both humoral and cellular immune responses
and often require only one boost. However, these vaccines
are environmentally labile and require refrigeration, making
difficult the delivery of these therapeutic agents, especially in
the developing countries. Furthermore, the use of attenuated
pathogens can revert to a more active form, a danger partic-
ularly acute in immune-compromised individuals [3]. Killed
or inactivated organisms generate a weaker immune response

and typically require multiple doses [4]. Hence, these types
of vaccines generally require the addition of an adjuvant to
be effective [5]. These disadvantages led to the development
of subunit vaccines, including synthetic peptides as antigen,
which consist of a specific part of the whole pathogen which
has been demonstrated to stimulate an immune response.
These vaccines are attractive, because they cannot revert
to their virulent form and can be produced in bulk, safely
and reproducibly. However, subunit vaccines have relatively
low immunogenicity [6] which makes necessary the use of
adjuvants and/or vaccine delivery systems. Besides, protein-
based vaccines may be degraded by protease activity and
have limited bioavailability, since they often cannot cross bio-
logical membranes [7, 8]. Finding the optimal combination
between a given synthetic peptide and an adjuvant opens
an unlimited clinical potential for these vaccines, because
if adequate epitopes were identified for a certain disease,
antigens could be synthesized on demand. For this reason,
successful adjuvants need to be safe and well tolerated, simply
produced and with inexpensive compounds, biodegradables,
compatibles with many different antigens, and capable of
function as a delivery system and immune potentiators [9].
Therefore, for licensing of new or newly formulated vaccines,
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nonclinical and clinical data regarding safety and efficacy are
required, next to pharmaceutical quality data. These data are
needed on the active ingredients, as well as the adjuvants
and delivery systems, and their combination in the final
product [10]. In this regard, there is only one guideline
specifically dedicated to peptides, Guidance for Industry for
the Submission of Chemistry, Manufacturing, and Controls
Information for Synthetic Peptide Substances, published in
1994 [11], which stipulates the lot release specifications
(sufficient to ensure the identity, purity, and strength of the
peptide and demonstrate lot-to-lot consistency).

The need of eliciting both humoral and cellular immune
responses has limited the efficacy against certain pathogens,
such as malaria and HIV [3]. Activating the cytolytic
immune response (CTL) is needed in the case of intracellular
pathogens or tumors, and it is mediated by CD8 T cells, CD4
Th1 cells and natural killer T cells. Dendritic cells (DCs)
have several innate features that make them ideal targets
for vaccination purposes. They can capture antigens that
enter the body and move to the T cell areas of lymphoid
organs to find the right clones and start the immune response
[10]. In peripheral tissues, DCs are found in an immature
stage specialized in capturing foreign antigens. In response
to microbes, DCs undergo a process of maturation into
antigen-presenting cells (APCs). Meanwhile, they migrate
from the periphery to the draining lymph nodes, where they
present antigens to the T lymphocytes. DCs can present
peptides to the T cells in the context of major histocom-
patibility complex (MHC) classes I and II molecules and

also glycolipids and glycopeptides to T cells and NKT cells
as well as polypeptides to B cells [12]. In order to achieve
a CTL response, cytolytic cells must specifically recognize
pathogen-derived antigens presented in MHC class I or in the
CD1-lipid complex. Upon antigen recognition, immune cells
release cytolytic agents that directly destroy infected cells and
can induce inflammatory reactions which facilitate innate
immune clearance and the development of some humoral
response.

In order to generate CD8+ T cell immune responses
cross-presentation have to occur, in which an exogenous
antigen is presented into MHC I molecules in order to pro-
mote strong cytolytic and Th1 inflammatory bias [3]. Most
protein-based vaccines do not develop cytolytic responses,
because they are more readily processed into MHC class II
molecules (which triggers humoral or antibody-dependent
immune responses) [13]. For the development of a CTL
response, antigens have to escape from the endosomal
compartment into the cytosolic and endoplasmic reticular
space, where the cross-presentation occurs [3]. Micro- and
nanoparticle-based vaccine delivery systems can function as
antigen carriers. Their particulate nature has some inherent
ability to facilitate antigen cross-presentation [3], since they
resemble pathogens particulate structure that looks like the
biological situation. Particles per se are passively directed to
the APCs and can increase the interaction between these cells
and the antigen due to particles slow degradation [1]. Apart
from the depot effect, particulate adjuvants can directly
activate innate immunity in vivo [14]; that is, they work as
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immunoadjuvants. Thus, modification of these systems to
directly target APCs may be a good approach for improving
their efficacy. Therefore, micro- and nanoparticulated deliv-
ery systems can lead good opportunities in the development
of synthetic peptide-based vaccines (Figure 1).

When preparing micro- or nanodevices, there are some
key formulation aspects such as chemical composition and
manufacturing process, which affect the antigen loading
capacity and release profile, product stability, efficacy, and
safety [15]. For instance, the difference in size between
micro- and nanoparticles may change the immune response
achieved. The smaller the particle, the greater the proportion
of drug located on its surface. This can lead to a substantial
loss of payload or to a lower maximal drug loading for
smaller particles [16], which finally may affect to the adju-
vant activity. Moreover, the preparation process of micro-
and nanoparticles can lead to stability problems due to the
exposure to strong stress conditions (e.g., aqueous/organic
interfaces, hydrophobic surfaces, and vigorous shaking) [17].
For this reason, peptide stability, once entrapped into the
formulation, should be evaluated, since it is unlikely to
develop a universal encapsulation approach appropriate to
every peptide. For instance, in order to study the stability of
the SPf66 peptide encapsulated into PLGA MPs, Carcaboso
et al. [18] analyzed peptide integrity by polyacrylamide
gel electrophoresis and showed no bands indicating partial
degradation or aggregation of the protein.

Nowadays, there are no marketed vaccines composed
of synthetic peptides. However, there are approved vaccines
based on micro- and nanotechnologies. Alum is the most
widely used adjuvant for human vaccines in the form of par-
ticulated aluminium salts (generally, Al(OH)3 and AlPO4)
[19]. As shown in Table 1, it is used in various vaccines,
such as the combined vaccine containing antigens against
diphtheria, tetanus, and pertusiss [20] and against hepatitis
B (Recombivax HB [21] or Engerix B [22, 23]). More
recently, other particulate adjuvants have been licensed for
human use. Emulsions like MF59 or AS03 are components of
Fluad and Pandemrix, respectively [24, 25]. Other vaccines
such as Epaxal [26] or Inflexal [27] include virosomes.
Latest approved systems are composed of combination of
adjuvants, such as AS04 (approved for human use in both
Europe and USA), which comprises MPL (monophosphoril
lipid A) and alum and is used into Fendrix [28] or AS04
combined with virus like particles (VLPs) used into Cervarix
[29, 30] and Gardasil [31].

This paper summarizes micro- and nanoparticulated
delivery systems used in the development of synthetic
peptide-based vaccines. We also discuss various strategies
for improving their efficacy in developing an appropriate
immune response (Table 2).

2. Micro- and Nanoparticulated Systems for
Synthetic Peptide Vaccine Development

2.1. Alum. Aluminium salts (generally, Al(OH)3 and
AlPO4), often called alum, have been widely used in humans
for more than 80 years, and, until recently, it has been the

only adjuvant approved for human use in the USA [32].
Currently, there are many vaccines containing alum, such as
Recombivax HB or Engerix B. Alum adjuvancity is associated
with enhanced antibody responses [19]. It has been shown
that after OVA-alum administration Th2 effector response is
generated, as T helper cells produced IL-4, IL-5, and IL-10
but little IFN-γ [33]. In addition, Li et al. demonstrated that
alum enhances the production of IL-10, a Th2 cytokine,
and inhibits that of IP-10 (IFN-γ-inducible protein), a
chemokine specific for Th1 cells [34]. It has been shown
that alum induces rapid cell recruitment at the injection
site. Kool et al. demonstrated that after an intraperitoneal
injection of alum, a local production of chemoatractants like
CCL2 and CXCL1 was triggered, as well as a recruitment of
neutrophils, eosinophils, monocytes, and subsequently DCs.
This study also revealed that following intraperitoneal or
intramuscular administration of alum, recruited monocytes
migrate to the draining lymph nodes and differenciate into
inflammatory DCs capable of priming T cells [33].

Several action mechanisms have been proposed in order
to explain alum adjuvancity. Previously, it was thought that
alum formed a depot by which the antigen was slowly
released and which converted the antigen into a particulate
form, facilitating phagocytosis by APCs [35]. Later, it has
been shown that alum induces inflammatory responses
that recruit and activate APCs which capture the antigen
[34]. Recent data demonstrate that alum targets NOD-like
receptor protein 3 (NLRP3 or NALP3) to mediate caspase-
1 activation and IL-1β release in lipopolysaccharide- (LPS-)
primed macrophages [36]. NLRP3 interacts with Cardinal
and ASC (apoptosis-associated speck-like protein) to form a
caspase-1-activating complex called inflammasome, which,
in turn, mediates the activation of proIL-1β, proIL-18, and
proIL-33 into their active forms (Figure 2) [34]. However,
in vivo data demonstrated that NLRP3 is dispensable for
the adjuvant activity [36]. Nevertheless, other groups have
reached conflicting conclusions. Eisenbarth et al. [37] and
Li et al. [38] found an abrogation of the antibody responses
to coadministered antigen in absence of NALP3 signaling,
whereas Kool et al. [39] found only partial inhibition of the
response. However, these results may be explained by the fact
that different alum formulations were used in each study or
different levels of TLR (Toll like receptor) agonist were used
[40].

Other studies have suggested that NALP3 could be
stimulated though indirect mechanisms. Kool et al. found
that following alum administration, an increase in the
endogenous danger signal uric acid happened. Neutraliza-
tion of uric acid with uricase led to an inhibition of the
inflammatory response induced by alum [33].

There are several investigators which study the immune
response achieved after combining synthetic peptides with
alum. For instance, a phase I clinical trial was conducted with
the long synthetic peptide GLURP85-213 of Plasmodium
falciparum combined with either alum or Montanide ISA
as adjuvants [41]. Formulations were administered subcuta-
neously with 10, 30, or 100 μg peptide doses at days 0, 30,
and 120. Although serious adverse events were not observed,
adverse events were more prevalent in the Montanide ISA
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Table 1: Examples of EMA- and/or FDA-approved vaccines based on micro- and nanoparticulated delivery systems. MF59 and AS03
are squalene- and tocopherol-based o/w emulsions, respectively. AS04 is composed of monophosphoril lipid A and alum. Virosomes are
composed of viral-derived phospholipid bilayers, and virus-like particles (VLPs) are viral capsids lacking genetic material.

Vaccine Delivery system Indication Reference

Recombivax Alum Hepatitis B [17]

Engerix B Alum Hepatitis B [18, 19]

Tripedia, Infanrix, DAPTACEL Alum Diphteria, Tetanus and Pertussis [16]

Fluad MF59 Influenza/pandemic flu [20]

Pandemrix AS03 Pandemic flu [21]

Fendrix AS04 Hepatitis A [24]

Epaxal Virosomes Hepatitis A [22]

Inflexal Virosomes Influenza [23]

Cervarix AS04 + VLPs Human papillomavirus [25, 26]

Gardasil VLPs + Alum Human papillomavirus [27]

Table 2: Schematic view of the mechanism of action and advantages of the different micro- and nanotechnologies for peptide-based vaccine
delivery.

Type of technology Role Advantages

Alum
(i) Depot
(ii) Activation of inflamasome and IL-1β release

(i) Enhances antibody responses

Emulsions
(i) Promote antigen uptake by DCs
(ii) Strong immunostimulatory activity

(i) Allows reduction of antigen dose

(ii) Well tolerated

(iii) Useful in children

(iv) Mixed Th1/Th2 responses

Polymeric MPs and NPs (i) Enhance IL-1β secretion by DCs

(i) Biodegradable and biocompatible

(ii) Release during long time periods

(iii) Modulation of the delivery: continuous, by
pulses, or triggered by several factors (pH,
temperature, ionic strength, electric or magnetic
fields)

(iv) Elicit humoral and cellular immunity

Liposomes
(i) Passive targeting
(ii) Tendency to interact with macrophages

(i) CD4+, CD8+ and CLT immune responses

(ii) Modulation of the immune response using
different lipids

VLPs
(i) Taken up by APCs and MHC class I and II
presentation

(i) Incorporation of peptides produced by
recombination, or chemically coupling them
once the VLP is formed

(ii) Potent humoral and cellular immune
responses

Virosomes
(i) Enter cells through receptor mediated
endocytosis

(i) Membrane fusion properties of the virus are
maintained

(ii) Humoral and CTL responses

(iii) Value for developing multivalent vaccines

ICOMs and ISCOMATRIX
(i) Antigen carrier
(ii) Immunostimulation (because of the
saponin)

(i) Potent humoral and cellular immune
responses

(ii) Reduction of the antigen dose

(iii) Safe and well tolerated

Nanobeads
(i) Depends on the size: small ones elicit CD8+

immune response, whereas larger ones facilitate
CD4+ responses

(i) Humoral and cellular immune responses
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Figure 2: Scheme of the potential interaction of alum with the
NALP3 inflammasome. Caspase-1 is activated, which in turn, pro-
motes the activation of proinflammatory cytokines IL-β, IL-18, and
IL-33. This process is abrogated by actin polymerization inhibitors,
suggesting that activation of NALP3 requires phagocytosis.

group. On the other hand, both vaccines generated anti-
bodies with capacity to mediate growth-inhibitory activity
against P. falciparum in vitro.

However, nowadays, alum adjuvant is being replaced by
other systems that improve the immune response achieved,
and generally, it is used as a control or in combination with
other adjuvants. For example, Raman et al. investigated the
immunomodulatory effects of two types of CpG adjuvants
intranasally administered with five synthetic peptide antigens
of Plasmodium vivax in alum and microparticles. The
addition of alum to CpG increased four-fold the antibody
titers and triggered a predominance of IgG2a/2b isotypes.
High titers against one of the peptides have a significant
inhibitory effect on parasite development in the mosquito
and the peptide-specific antisera reacted with the air-dried
parasite antigens isolated from P. vivax patients [42].

2.2. Emulsions. Adjuvants composed of emulsions include
oil in water (o/w) and water in oil (w/o) systems. There are
two formulations approved for human use in Europe, MF59
and AS03. There is also another compound, Montanide,
under phase III stage trials.

MF59, a squalene-based o/w emulsion is licensed for
influenza vaccine (Fluad). Vaccines with MF59 are safe and
have demonstrated a better immunogenicity than nonadju-
vanted ones, even in the elderly [44] and childhood [45].
Evaluation of safety data of 64 clinical trials involving MF59

UPV/EHU SEI 5 kV ×1 000 10μm WD 6 mm

Figure 3: Scanning electron micrograph of PLGA microparticles
(×10,000).

revealed that MF59 adjuvanted subjects had lower risks
than nonadjuvanted ones of undergoing unsolicited adverse
events. On the other hand, MF59 adjuvanted subjects had
a higher risk of expected local (mild or moderate pain,
injection-site warmth induration, and erythema) or systemic
reactions (myalgia, headache, fatigue, and malaise) [46]. The
effects of the exposure to MF59 during pregnancy have also
been evaluated. Tsai et al. analysed the clinical trial database
of Novartis Vaccine studies from 1991 to 2009 and found that
distribution of pregnancy outcomes (normal, abnormal, or
ending in the therapeutic abortion) was similar in subjects
exposed to MF59 compared to non exposed ones at any time
of pregnancy, specifically in early pregnancy [47]. Although
these data are few to draw definitive conclusions, available
observations, so far, indicate no signal of risk.

Despite the wide use of MF59, its mechanism of action is
not well understood. Immunofluorescence analysis showed
that MF59 promoted antigen uptake by DCs after intramus-
cular injection [48], which suggest that its adjuvancity is not
mediated by a depot effect. A study comparing the adjuvant
effect of MF59, alum and CpG, characterized the changes
in the expression of genes after intramuscular injection
in mice. MF59 was the stronger inducer of cytokines,
cytokine receptors, adhesion molecules involved in leukocyte
migration, and antigen presentation genes [49]. In this study,
it was hypothesised that MF59 combines the antigen delivery
function with strong immunostimulating activity. Moreover,
it may also promote a sustained antigen-presentation trig-
gering the recruitment of CD11b+ monocytes, which might
differentiate in functional inflammatory DCs, expressing
high levels of MHC class II, as previously described for alum
[33].

AS03 is a tocopherol o/w emulsion-based adjuvant used
in Pandemrix, an influenza pandemic vaccine. Clinical trials
have demonstrated that AS03 adjuvanted vaccines are able
to trigger an immune response comparable to that obtained
with nonadjuvanted ones using a fourfold lower dose [50].
In addition, the vaccine is well tolerated, and solicited adverse
events are transient and mainly mild to moderate in intensity.



6 Journal of Drug Delivery

Phospholipid
bilayer

Aqueous
core

Antigen

Hydrophilic antigens entrapped into
the core of the liposome

(a)

Phospholipid
bilayer

Aqueous
core

Antigen

Amphipathic antigens entrapped into
the bilayer of the liposome

(b)

Phospholipid
bilayer

Aqueous
core

Antigen

Lipidic antigens grafted to the
surface of the liposome

(c)

Figure 4: Scheme of liposomes structure. Antigens are differently incorporated based on their nature. Hydrophilic antigens can be
encapsulated into the aqueous core; amphipathic antigens are integrated into the phospholipid bilayer, and lipidic antigens are adsorbed
to the liposomes surface.

VLP
(empty viral capsid)

Insert the appropriate
fragment into a plasmid

Assemble of
capsid proteins

Eukaryotic cell

Transcription

mRNA

Translation

Capsid proteins

Figure 5: Preparation of VLPs. Viral genes encoding for the viral capsid proteins are inserted into a plasmid, which is transcripted and
translated in a eukaryotic cell. Viral capsid proteins are synthetised and assemble spontaneously into VLPs.

Therefore, a high reduction in the dose of haemagglutinin
can be achieved and can induce cross-clade immunity
in humans, a prerequisite for an effective prepandemic
vaccination strategy [51–53]. Moreover, a recent clinical trial
suggests that Pandemrix used in children 6–35 months old is
highly immunogenic and that overall reactogenicity profile
is acceptable although reactions including fever tend to

increase after a second dose [54]. However, to our knowledge,
no study has been published that combines the use of
synthetic peptides and MF59 or AS03.

Montanide is a w/o emulsion-based adjuvant. Although
it is not yet approved for human use, lot of clinical trials
are undergoing against several diseases such as malaria,
melanoma, or nonsmall cell lung cancer [55]. A study carried
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Figure 7: Electron micrograph of ISCOMATRIX adjuvant follow-
ing negative staining. ISCOMATRIX adjuvant particles are typically
rigid, hollow, spherical, and cage-like particles approximately 40 nm
in diameter. Reproduced with permission from [43].

out in our laboratory, compared the immune response
against the S3 malarial synthetic peptide using Mon-
tanide, poly-lactide-co-glicolide (PLGA) microparticles and
aluminium hydroxide. Subcutaneously administered Mon-
tanide and microspheres resulted in effective adjuvants and
revealed mixed Th1/Th2 immune responses [56]. However,
in a previous study it was shown that Montanide was effective
in eliciting antibodies against the 3D7 peptide but not against
the FC27 peptide [57]. In addition, a recent clinical trial
has been carried out to evaluate the safety, tolerability, and
immunogenicity of mixtures of N, R, and C long synthetic
peptides derived from the P. vivax circumsporozoite protein
formulated in two types of Montanide (ISA 720 and ISA 51)
[58]. However, the results of this study are not yet published.

2.3. Polymeric Micro- and Nanoparticles. Polymeric micro-
and nanoparticle-based vaccine delivery systems have been

widely studied. The most commonly used polymers are
poly(D,L-lactic-co-glycolic) acid (PLGA) and its derivates
(Figure 3), due to their inherent advantages over other
systems. They are biodegradable and biocompatible, are able
to release molecules during long periods of time (weeks
or months), and they are ease to administer via injection
[59] or orally [60]. In addition, PLGA has been approved
for human use in sutures [61], bone implants [62], and
screws [63] as well as in implants for sustained drug delivery
[64]. Apart from PLGA, other polymers have also been used
for vaccination purposes, such as alginate [65], chitin [66],
albumin [67], sodium polyacrylate [68], chitosan [69], poly-
ε-caprolactone [70], or poly(γ-glutamic acid) [71] as well as
some polymer combinations [72, 73].

In these formulations, the antigen can be either
entrapped or adsorbed on the surface of the particles. The
delivery of the antigen can be slow and continuous, by pulses
or it can be triggered by external or environmental factors
such as changes in the pH [74], temperature [75], ionic
strength [76], or electric and magnetic fields [77].

The particle size and size distribution are important
factors to determine antigen release rate, as the total surface
area for protein delivery depends on the particle size [78].
With regard to particle size, it has been shown that it
can influence the type of immune response achieved. In
fact, nano- and microparticles (NPs and MPs) do not have
the same behaviour in vivo. Kanchan and Panda showed
that HBsAg-loaded polylactide MPs (2–8 μm) elicited higher
and long-lasting antibody titers and were not taken up by
macrophages but were on their surface. In addition, MPs
promoted IL-4 secretion and upregulation of MHC class II
molecules and favoured Th2 immune response. On the other
hand, NPs (200–600 nm) were efficiently phagocytized by
macrophages and elicited lower antibody titers, but higher
levels of IFN-γ production, upregulation of MHC class
I molecules along with antibody isotypes favouring Th1-
type immune response [79]. Moreover, Manolova et al.
demonstrated that intradermally administered small-sized
polystyrene particles (≤200 nm) were rapidly transported
to the lymph nodes, where they were taken up by resident
DCs. In contrast, large particles (500–2000 nm) depended on
cellular transport by skin DCs [80]. Despite these differences,
it is not clear which type of particle would be better for each
particular case; therefore, particle size would be individually
studied.

On the other hand, the administration route of particles
may influence the immune response elicited. Mohanan et
al. [81] have studied the bias of the immune response
in mice when immunised by different routes, such as
the subcutaneous, intradermal, intramuscular, and intra-
lymphatic routes with ovalbumin-loaded liposomes, N-
trimethyl-chitosan NPs and PLGA MPs, all with and without
immune-response modifiers. This study has demonstrated
that the IgG2a associated with Th1 immune response is sen-
sitive to the route of administration, whereas IgG1 response
associated with Th2 response was relatively insensitive to the
administration route of particulate delivery systems.

Regarding to the mechanism of action, it has been
shown that similarly to alum, PLGA microspheres enhance



8 Journal of Drug Delivery

IL-1β secretion by DCs, in addition to trigger caspase-1
activation. These abilities require particle uptake by DCs
and NALP3 activation [82]. Although the presence of a
TLR agonist was required to induce IL-1β release in vitro,
injection of the particles in the absence of a TLR agonist
induced IL-1β production at the injection site, indicating
that endogenous factors can synergize with particles to pro-
mote inflammasome activation. This study also showed that
the enhancement of antigen-specific antibody production
by microparticles was independent of NALP3, but it was
needed in order to microspheres promote antigen-specific
IL-6 production by T cells and recruitment and activation
of CD11b+ Gr1− cells. However, other studies showed that
administration of LPS-modified PLGA microspheres loaded
with antigen (ovalbumin), were preferentially internalized
by DCs compared to nonmodified particles. In addition,
these particles elicited potent humoral and cellular immunity
against ovalbumin, and wild-type macrophages increased the
release of IL-1β, consistent with inflammasome activation
[83]. These data highlight that there is still controversy
with the mechanism of action of polymeric micro- and
nanoparticles.

PLGA micro- and nanospheres can be used for systemic
or mucosal immunization [84–86]. PLGA-based systems are
able to be phagocytosed by DCs, even by the oral route [87]
and enhance their immunostimulatory capacity [88], leading
to the upregulation of maturation markers CD40 and CD80
and release of IL-6. It has been shown that Hp91 synthetic
peptide (a peptide that can induce potent antigen-specific
cytotoxic T-lymphocyte responses), both encapsulated or
conjugated to the surface of PLGA nanoparticles, is able to
activate both human and mouse DCs more potently than the
free peptide [88].

PLGA microspheres have been extensively studied by
our research group. Different synthetic peptides have been
entrapped into these microspheres, such as malarial SPf66,
and have been administered by subcutaneous, intradermal
[89], oral [17], or nasal [90] routes in mice. Microencap-
sulated SPf66 induced a superior immune response than
the one obtained with the administration of the peptide
adjuvanted with alum and comparable with the response
obtained with FCA. In addition, these particles have been
administered to Aoutus monkeys leading to high antibody
levels and protection against P. falciparum challenge [91].

To our knowledge, only one clinical trial has been carried
out using PLGA and synthetic peptides [92]. This phase I
study evaluated the safety and immunogenicity of a synthetic
HIV peptide (HIV-1 MN V3) administered intramuscularly
with alum and a similar product encapsulated into PLGA
microspheres administered by the oral route. However, the
oral administration of this vaccine did not trigger significant
humoral, cellular, or mucosal immune responses.

2.4. Liposomes. Liposomes are synthetic spheres comprised
by phospholipid bilayers (Figure 4). According to their
structure and size, liposomes can be classified into multi-
lamellar vesicles (MLV), small unilamellar vesicles (SUV),
intermediate unilamellar vesicles (IUV), or large unilamellar
vesicles (LUV) [93]. For vaccine delivery, antigens can be

encapsulated into the aqueous core, integrated in the lipid
bilayer or adsorbed on the surface [4].

The mechanism of action of liposomes is not well
defined. Passive targeting, derived of their particulate nature,
and tendency to interact with macrophages is likely to be
an important factor, particularly for nontargeted liposomes
[94]. Among the different lipids available, cationic ones
have a better ability to initiate and potentiate the immune
response. It has been shown that positive charge is an
important factor for the retention of liposomes at the
injection site. Neutral liposomes have been shown limited
in their ability to mediate long-term antigen presentation
to circulating antigen-specific T cells and to induce the
Th1 and Th2 arms of the immune system, as compared
to cationic liposomes. The neutral liposomes did, however,
induce the production of IL-5 at levels comparable to
cationic liposomes, indicating that they can induce weak Th2
response [95].

Liposomes composition may also affect the type of
immune response achieved. The inclusion of a fusogenic
lipid in the formulation (i.e., easily fuses with the lipid mem-
branes), such as DOPE, leads to superior IgG2a response
against OVA, indicative of directing towards a Th1 response
[96].

Coupling antigens to the liposomal surface can lead to
CD4+, CD8+ T, and CTL immune responses. CTL epitopes
composed of synthetic peptides derived from severe acute
respiratory syndrome (SARS) coronavirus (SARS-CoV) and
coupled to the surface of liposomes were effective for
peptide-specific CTL induction in mice. One of these pep-
tides was also able to clearance vaccinia virus which expresed
epitopes of SARS-CoV after a challenge, suggesting that
surface-linked liposomal peptides might offer an effective
CTL-based vaccine against this disease [97]. On the other
hand, it has been demonstrated that even small amounts
of antigen entrapped into liposomes can induce IgG2a
antibodies, the vias towards Th1 is more pronounced when
more antigen is entrapped [96].

Liposomes can also induce antigen-specific antitumor
immunity. Liposomes grafted to synthetic peptides derived
from DCs maturation signals, such as HMGB1 (high-
mobility group box 1), are able to target macrophages and
DCs in vitro and in vivo. Coupling these liposomes to tumor
derived plasma membrane vesicles inhibited tumor growth
and metastasis after a tumor challenge in mice [98].

2.5. Virus Like Particles and Virosomes. Virus like particles
(VLPs) are obtained when viral structural proteins are
produced in recombinant expression systems or even in cell-
free systems [99, 100]. Recombinant viral structural proteins
of several viruses can spontaneously assemble into VLPs in
the absence of the viral genetic material and other viral
proteins, which makes them non infectious (Figure 5). VLPs
are able to incorporate peptide vaccines, either produced
by recombination (genetically fused to the gene which
encodes for the VLP), or chemically coupling peptides to
the formed VLP [101, 102]. Pejawar-Gaddy et al. generated
bovine papillomavirus (BPV) VLPs that were chemically
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coupled to a synthetic derivate of MUC1 (human mucin-
1) peptide [103]. This peptide is aberrantly expressed on
a wide range of ductal adenocarcinomas and has been
intensively studied as a candidate cancer vaccine antigen.
MUC1-conjugated VLPs were subcutaneously administered
to MUC1 transgenic mice, leading to a robust activation of
bone marrow-derived DCs, which presented the antigen to
MUC1-specific T cells. In addition, immunization of human
MUC1 transgenic mice, where MUC1 is a selfantigen, with
the VLP vaccine induced MUC1-specific CTL, delayed the
growth of MUC1 transplanted tumors and elicited complete
tumor rejection in some animals. This study and others [102,
104] demonstrate that VLP could be efficiently taken up by
APCs, leading to both MHC class II and I presentation. In
addition, VLPs are able to induce potent antivirus humoral
and cellular immune responses [105–107].

Several vaccines based on VLPs are currently approved
for human use (Gardasil and Cervarix), demonstrating
that VLP provide an appropriate immunity against papillo-
mavirus [27, 29, 108]. Moreover, other VLP-based vaccines
are under development, including vaccines against influenza
[109, 110], HIV [111], or Norwalk virus [112], and in clinical
trials [113].

Virosomes are similar to virus-like particles, consisting
of reconstituted viral envelopes lacking the viral genetic
material. They are generated from virus by a detergent
solubilization and reconstitution procedure [114]. The
main difference with VLPs is that VLPs are self-assembled
viral capside proteins, while virosomes use the envelope
phospholipid bilayers as a platform to which additional
viral components or antigens are attached (Figure 6) [4].
Virosomes may be produced from a variety of enveloped
viruses although the most used one is the influenza virus. In
fact, virosomal approved vaccines (Inflexal and Epaxal) are
composed of influenza virosomes [24, 25]. Influenza viro-
somes possess membrane fusion properties very similar to
the native virus, because they maintain the receptor-binding
and membrane fusion activity of the viral haemagglutinin.
Therefore, virosomes enter cells through receptor-mediated
endocytosis, but this process does not result in the infection
of cells, because virosomes lack the viral RNA [115].

Foreign macromolecules, including synthetic protein
antigens, can be encapsulated in virosomes during the
reconstitution process. These virosomes are able to induce
a powerful class I MHC-restricted CTL response, mainly
because they will deliver their content to the cell cytosol
[116], which favours the cross-presentation. This makes
virosomes possible to be used as a suitable delivery system
in tumor immunotherapy [117].

On the other hand, a fraction of the particles will
inevitably be degraded within the endosomal/lysosomal
compartment. The resulting peptides will be able to associate
with MHC II molecules, resulting in CD4+ response [116].
Development of antibody responses have been found upon
administration of malarial synthetic antigens containing
virosomes. In fact, IgG antibodies against UK-39 (a synthetic
peptide derived from the circumsporozoite protein of P.
faciparum) inhibited invasion of hepatocytes by P. falciparum
sporozoites [118]. A second peptide (AMA49-C1) based on

domain III of apical membrane antigen 1 induced antibodies
that inhibited blood-stage parasite growth in vitro [119].
Combination of both antigens into different virosomes did
not affect negatively the antipeptide antibody titers in mice
or rabbits, demonstrating the value of this system for the
development of multivalent vaccines [120]. In addition,
a phase I clinical trial has been carried out in order to
evaluate the safety and immunogenicity of two virosome-
formulated P. falciparum derived synthetic peptide antigens
(AMA 49-CPE and UK39) [121]. Both vaccines resulted safe,
as no serious or severe adverse events were observed. In
terms of immunogenicity, both formulations elicited already
an antibody specific response in all volunteers with the
appropriate dose.

2.6. ISCOMS and ISCOMATRIX. Immunostimulatory com-
plexes (ISCOMs) are cage-like structures, approximately
of 40 nm in diameter composed of antigen, cholesterol,
phospholipid, and saponin, held together by hydrophobic
interactions, so typically entrapped antigens are amphi-
pathic. The most commonly used saponin is QuilA or its
purified compounds [5, 122]. ISCOMATRIX has essentially
the same structure as ISCOMs but lacks the antigen, which
can be subsequently added (Figure 7). This fact provides
ISCOMATIX for more general applications as they are
not limited to amphipathic antigens [4, 122]. Although
numerous studies have been carried out with animal models
[123–126], few clinical trials evaluating ISCOMs and ISCO-
MATRIX are currently in course [127].

ISCOMs are not immunogenic by themselves although
other saponins different from QuilA are used [43, 128],
but when the antigen is incorporated, they can trigger
humoral, mucosal, and cellular immune responses [128].
Different results have been obtained when evaluating
ISCOMs immunogenicity. For instance, Agrawal et al. [129]
administered in the footpad of mice different HIV-1 derived
synthetic peptides, with and without an immunoadjuvant, in
liposomes or ISCOMs and compared to the administration
of peptides with alum. In contrast to alum, both liposomes
and ISCOMs induced a predominant Th1 like response. On
the other hand, Pahar et al. [123] found that intrarectal
immunization of macaques with two HIV-derived peptides
(HIV-1env and SIVgag) incorporated into ISCOMs induced
low level of immunity against simian-HIV. These differences
may be due to the antigens used, differences in the adminis-
tration route, dose, or schedule.

ISCOMATRIX adjuvant facilitates antigen delivery and
presentation as well as immunomodulation to provide
enhanced and accelerated immune responses. Moreover,
it is capable of inducing broad and potent humoral and
cellular immune responses including both CD4+ and CD8+T
cell responses [130, 131]. The antibody response is often
achieved with lower amounts of antigen than with other
adjuvant systems [132]. Additionally, ISCOMATRIX adju-
vant can be used in vaccines for induction of mucosal
immune responses [133, 134]. In fact, protective ability of
ISCOMATRIX adjuvanted vaccines has been reported [135],
and they have been used in some veterinarian vaccines [136].
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ISCOMATRIX adjuvants are also effective in the field
of cancer treatment. NY-ESO-1 is a protein expressed in
many cancers. This recombinant protein with ISCOMATRIX
adjuvant has been evaluated in a clinical trial [137] demon-
strating that the vaccine is safe and highly immunogenic.
Recently, Ebert et al. have studied the effects of a NY-
ESO-1 peptide synthetic derivate (NY-ESO-160−72/HLA-B7
tetramer) with ISCOMATRIX in humans. They have found
that this vaccine formulation allows DCs to cross-present the
NY-ESO-160−72 epitope efficiently and generates a potent T
cell response.

Regarding to safety concerns, Anderson et al. have pooled
and analyzed the safety data obtained from a number of
vaccine development programs comprising ISCOMATRIX.
Overall, the ISCOMATRIX vaccines were found to be safe
and well tolerated, with no vaccine-related deaths or serious
adverse events. Reactogenicity at the injection site was found
to be the most frequent adverse event compared with subjects
who received placebo or active comparator; however, this
reactogenicity was generally mild, self-limiting, and of
short duration. Until the end of the study, ISCOMATRIX
vaccines have not been associated with events suggestive of
autoimmune or allergic disorders nor events of anaphylaxis
[138].

Recently, cationic immune stimulating complexes have
been developed (PLUSCOMs). In contrast to ISCOMs,
PLUSCOMs are able to incorporate hydrophilic peptides
adsorbed onto their surfaces by ionic interactions. In addi-
tion, they are as effective as classic ISCOMs in inducing
antigen-specific CD8+ T cell responses [139].

2.7. Nanobeads. The use of nanobeads as vaccine car-
rier/adjuvant systems implies the coupling of solid inert
beads, generally made of carboxylated polystyrene, with
an antigen [5]. Beads of 40–50 nm are better internalized
by DCs than higher ones and induce CD8+ type immune
response, whereas larger beads facilitate CD4+ response
[140]. Other studies carried out in vivo were in accordance to
this finding. Particles in this size range could elicit antibody
and cell immunity in mice, as well as provide protection after
a tumor challenge [9, 141]. Later, these findings were also
confirmed in sheep [142, 143]. For instance, administration
of multiple synthetic peptides derived from foot-and-mouth
disease virus conjugated separately to individual nanobeads
or conjugated as a mixture, were able to induce significant
cell-mediated and humoral immune responses in sheep
administered intradermally [143].

3. Current Approaches to Improve the
Immunogenicity of Particulated Systems

The development of successful vaccines implies the produc-
tion of an appropriate immune response against a given
pathogen. This approach concerns immunological, biotech-
nological, and pharmaceutical aspects, as the interaction
between DCs and T lymphocytes, selection of appropriate
antigens and adjuvants, and the production of an stable
end product must be taken into account [15]. In some
cases, vaccine delivery systems have been sufficient to

induce a long lasting protective immunity. However, poorly
immunogenic antigens, such as synthetic peptides, are often
unable to induce a protective immunity when incorporated
into delivery systems alone and require the incorporation
of immune potentiating molecules [8]. Immune potentia-
tors activate innate immune receptors of APCs (named
pathogen recognition receptors—PRRs), which recognize
pathogen associated molecular patterns (PAMPs). Among
PRRs, signalling receptors act as primary sensor of pathogens
and damage, and finally trigger both effector and adaptive
immune responses. These receptors can be located on the
plasma membrane, in different internal compartments, or in
membranes from intracellular vesicles, or can be cytosolic
proteins [144]. Three families of signalling receptors have
been identified: TLRs, NLRs, and RLRs. Members of TLR
family recognize bacteria, viruses, fungi and protozoa;
NLRs detect bacteria and RLRs are antiviral. It is likely
that interaction between these families provides synergistic
or cooperative signalling [145]. In addition, other PPRs
(humoral proteins and endocytic receptors) have a critical
role in activating antigen presentation [144, 146].

The activation of PRRs by immune potentiators induces
the secretion of proinflammatory cytokines and type I
interferon, the upregulation of costimulatory molecules and
MHC class II molecules. In addition, PRRs also trigger the
migration of APCs from the injection site to the T cell
areas of the draining lymph nodes. All these processes are
needed for activation of naive T cells and the development of
both humoral and cellular immune responses [147]. Thus,
formulation of vaccines that target PRRs is an interesting
approach in order to improve their immune response.

Traditionally, antigens have been formulated into their
soluble form plus an immune potentiating molecule [148,
149] or were entrapped into delivery systems alone [89, 150].
Current tendency is to combine more than one adjuvant into
the same vaccine formulation in order to achieve the desired
immune response.

3.1. Combination of Adjuvants with Different Action Mech-
anism. It has been shown that combination of adjuvants
can increase the immune response. For this reason, most of
the novel vaccine formulations comprise a combination of
adjuvants.

The most common combination of adjuvants with differ-
ent action mechanism is the use of a vaccine delivery system
which contains the antigen and an immune potentiating
adjuvant. For instance, combination of PLGA nanoparticles
coencapsulating the poorly immunogenic melanoma anti-
gen, tyrosinase-related protein 2 (TRP2), along with Toll-like
receptor 4 ligand (TLR4) (7-acyl lipid A) led to a therapeutic
antitumor effect against melanoma after the subcutaneous
administration to mice [151].

Although they do not contain synthetic peptides, some
of the licensed vaccines are comprised of a mixture of
adjuvants, such as Gardasil (composed of VLPs and alum),
Fendrix (comprising AS04, approved for human use in
Europe and USA), or Cervarix (which includes AS04 and
VLPs). These vaccines present a high immunogenicity and
are safe [26, 152].
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3.2. Targeting Antigens to Dendritic Cells. Vaccine delivery
systems can incorporate ligands in order to specifically target
APCs receptors. It has been shown that ligand grafting
can enhance the uptake of microparticles by immune cells.
Brandhonneur et al. [153] studied the uptake of different
ligand-grafted PLGA microspheres by alveolar macrophages
of pigs ex vivo. Three different ligands were used: WGA
(lectin weat germ agglutinin, which interacts with lectin
receptors), a RGD (arginine-glycine-aspartate) containing
peptide (interacting on integrins), and a carbohydrate moi-
ety (manose-PEG3-NH2, interacting on manose receptor).
A much higher uptake was observed for mannose-, WGA-
, and RGD-grafted microspheres, mainly because of the
specific mechanism of phagocytosis. When other ligands
were grafted to the microspheres (peptides like BSA—bovine
serum albumin or RAD—arginine-alanine-aspartame), the
uptake was not significantly different from ungrafted micro-
spheres, due to the nonspecific mechanism of uptake, given
the lack of receptors for BSA and RAD into macrophages.

Among PRR ligands, TLR ligands have been widely
studied. TLR activation leads to upregulation of CD40,
CD80, CD86, and CD70 costimulatory molecules in the
surface of APCs, as well as release of Th1 cytokines such
as IL-1, IL-2, IL-6, and TNF. In addition, some ligands are
able to trigger cross-presentation. Therefore, TLRs facilitate
coordination between innate and adaptive immunities by
activating B and T cells as well as memory responses [154]. It
has been shown that antigens and TLR ligands can generate
more potent immune responses when coencapsulated into
the same particle [155]. This can be understood taking
into account that endosomal organelles of DCs express
some TLRs, in addition to posses machinery to process
captured antigens and present them into MHC molecules.
Consequently, simultaneous delivery of antigen and TLR-
ligands into the cytosol may lead to a better DC activation
and subsequent development of immune response.

There exist at least 13 members of TLRs, which recognize
different microbial components. For instance, TLR2 recog-
nize bacterial lipoproteins and lipopeptides in cooperation
with TLR1 or TLR6 [156], TLR4 binds LPS [157], TLR3
recognizes double stranded RNA [158], TLR5 attaches to
flagellin [159], TLR7 and TLR8 recognize single-stranded
viral RNA [160] and synthetic imidazoquinolines [161], and
TLR9 recognizes DNA rich in nonmethylated CpG (cytosine-
phosphorothioate-guanine) [162].

One of the most widely used immunopotentiating
adjuvants are those which interact with TLR9, either CpGs
present into bacterial or viral DNA or synthetic CpG
oligodeoxynucleotides (CpG ODN) [163]. Vaccination with
liposomes containing synthetic peptides derived from lym-
phocytic choriomeningitis virus (LCMV) and CpG motifs
by intramuscular route, resulted in the efficient induction
of antiviral CD8+ T cell responses and complete protection
against not only LCMV but also against a highly virulent
mutant strain. Moreover, the intranasal administration
induced mucosal immunity able to protect mice from the
virus challenge, even using a low dose [164].

Other frequently used TLR ligands are those directed
to TLR3. Poly(inosinic-cytidilic) acid, that is, poly(I:C), is

a synthetic analogue of double-stranded RNA which exerts
its function via TLR3 [165]. Poly(I:C) induces maturation of
DCs [166], is a potent IFN inducer and can activate mono-
cytes and NK cells to produce proinflammatory cytokines
and chemokines [167]. Furthermore, poly(I:C) is able to
enhance specific antitumor immunity against synthetic
peptide-based vaccines by inducing CTL response [168],
mainly because it allows cross-priming [169]. It has been
shown that fluorescent-BSA-loaded PLGA microparticles
including poly(I:C) are effectively phagocytized by DCs
ex vivo and induce a maturation similar to that achieved
with a cytokine cocktail or higher concentrations of soluble
poly(I:C) [170]. Besides, murine splenic DCs pulsed with
polyketal-OVA-poly(I:C) microparticles induce higher per-
centage of IFN-γ-producing CD8+ T cells than DCs treated
with polyketal-OVA particles or soluble OVA/poly(I:C)
[171].

In addition to targeting TLRs, other delivery systems
have been prepared which target other DC receptors. These
carriers incorporate antibodies or molecules that specifically
interact with receptors such as DC-SIGN [172] or DEC-
205 [173] and have the ability to trigger the phagocytosis
of entrapping synthetic peptides by DCs and promote their
maturation.

4. Conclusion

Vaccination with subunit vaccines comprised of synthetic
proteins and peptides is not always successful, because they
can be degraded by proteases, possess limited bioavailability,
and present relatively low immunogenicity. Delivery systems
are able to overcome these problems, since they protect
proteins from degradation and increase their bioavailability
allowing the cross of biological membranes. With regard
to immune response, delivery systems can improve and/or
modulate the response achieved with soluble peptides
alone. Although it has been proposed that they exert their
adjuvancity by generating a depot effect at the injection
site, currently, other action mechanism have been found
which better explain the modulation or improvement of the
immune response. Carriers can be passively directed and
subsequently endocyted by APCs and deliver the antigen
to the cytosol or intracellular organelles. In addition, they
can interact with protein complexes, such as inflamma-
some, to activate immune response. Furthermore, they can
incorporate other immunostimulatory molecules which may
improve or modulate the immune response in order to
develop not only humoral but also cellular immunity.

Delivery systems also possess other advantages; they
are safe, stable, and reproducible. Besides, they can be
administered by several routes, which offer the possibility of
developing both mucosal and systemic immune responses.

All these features have led to the approval of some of
these systems to clinical use, such as VLPs, virosomes, or
traditional alum. Although these adjuvants are able to trigger
appropriate immune responses against certain pathogens,
the future in this field will be focused on the development
of combined vaccines to better design the induction of an
appropriate immune response.
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Abbreviations

APCs: Antigen-presenting cells
ASC: Apoptosis-associated speck-like

protein
BCG: Bacillus Calmette-Guerin
BPV: Bovine papillomavirus
BSA: Bovine serum albumin
CoV: Coronavirus
CpG: Cytosine-phosphorothioate-guanine
CTL: Cytolytic immune response
DCs: Dendritic cells
HBsAg: Hepatitis B surface antigen
HIV: Human immunodeficiency virus
HMGB1: High-mobility group box 1
IFN: Interferon
IL: Interleukin
IP: Inducible protein
ISCOMs: Immunostimulatory complexes
IUV: Intermediate unilamellar vesicles
LCMV: Lymphocytic choriomeningitis virus
LUV: Large unilamellar vesicles
MHC: Major histocompatibility complex
MLV: Multilamellar vesicles
MPL: Monophosphoril lipid A
MPs: Microparticles
MUC1: Human mucin-1
NKT cells: Natural killer T cells
NLR: Nod-like receptor
NLRP3 or NALP3: NOD-like receptor protein 3
NPs: Nanoparticles
o/w: Oil in water
OVA: Ovalbumin
PAMPs: Pathogen associated molecular

patterns
PLGA: Poly(D,L-lactic-co-glycolic) acid
PLUSCOMs: Cationic immune stimulating

complexes
Poly(I:C): Poly(inosinic-cytidilic) acid
PRRs: Pathogen recognition receptors
RAD: arginine-alanine-aspartame
RGD: arginine-glycine-aspartate
RLR: Rig-like receptor
RNA: Ribonucleic acid
SARS: Severe acute respiratory syndrome
SUV: Small unilamellar vesicles
TLR: Toll like receptor
TRP2: Tyrosinase-related protein 2
VLPs: Virus like particles
w/o: Water in oil
WGA: Lectin weat germ agglutinin.
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Emerging nanotechnologies have, and will continue to have, a major impact on the pharmaceutical industry. Their influence
on a drug’s life cycle, inception to delivery, is rapidly expanding. As the industry moves more aggressively toward continuous
manufacturing modes, utilizing Process Analytical Technology (PAT) and Process Intensification (PI) concepts, the critical role of
transport phenomena becomes elucidated. The ability to transfer energy, mass, and momentum with directed purposeful outcomes
is a worthwhile endeavor in establishing higher production rates more economically. Furthermore, the ability to obtain desired
drug properties, such as size, habit, and morphology, through novel manufacturing strategies permits unique formulation control
for optimum delivery methodologies. Bottom-up processing to obtain nano-sized crystals is an excellent example. Formulation
and delivery are intimately coupled in improving bio-efficacy at reduced loading and/or better controlled release capabilities,
minimizing side affects and providing improved therapeutic interventions. Innovative nanotechnology applications, such as
simultaneous targeting, imaging and delivery to tumors, are now possible through use of novel chaperones. Other examples include
nanoparticles attachment to T-cells, release from novel hydrogel implants, and functionalized encapsulants. Difficult tasks such as
drug delivery to the brain via the blood brain barrier and/or the cerebrospinal fluid are now easier to accomplish.

1. Introduction

A large number of hydrophobic compounds with potentially
high pharmacological value fail to pass initial screening tests
because of the perception that they will be too difficult to
deliver effectively due to anticipated formulation limitations.
Fortunately, nanosuspensions of such drugs may be used to
increase bioavailability and offer a variety of delivery options.
Historically most formulation strategies aim for particle
size reduction [1–4]. Typically these limit the dimensions
obtainable since the strategies use high shear processing of
preformed entities. To achieve nanoscale dimensions by these
size reduction technologies (“top down” processing), an
excessive amount of energy and time needs to be expended
[5, 6]. Unfortunately, they often not only proved ineffective
but lead to possible product degradation. Because nanosus-
pensions and novel targeting chaperones, for example

T-cells, can deliver much larger amounts of drug in a smaller
volume than the solvent diluted drug systems [1–4, 7–9],
they have a potential advantage as a formulation strategy.

Emerging nanotechnologies are having a major impact
throughout the pharmaceutical industry. The focus here is
on how these techniques influence delivery strategies and
efficacy through enhancement of the transport phenomena
involved in all phases of a drug’s life cycle. For example, the
ability to obtain desired drug properties, such as size, habit,
and morphology, through novel manufacturing strategies
permits unique formulation control for optimum delivery
methodologies. The ability to transfer energy, mass, and
momentum with directed purposeful outcomes is impera-
tive in establishing higher production rates of these care-
fully engineered nanoparticles at elevated technoeconomic
stature.
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The role of transport phenomena becomes critically
apparent as the industry moves more aggressively toward
continuous manufacturing modes, utilizing Process
Analytical Technology (PAT) and Process Intensification (PI)
concepts. Although these advances rely upon more effective
sensor-reporter systems, based on nanoprobe technology,
they are not the focus here and therefore will only be briefly
touched upon in the following discussions. The emphasis
is on the clinical aspects that drive all the other phases
needed to get to this stage. That is, once available, these
nanoscale entities can be utilized quite effectively in both
traditional and novel delivery techniques, relying heavily on
in vivo transport capabilities. The topics to be addressed in
the following sections all capitalize on how carefully these
drugs were designed, developed, and engineered for desired
properties and capabilities. Specificity of uptake, clearance
control, and transport to the brain via the blood brain
barrier, cerebrospinal fluid, or in smart implants are a few
examples.

Currently, there are a number of nanotechnology
drugs in the market [10]. This first generation of such
drugs relies mainly on the small size of the particles to
increase the surface area and therefore bioavailability
of poorly soluble drugs, and to a lesser extent in the
structure of the particle for delayed release, and so forth.
Examples of nanotechnology drugs in the US market
include Rapamune /Pfizer, Emend /Merck, INVEGA
SUSTENNA /Janssen, all based on Elan’s NanoCrystal

technology. Abraxane /Abraxis Bioscience and Triglide
TM

/
Sciele Pharma are also in the US market. In emerging
technologies, the particles have improved functionalities that
include diagnosis, targeting, and drug delivery functions and
enhance transport and uptake characteristics. The focus of
this paper will be in these emerging technologies rather than
the current status of the market drugs.

The credibility of the techniques (topics) being presented
here is established through either prior extensive testing,
preliminary results from proof-of-concept tests, or derived
from analogous successes for what are believed to be realistic
projected applications. Presented here therefore will be
discussions relative to (a) crystal size and morphology
control, via bottom-up processing, for direct use with
traditional delivery methods, (b) simultaneous target-
ing/delivery techniques incorporating novel chaperones
obtained from functionalized surfactant encapsulants and
T-cells, and (c) controlled release using nanotechnology
innovations involving single and multiple drug interventions
and tissue therapies (e.g., angiogenesis, wound healing, and
artificial organs for autoimmune diseases). In these cases,
attempts are made to identify the underlying fundamental
physicochemical principles/mechanisms associated such
that projected extensions are feasible, and scaleup where
necessary can be accomplished reliably.

2. Techniques/Applications

In the recent article by G. Liversidge [10], as mentioned
previously, a number of specific pharmaceutical companies

and associated drugs are identified that combine control-
release and nanotechnologies. This combination is identified
as a key market driver for this industry. Based upon
documented recent advances and successful applications,
various potential opportunities are outlined. Powerful exten-
sions to many of the concepts and methods mentioned
there are being developed and some are currently being
implemented throughout the industry. For example, the
concept of minitablets has a profound impact on many
release formulations, (i) delayed-, (ii) extended-, and (iii)
pulsitile-release systems.

An objective of ours via this paper is to identify the
importance and effectiveness of nanotechnological inno-
vations on the enhancement of transport processes that
improve therapeutic protocols. Of the techniques being
discussed, the bottom-up method for nanocrystal formation
will be used as an example because it provides the basis
for our ability to carefully engineer the nanoparticles for
the drug delivery protocols. These entities are an essential
component for the clinical implementation of all the trans-
port enhanced techniques in use and/or proposed. Whenever
available, the results from the various levels of experimental
programs executed are presented and discussed, conclusions
drawn, and recommendations for future efforts set forth.

Presented in Table 1 below is an outline of the current
and emerging methods and nanotechnology applications in
drug delivery platforms. These topics will be discussed or
referenced in the sections that follow.

2.1. Formation of Engineered Crystalline Nanoparticles. A
continuous bottom-up approach to the solvent/antisolvent
crystallization process allows precise control of product
properties. Achievement of specified quality goals associated
with overall performance criteria has been demonstrated
[11–14]. These include crystal habit, morphology, and size
distribution. The technique involves generating a large
number of nucleation sites and limiting subsequent growth.
With this method crystal size control is via molecular
approaches that utilize various mechanistic pathways gov-
erned by transport phenomena, thermodynamics principles,
and/or intrinsic kinetics.

The design and operation of commercial scale crystal-
lizers are optimized based on minimizing the formation
of agglomerates, impurities included within crystals, liquid
entrapped within crystal aggregates, and mother liquor
retained by the crystal cake [15–17]. The various crystal-
lization mechanisms that contribute to the observed phe-
nomenological events and how they affect these objectives
will be addressed throughout this section.

The generation of nanoscale homogeneous regions dis-
persed throughout the active crystallization volume is essen-
tial for the success of this bottom-up process. Estimating
the size of these regions is reasonably straightforward using
proven turbulence calculation algorithms [18–20]. The sig-
nificance is that the length scale over which no further mixing
takes place is established and thus molecular diffusion now
dictates timing for the steps involved in the homogeneous
nucleation and growth processes within these regions. Since
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Table 1: Current and emerging nanotechnology.

Methods Applications

Current
(i) Top down
(ii) Batch manufacturing

(i) Enhanced bioavailability

(ii) Delayed delivery

(iii) Extended delivery

(iv) Pulsitile delivery

Emerging

(i) Targeted delivery

(i) Bottom up (ii) Simultaneous targeted, imaging, and delivery

(ii) Continuous manufacturing (iii) Delivery to the brain (overcoming the Blood Brain Barrier)

(iii) PAT (iv) Delivery through novel targeting chaperons, (example T-cells)

(v) Artificial organs, tissue therapy, wound healing, and so forth.

hydrodynamics has a significant impact upon mass, energy,
and momentum transport rates and reaction proficiency it is
imperative that the role it plays not be underestimated. It is
also essential to identify the energy dissipation mechanisms
present and thereby quantify the intensity of mixing (i.e.,
macro-, meso-, or micro-), contact efficacy, and associated
level of turbulence with its resultant eddy cascade. The
length scale of the Kolmogorov (i.e., smallest) eddies, when
formed at high energy dissipation levels, can easily be at the
nanoscale. The important point is that the magnitude of this
energy dissipation rate per unit volume establishes both the
time and length scales over which events occur. These can be
key control variables manipulated by mixing intensity once
the thermodynamic state of the working fluid is established
through other processing variables. Observed rates are highly
dependent on the concentration differences beyond the
solubility limit and hydrodynamic scales. Hence, the local
degree of supersaturation can be used as the primary
metric to account for both the kinetics and thermodynamic
behavior of the system [11, 12, 21, 22].

Crystal characteristics, such as crystal size distribution
(CSD), surface area and topography, morphology, dissolu-
tion rate, and strength (affected by any impurities and flaws
present), depend heavily upon their formation processing
conditions. An inclusion of mother liquor for example
affects not only product quality for its desired applications
but also storage stability, particularly with respect to CSD
and morphology. This is of considerable importance to the
pharmaceutical industry since polymorphic systems exhibit
different physicochemical properties due to the existence of
these different crystal structures. Polymorphism influences
the dissolution characteristics, which along with CSD affects
product formulation strategies and bioavailability [1, 2, 11–
14, 23–26].

To understand how to form crystalline nanoparticles
of hydrophobic active pharmaceutical ingredients (APIs)
via this bottom-up process requires knowledge of the
fundamental thermodynamic and rate processes involved in
the generation of solid particles from a liquid phase. This
involves solubility limits of the target species (with associated
degree of supersaturation), nucleation and growth rates, and
turbulence intensity to obtain the requisite mixing levels.
It is the energy dissipation levels developed by turbulence
that determine the appropriate length and time scales

required to control the phenomenological events occurring.
Although these topics are discussed in some detail for specific
applications elsewhere [11–22], a brief summary of each is
included here for clarity of purpose.

The various aspects and important parameters that affect
the “bottom-up” crystallization process to be discussed are
the following.

(i) Thermodynamics; describes phase characteristics, sol-
ubility limits and phase stability, establishing the
driving force for crystallization.

(ii) Nucleation and crystal growth; related to crystalliza-
tion rates, particle sizes, and crystal structures.

(iii) Complications; describes some of the issues that need
to be addressed in designing a process and getting the
desired product quality.

(iv) Flow Patterns, Mixing, and Transport Phenomena;
describes the role of mixing in crystallization pro-
cesses, relevant to processes that involve mixing of
multiple streams, heating or cooling.

(v) Creating Nanoscale Entities; describes strategies of
achieving mixing in the nanometer scale and tech-
niques used.

(vi) Energy Dissipation; gives an overview of the mecha-
nisms that absorb energy during the process.

2.1.1. Thermodynamics. Generating solids from a liquid
phase is initiated by changes in the thermodynamic state
of the solution, thereby reducing the solubility of the
target species. Initiation may be through temperature adjust-
ment(s), concentration changes, or by altering solution
activity coefficients as in the solvent/antisolvent method.
Phase stability is an important factor in determining both
when and how fast events progress. The Temperature-
Composition phase behavior, see Figure 1, can be used
to illustrate some important concepts. A solubility curve
represents thermodynamic equilibrium between the phases.
For most liquid systems with a composition and temperature
above its solubility curve a stable unsaturated liquid exists.
Beyond this solubility limit the liquid may not be in
thermodynamic equilibrium with respect to the formation
of the solid phase, that is, it exists as a supersaturated (SS)
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Figure 1: Solubility Curve and Metastable Zone plotted against
temperature and concentration.

liquid. System behavior can be determined by this degree
of SS since there is a region, referred to as the metastable
zone, where the system may not always be considered
thermodynamically unstable. Heterogeneous nucleation sites
are thus necessary to initiate the formation of the solid phase.
However, beyond the boundary of this metastable zone, these
seed nucleation sites are no longer required. In this region a
SS liquid is neither stable nor in equilibrium, and is subject
to spontaneous nucleation and rapid growth of the solids.

Unfortunately, due to the large increase in entropy, some
undesired events may occur. The crystal matrix may have
flaws, such as dislocations, impurity molecules, or liquid
inclusions. When a system exhibits various polymorphs, this
spontaneity could be problematic or beneficial, depending
on the morphology sought and its stability. Since our
objective is to create a large number of nucleation sites and
thereby restrict the ultimate size of the individual particles,
and possibly control morphology, this unstable zone is the
desired initial operational region. To control the nucleation
and growth rates, the strategy used must establish the desired
supersaturation state, level of energy input, and energy
dissipation mechanisms. The need for the latter two will be
discussed in subsequent sections.

2.1.2. Nucleation and Growth. The degree of supersaturation
influences the rate of the individual steps involved in forming
the solid as well as which crystal polymorph is formed. In
general, the process proceeds as follows: (1) feed streams
are mixed in a process unit selected to meet required
specifications for the energy dissipation rate per unit volume.
The time to achieve homogeneity is dependent on diffusivity
of the target species and the distance they must travel
within the smallest eddies obtained (see the discussion on
mixing for the role of turbulence and the Kolmogorov
scale); (2) mixing to obtain the desired local degree of
supersaturation, leading to a nucleation rate, which increases
proportionally with SS. The features of the product formed
depends significantly on this rate; (3) growth of the nuclei
is by diffusion of solute molecules from the bulk solution
to the surface and then along the surface to be integrated

into the matrix. This continues until a limiting particle
size is reached, determined by the magnitude of the shear
force present; (4) further growth is by mechanisms whereby
particles collide and adhere to each other. Particle number
thus decreases with time as the particle size increases.

The ability to create and control a supersaturation
driving force is paramount to having a robust process. It can
be generated by various methods including indirect cooling,
evaporation, adiabatic evaporative cooling, antisolvent addi-
tion and salting out, chemical reactions, and pH adjustment.
Note that temperature changes may be detrimental for
some systems, for example when dealing with protein-
based drugs. Alternative methods most frequently used to
reduce solubility are pH adjustment to the isoelectric point,
increasing ionic strength, addition of nonionic polymers,
and addition of a miscible nonsolvent.

2.1.3. Complications. Many factors can restrict productivity
and purity. Of particular interest for the bottom-up approach
are agglomeration, liquid inclusions, and inefficient mother
liquor removal.

Agglomeration. The particle size can clearly be affected by
agglomeration and fracture mechanisms. When growing
crystals collide they may stick together and form new
particles, that is, agglomerates form when the collisions are
inelastic. The strength of the physical bonds thus formed
determines their stability upon further collisions. For the
bottom-up processing to be effective in limiting crystal size
the probability of agglomeration needs to be low. Unfor-
tunately, a large number of small particles are produced
when operating in the unstable supersaturation region and
collision frequency is high. To offset this concentration effect,
it is necessary to limit the time for interaction and/or relieve
SS quickly. Also, a surfactant may be effective in limiting the
probability that the particles will stick to one another.

Liquid Inclusion in Individual Crystals and Agglomerates.
This is particularly undesired when liquid impurities are
present. High growth rates can contribute to increased
amounts of liquid entrapped within a crystal. Also, liquid can
get trapped between colliding particles during agglomeration
and higher supersaturation levels increase the probability of
that occurrence. Thus high supersaturation can have both
beneficial and problematic outcomes. One can mitigate any
associated problems by limiting the interaction time and/or
relieve the supersaturation condition rapidly.

2.1.4. Flow Patterns, Mixing, and Transport Phenomena.
Mixing at the nanometer scale occurs as reactants, which may
include several liquid and solid phases, are subjected to high
shear stresses and turbulence. The energy dissipation rate
determines whether the macro-, meso-, or micromixing level
is attained. The overall mixing process occurs within a flow
field continuum which covers the wide range of length and
time scales indicative of each of these mixing levels, each with
distinct characteristics. For example, consider two miscible
fluids. The large scale distribution by flow patterns that
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causes gross dispersion is considered macromixing. Next, the
breakdown of large eddies into smaller ones via the “eddy
cascade” is termed mesomixing. Fluid engulfment in small
eddies with subsequent laminar stretching of them, where
molecular diffusion is now the final mechanism to obtain
uniform composition, is referred to as micromixing [18–20].
The length scale for this diffusional process is determined
by the size of the smallest eddies formed and is referred
to as the Kolmogorov length scale. Along with time and
kinetic energy scales, each determined by these local flow
conditions alone, (i.e., related to kinematic viscosity and
the energy dissipation rate per unit mass), the so called
Kolmogorov scales are established. Estimating the magnitude
of these Kolmogorov parameters can be accomplished with
reasonable confidence using proven theoretical turbulence
calculations. The significance is that the length scale over
which no further mixing takes place is established and
molecular diffusion now dictates timing for the necessary
steps involved in the homogeneous nucleation and growth
processes.

These mixing subprocesses generally occur in series,
but often to some extent, in parallel. Turbulent energy
dissipation rates, for example in modified impinging jet
technologies [11, 12, 27–29], are estimated to be on the
order 107 W/kg and higher when using these micromixing
models. At these levels, rapid micromixing and mesomixing
(on time scales of 4 and 20 μs, resp.) are achieved, and the
length scale of the smallest eddies are at the nanoscale. Note
that residence times in many of the microreactors systems
used for PI applications [30], particularly those utilizing
impinging jets, are of the order 1 ms and lower.

Incorporating these fundamental principles and using
appropriately designed equipment it is possible to precisely
control each step in the crystallization process. Mixing at the
nanometer scale provides a uniform supersaturation ratio.
The onset of the nucleation process can be manipulated by
controlling the timing and location of the mixing of the
solvent and antisolvent streams that are used to generate
the supersaturated state. This in combination with an evenly
dispersed homogeneous supersaturation ratio results in
uniform crystal growth and stabilization rates.

2.1.5. Creating Nanoscale Entities. The generation of
nanoscale homogeneous regions dispersed throughout
the system is a major requirement for the success of this
bottom-up process. When accomplished, it is reasonable
to consider these regions as nanoreactors. This concept is
ideal for our purposes since both length and time scales
are quite small for the processes involved in creating these
monodispersed nanoparticles. Consequently, it is immaterial
whether or not these regions are stabilized, as for example,
by use of surface active agents.

It is important to reiterate that the length scale over
which no further mixing takes place is established and
molecular diffusion now dictates timing for the necessary
steps involved in the homogeneous nucleation and growth
processes. In the absence of seed crystals or other nucleation
sites, a critical number of molecules must collide and remain

aggregated forming stable clusters, (i.e., nuclei). Subsequent
growth requires diffusion to and along the surface, followed
by a specific integration process that incorporates these
molecules into the crystal matrix of a particular polymorph.
The observed crystallization rate is, therefore, highly depen-
dent on length scales and the local degree of supersatu-
ration. The polymorph that is obtained is dependent on
thermodynamic considerations, such as component activity
coefficients (solvent/antisolvent/solute species interactions,
composition/concentrations, and temperature) and entropy
generated due to the spontaneous nature of the process, that
is, rates influenced by supersaturation ratios.

To generate the high energy dissipation rates used to
produce nanoparticles, many processing techniques utilize
high shear fields. Jet impingement, on a solid surface or
with another jet, has been shown to be a highly efficient
method [11, 12, 27, 28]. Systems that incorporate high
velocity linear fluid jets that collide can rapidly reduce
the scale of segregation between the streams. High-energy
dissipation is observed because the kinetic energy of each
stream is converted into a turbulent-like motion as the
result of the collision and redirection of the flow within
a very small volume. More thorough discussions on the
phenomenological events, equipment design criteria, and
characterization studies are given elsewhere [11–15, 18–26].

2.1.6. Energy Dissipation. Surface tension and various
molecular forces between the species present are key variables
associated with the crystal size distribution. Thus, surface
active agents can play a significant role whether as a
contributor to growth mechanisms or as a size stabilizer.
For example, they are involved in self-assembly mechanisms,
and can act as barrier components that restrict transport,
as possible chaperones that target specific sites during drug
delivery, as sequestering agents to facilitate contact efficacy,
as promoters of interfacial phenomena, and as inhibitors to
agglomeration.

The fraction of the input energy available for for-
mation of surfaces is instrumental in establishing system
efficacy. Performing an energy audit to determine overall
requirements is an essential task for this systems analysis
approach. This entails determining the amount of input
energy transformed into kinetic energy of the jets, identifying
all forms of dissipation (whether desired or not), and
ascertaining the amount stored as internal energy. Although
the system energy requirements are not readily identified
a priori, the total energy input and the amount dissipated
and stored are measurable. Estimates of the various losses
occurring can be made, and the energy utilization for
the desired processes can also be estimated. This permits
energy considerations to be used in predicting performance
from the estimated length and time scales obtained. System
validation is accomplished when these length and time scales
can be corroborated with observed kinetics phenomena
[12, 27, 28].

2.1.7. Examples of Successful Applications. Confined imping-
ing jet systems have been used in our laboratory to



6 Journal of Drug Delivery

consistently produce submicron API suspensions via a
continuous process that involves crystallization via the
solvent/antisolvent technique to generate supersaturation
conditions. Microfliudics Reaction Technology (MRT) was
selected for this bottom-up processing since it is based on
novel multiple stream inlet capabilities coupled with the
impinging jet concept [11–14, 26]. It is designed to produce
jet velocities and energy dissipation orders of magnitude
higher than those of conventional impinging jet reactors. The
technology provides precise control of the feed rates, and
the subsequent location and intensity of mixing of the reac-
tants. It may provide significant technical and economical
advantages due to its process intensification character that
minimizes energy requirements, and the proven scalability of
the reactor.

In our first proof of concept studies performed, nanosus-
pensions of several APIs were produced varying the key
parameters of the technology [14]. Five different model APIs
were used for testing and were selected to belong to different
chemical families that exhibit different pharmacological
activities. There were two antibiotics (azithromycin and API-
2), an antihistamine (loratadine), an anticonvulsant (oxy-
carbazepine) and a non-steroidal anti-inflammatory (NSAIS,
API-1). The particle size depended on the supersaturation
ratio and energy dissipation expressed as process pressure.
The nanosuspensions were stable with narrow particle size
distributions and median particle sizes in the range of 50–
760 nm. This “bottom up” process was compared to a “top
down” process in which drug nanosuspensions were created
as a result of particle size reduction. It was found that the
“bottom up” process was substantially more efficient and
resulted in smaller particles.

This first study did not attempt to identify crys-
talline structure and therefore no polymorph selectivity
capabilities were evaluated. To accomplish this, two addi-
tional, more in depth studies were conducted on sin-
gle APIs: Carbamazepine (CBZ), an anticonvulsant, and
Norfloxacin (NFN), an antibacterial agent. The details of
the experimental protocols and results are reported in
separate papers, CBZ [12] and NFN [11]. A few brief
comments are given here to help validate the benefits of
bottom up processing with respect to the stated objectives
of creating carefully engineered particles with “tunable”
characteristics.

The NFN nanosuspensions had narrow particle size
distributions and median particle sizes in the range of
170–350 nm depending on the supersaturation ratio and
energy dissipation expressed as process pressure. However,
the particle size was found to be insensitive to the presence
of the surfactant used. The crystalline structure of NFN was
not affected by the processing conditions for this particular
solvent/antisolvent system, but it was different than the
initial crystalline structure of the drug. This implies the
product is tunable.

The particle habit was needle-shaped. Two miscible fluids
were used as the solvent (DMSO) and antisolvent (water).
The effect of process pressure (determining the energy
input), the NFN concentration, the supersaturation ratio,
and the presence of surfactant on the particle size and

Table 2: List of various “bottom up” processes and influence on
particle properties.

Bottom up processes Properties controlled

Crystallization
(i) Size, shape

(ii) Crystalline
structure—Crystalline/amorphous

(iii) Polymorph

Precipitation
(i) Size, shape

(ii) Surface area

Encapsulation in
polymers

(i) Size, shape

(ii) API concentration

(iii) Particle nanostructure

Chemical reactions
(i) Size, shape

(ii) Purity

(iii) Surface area

the crystallized material was investigated. Higher pressures
resulted in smaller particle sizes, as did lowering NFN
concentration and supersaturation ratios. The surfactant
that was used (Solutol) did not affect the particle size. The
crystalline structure was not affected by the shear rate of
the process. It was identical to those formed in a beaker
under low shear conditions. However, the crystallite size of
the material decreased threefold from no shear to high shear
conditions.

CBZ was selected as a model system since it is
known to exhibit polymorph multiplicity. Several sol-
vents and antisolvents were used to determine their effect
on the crystalline structure and particle size. CBZ is
also known to form hydrates, therefore both aqueous
and nonaqueous solvent/antisolvent systems were used for
comparison. They were Dichloromethane (DCM)/Hexane,
Poly(ethylene-glycol) (PEG) 300/Water, and Dimethyl sul-
foxide (DMSO)/Water.

The results obtained with respect to processing con-
ditions are consistent with those of the NFN study. Par-
ticle sizes obtained with all bottom up experiments were
consistently in the range of 250–320 nm. Unfortunately,
the results obtained with respect to polymorph selectivity
were not as definitive. What was observed is that the
solvent/antisolvent system does matter, but it is unclear if
the degrees of supersaturation or processing intensity had
significant roles in that study. Three different morphologies
were detected via XRD patterns and a hypothesis is given to
explain the detailed observations presented there. Although
not conclusive and thus more thorough studies must be
performed, the explanations are consistent with those results.

Although the emphasis in the previous paragraphs was in
crystallization, other processes can be used to manufacture
nanosized materials with tailored properties. Encapsulation
of functional ingredients in polymers is another method,
which will be discussed in more detail in the sections that
follow. Table 2 summarizes the processes used in the bottom
up production of nanoparticles and the properties controlled
via such methodologies.
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2.2. Simultaneous Targeting/Delivery Techniques. Creative
advances in nanotechnologies, coupled with systems biol-
ogy, has led to novel chaperone systems for simultaneous
targeting/delivery, and in certain instances, enhanced con-
trolled release strategies. The systems selected for illustration
here are (1) polymer nanosuspensions, (2) functionalized
designer surfactant encapsulants, and (3) attachment to T-
cell surfaces.

2.2.1. Polymer Nanosuspensions. The creation and use of
chaperone systems in targeting, drug delivery, and diagnostic
imaging has greatly broadened the applications, and thus
needs, for polymer nanosuspensions. The enhanced surface
to volume ratios provides unique capabilities for function-
alization of the surface for these high degrees of specificity
requirements.

The intended use of these nanosuspensions dictates
control of both the mean particle size and distribution. These
parameters determine performance and toxicity through the
selectivity and rate of receptor-ligand interactions and/or the
ability and rate of cellular uptake. The implementation of
systems that can control nanoscale phenomena is required
and has been reported previously [13]. The techniques
reported there can create nanosuspensions of many different
polymer types with varying particle sizes by controlling
the formulation and process variables. These nanosuspen-
sions may also contain encapsulated species via either co-
precipitation or other less efficient cargo loading techniques
that rely upon diffusional uptake strategies.

Encapsulation of active pharmaceuticals and contrast
agents within these biocompatible polymers is read-
ily accomplished using bottom-up techniques for co-
precipitation processes that are reproducible and scalable.
Nanosuspensions in the range of 50–500 nm with different
polymers with high encapsulation efficiencies have been cre-
ated successfully. For example, suspensions of poly(epsilon-
caprolactone) (PCL) (a polymer that has been extensively
used for parenteral drug delivery) were created using
MRT (as discussed above in previous sections). By mixing
a 20 mg/mL (PCL/acetone) solvent stream with water at
a ratio 1 : 10 (solvent/antisolvent) a nanosuspension with
a mean particle size of 220 nm was prepared. Their size and
spherical habit was confirmed using SEM instrumentation.

2.2.2. Functionalized Designer Surfactant Encapsulants.
There has always been an active interest in targeted drug
delivery to tumors to specifically kill cancer cells. Ongoing
research in this area has provided significant advances due
to the ability to carefully engineer both the vesicle, for its
specificity and imaging characteristics, and its cargo API.

A collaborative team has developed a highly adapt-
able amphiphilic alternating copolymer system that self-
assembles into micelles for therapeutic delivery applications
in cancer [8, 9]. The synthetic scheme includes the enzy-
matic polymerization of multifunctional linker molecules
(dimethyl 5-hydroxyisopthalate) with poly(ethylene glycol).
This chemoenzymatic synthesis is much faster and more
convenient than an entirely chemical synthesis. Subsequent

synthetic steps have been developed to attach ligands (for
targeting), perfluorocarbons (19F MR imaging), fluorescent
dyes (NIRF imaging), and radioiodine (nuclear imaging and
radioimmunotherapy) to the backbone polymer.

Attachment of hydrocarbon or perfluorocarbon side
chains provides amphiphilicity to produce the multimodal
self-assembling micelles. Additionally, encapsulation proce-
dures for chemotherapeutic agents, that is, doxorubicin and
paclitaxel, have been established. These unique alternating
copolymer micelle nanoparticles were designed as delivery
vehicles targeted to human cancer cells expressing the under-
glycosylated mucin-1 antigen, which is found on almost all
epithelial cell adenocarcinomas, by use of the peptide EPPT,
or the folate receptor (FR) by using folate.

Development of the synthetic schemes has been coupled
with in vitro toxicity tests using various cell viability assays
to minimize the toxic effect of these copolymer structures.
The nontoxic polymers were brought forward into drug
delivery and uptake experiments. Cell death due to dox-
orubicin increased with encapsulation in these alternating
copolymers. Additional slight improvements were observed
when targeting ligands were attached to the encapsulating
polymer. Similar results were obtained with paclitaxel as the
cargo.

Cellular uptake determined by 125I or 3H radioactive
analysis and fluorescence confocal microscopy was also
investigated in other in vitro studies. Microscopy images of
the labeled polymer alone demonstrated that the polymer
was most likely confined to vesicles within the cytoplasm and
not found in the nucleus, whereas encapsulated doxorubicin
was shown to be largely confined to the nucleus. Theoretical
models of polyvalent binding were employed to guide
the design of the targeting polymers. Unfortunately, the
polymers used in this study appeared largely nonspecific
for the targeted cells when studied in vitro. However,
the versatility of these polymer constructs suggests that
continuing to optimize for a targeting delivery system for
drugs and imaging agents using this polymer platform could
be extremely beneficial.

2.2.3. Attachment to T-cell Surfaces. Before discussing the
specifics of the use of T-cells in drug delivery protocols, a
few general comments about the underlying principles are
appropriate. The basis of this approach is attributed to the
new, burgeoning field of biohybrid materials which will have
a significant impact on the efficacy of drug delivery. This is
in addition to their obvious use in bioimaging, cellular func-
tionalization, immune system and tissue engineering, and
cell-based therapeutics where cell-environment interactions
are critical.

Of particular interest here are synthetic materials systems
such as magnetic micromanipulators, nanoparticulate cel-
lular patches, and functional cell backpacks [31, 32]. These
offer exciting possibilities for symbiosis between synthetic
building blocks and native biological behavior. The key is
the ability to systematically modify the surface of living
cells. This was clearly demonstrated by the collaborative
efforts of the Cohen and Rubner research groups [31]
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with functional polyelectrolyte multilayer (PEM) patches
attached to a fraction of the surface area of living, individual
lymphocytes. These cells remained viable, and with patches
containing magnetic nanoparticles the cells could be spatially
manipulated using a magnetic field. Since the patches did not
completely occlude the cellular surface from the surrounding
environment a functional payload could be attached without
interfering with the cells ability to perform its native func-
tions. This initial work has led to what is now referred to as
cellular “backpacks”, nanoscale thickness, micrometer-sized,
photolithographically patterned heterostructured multilayer
systems capable of noncytotoxically attaching to the mem-
brane of a living cell. It is interesting to note that these
“backpacks” can play an integral part in tissue engineering
applications, such as in cell aggregate self-assembly [32]
which will be discussed briefly in a later section.

To illustrate the use of this concept in a drug delivery
scenario, an extension of this technique was exploited as
follows. In a recently published study, a method of attaching
carefully engineered nanoparticles to the surface of T-cells
was identified [7]. Although their application was for a cell
therapy approach, the T-cells were used as chaperones for
the stimulant drugs. They designed drug carrying nanoscale
vesicles with lipid characteristics for coupling with the sulfur
containing molecules on T-cell surfaces. In their study the
researchers injected these cargo carrying cells, each with
approximately 100 vesicles loaded with interleukins IL-15
and IL-21, into mice with lung and bone marrow tumors.
Once reaching the tumors these packets gradually degraded
releasing the drugs over a period of one week. Their concept
was for the drug molecules being released to reattach to these
chaperone T-cells, stimulating them to replicate and thus
provide the requisite tissue therapy. The techniques proved
successful in that within 16 days, all tumors in the mice
treated in this fashion disappeared and these mice survived
for the entire 100-day experiment. Mice that received no
treatment died within 25 days and those that received either
T-cells alone or T-cells with injections of interleukins died
within 75 days.

A few details of their procedure are presented here to
stress the relatively straight forward nature of these protocols
and instill confidence that the proposed clinical applications
can be realized with a high degree of certainty. Their method
exploits the fact that T-cells, like many cell lines, have high
levels of reduced thiol groups on their surface, and thus
stable coupling of the synthetic drug carrying nanospecies
to them is possible. Specifically, liposomes and liposome-
like synthetic entities 100–300 nm in diameter, with a drug
loaded core and phospholipid exterior layer, were linked to
the cells via the thiol reactive maleimide head-groups. A
simple two-step process achieved the desired conjugation.
The donor cells were first incubated with nanoparticles to
accomplish the thiol-maleimide coupling. This is followed by
in situ conjugation to thiol-terminated poly ethylene glygol
(i.e., PEGylation) to quench the residual reactive groups
to ensure that only about 20% of the surface thiol groups
were involved with the initial coupling, that is, linked with
approximately 150 nanoparticles. Stable, nontoxic linkages
to live cells were thus accomplished with particles ranging

from simple liposomes to complex multilamellar lipid
nanoparticles or lipid coated polymers. This benign behavior
was anticipated since only 3% of the surface of a typical
7 μm diameter T-cell would be blocked by 200 nm diameter
particles occupying 150 sites.

These results suggest therapeutic cells are promising
vectors (chaperones) for actively targeted imaging and
drug delivery. Furthermore, the attached entities can be
engineered for controlled release of individual or multiple
drug sequencing capabilities. What can be envisioned is the
use of different vesicles with specific transport or degradation
properties or a vesicle composed of, for example, multiple
polymeric materials, as will be discussed in the following
section devoted to release strategies.

2.3. Controlled Release Using Nanotechnology Innovations.
For a large number of health care/wellness interventions
the controlled release of therapeutic agents is a necessary
strategy. Carefully designed API formulations can accommo-
date a broad spectrum of requirements. The release concepts
employed range from (i) simplistic steady release rates
{via dissolution, etc.}, (ii) intermittent timed release, (iii)
programmed simultaneous and or sequential release of mul-
tiple species {antigenic drugs and adjuvants}, to (iv) smart
systems responding to stimuli: including single and multiple
drug interventions and tissue therapies (e.g., angiogenesis,
wound healing, and artificial organs for autoimmune dis-
eases). The applications discussed in the following sections
demonstrate the breadth of nanotechnologies that impact
these release strategies. These all capitalize on how carefully
these drugs were designed, developed, and engineered for
desired properties and capabilities. Specificity of uptake,
clearance control, and ability to perform extremely difficult
tasks, such as drug delivery to the brain via transport
across the blood brain barrier, the cerebrospinal fluid, or
in smart implants, are highly desired capabilities. Coupling
advanced materials development and processing techniques
with nanoscience and technology creates innovative oppor-
tunities not only for traditional drug delivery capabilities, but
helps establish the impact platform technologies necessary
for tissue engineering/therapy methodologies.

2.3.1. Passive Delivery Mechanisms. These traditional
schemes are governed by classical thermodynamic and
transport phenomena principles. They are highly dependent
upon the physicochemical properties and geometric
features of a drug’s formulation. In addition to solubility
limits, size distribution, habit and morphology (when
applicable), compaction or encapsulation technique,
and diffusivity/mass transfer coefficients are significant
contributors to accomplishing a successful therapeutic
event. For example, nanosized APIs are more readily
distributed uniformly with an excipient and/or adjuvant.
They also exhibit greater dissolution rates than larger sized
entities having the same total mass of drug retained within
the product matrix. These methods utilize the dissolution
capabilities of the entrapping matrices. Variable release
rates can easily be obtained using a composite structure;
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each layer having different transport properties. The design
of release protocols for multiple APIs, sequenced for
optimum efficacy and synergism, is thus straightforward.
Furthermore, nontherapeutic layers can be included to
(i) provide a delay mechanism, (ii) possibly be a barrier
for protection until arrival to the desired local or organ
system, and/or (iii) be a sacrificial layer containing an
adjuvant or other functional component that would, for
example, pre-condition the microenvironment [33]. These
techniques have been well documented and need not be
reiterated here. Obvious extensions to these methods are
incorporated into implant systems with hindered diffusion
capabilities, in addition to facilitated delivery due to
targeting features. Demonstrated implementations of a few
of these, along with some conceptualizations are presented
below.

2.3.2. Functionalizing for Specificity and Facilitated Delivery.
Novel nanomaterials are designed to possess unique fea-
tures using molecular engineering concepts. Innovative drug
delivery protocols have evolved capitalizing on these and
recognizing the analogous processes present during success-
ful applications in related areas. Understanding the binding
properties and characterization of transport mechanisms
within modified hydrogels and biomembranes [34] provides
the bases for designing implants with entrapped vesicles and
the controlled release of their cargo APIs. Included here is the
concept of pulsitile—release systems [10]; that is, the drug is
released as bolus pulses in well defined time intervals (see
later section referring to future opportunities for additional
comment).

Therapies that require the sequencing of multiple drugs
can therefore be accomplished by logical extensions. As
examples; (i) amphoteric core-shell microgels, that is, con-
traphilic two compartment colloidal particles [35, 36] could
be used as smart systems; either as implants or chaperones,
(ii) the concept of chaperones within a larger vector could
also prove feasible; to minimize clearance of the smaller
entities, or their catabolism, prior to their uptake at difficult
to reach sites such as to the brain and subsequent transport
across the blood brain barrier, and (iii) stimulate angiogen-
esis through release of multiple cytokines (growth factors)
from nanovesicles entrapped in functionalized hydrogel
beads used as immunoprotective barriers for tissue therapy
applications [37–41]. Additional details with respect to the
research studies involved in formulating these extensions and
conceptualizations can be found in the following sections.

Transport and Drug Delivery through the Blood-Brain Barrier
and Cerebrospinal Fluid. There are multiple barriers in the
central nervous system that inhibit API therapies. The blood-
brain barrier (BBB) and blood-CSF (cerebrospinal fluid)
barriers are vascular in nature, whereas the other, the brain-
CSF barrier, exists between brain tissue and the CSF. The
wall of the cerebral microvessels in the brain parenchyma
constitutes the BBB. Due to its unique structure it maintains
very low permeability to water and solutes. The multicell
layer present in the middle of the brain parenchyma is

known as the blood-CSF barrier. Present there are ventricular
cavities (ventricles) filled with CSF secreted by the epithelial
cells of the choroid plexus, a highly vascular tissue with leaky,
fenestrated capillaries covered with ependymal epithelium,
which has relatively tight junctions. The third barrier, the
interface between the CSF and brain tissue, is unlike the
other two tight blood barriers since it is relatively leaky.
Since it does not prove to be a significant resistance to mass
transport it is a probable route for drug delivery once the
transport issues with the other barriers are resolved. Given
that the area of the BBB is about 1000 times that of the
blood-CSF barrier, it is more important to circumvent its
impermeability, and therefore that is the focus for continued
discussion [42]. Furthermore, since it is not considered as
limiting as compared to the BBB, further discussions related
to CSF transport are not given here but can be found
elsewhere [43].

The transport of substances from capillary blood into
the brain tissue is dependent upon molecular size, lipid
solubility, binding to specific transporters, and electrical
charge [44]. Compared to the peripheral microvessel wall,
the additional structure of the BBB and tighter endothelial
junctions greatly restricts transport of hydrophilic molecules
through the gaps between the cells, that is, the paracellular
pathway of the BBB [45]. In contrast, small hydrophobic
molecules such as O2 and CO2 diffuse freely across plasma
membranes following their concentration gradients, that
is, the transcellular lipophilic diffusion pathway. The BBB
permeability to most molecules can be estimated on the basis
of their octanol/water partition coefficients. For example,
diphenhydramine (Benadryl), which has a high partition
coefficient, can cross the BBB with relative ease, whereas
water-soluble loratadine (Claritin) is blocked. However, the
octanol/water partition coefficients do not completely reflect
solute transport. Some solutes with low partition coefficients
easily cross the BBB by active or facilitated transport mech-
anisms, which rely on ion channels, specific transporters,
energy-dependent pumps, and a limited amount of receptor-
mediated transcytosis. Small drug molecules analogous to
glucose, amino acids, and small intermediate metabolites,
for example, reach brain tissue via facilitated transport
mediated by specific transport proteins, whereas larger
molecules, such as insulin and other protein type therapeutic
agents, are carried across the BBB via receptor-mediated or
adsorptive transcytosis. Furthermore, some small molecules
with high octanol/water partition coefficients are seemingly
blocked. Thorough data analysis suggests that they are
actively pumped back into the blood by efflux systems. For
instance, members of the adenosine triphosphate-binding
cassette family of exporters are potent energy-dependent
transporters. They contribute greatly to the efflux of xeno-
biotics and due to this protective role impede the delivery
of therapeutic agents. Consequently, to develop effective and
efficient methods for drug delivery to the brain through the
BBB, it is imperative to control its permeability. This requires
understanding the mechanism by which these structural
components, as well as transporters, receptors, efflux pumps
and other components at the endothelium and astrocyte foot
processes determine it.
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Various methods such as intracerebral implantation,
microdialysis, convection-enhanced distribution (CED),
osmotic shock, and chemical modification of the BBB
have been developed for delivering drugs into the brain.
However, the applications of these methods are limited
and they can only partially keep with the demands of
modern therapies. For instance, the efficiency of intracere-
bral implantation, microdialysis and CED methods are low
since their major transport mechanisms are diffusion and
convection of interstitial fluid. For effective treatment of CNS
diseases, an adequate amount of therapeutic agents must
reach the specific regions of the brain. As discussed earlier,
functionalized target chaperones have this ability. They can
directly deliver therapeutic agents via these transporters by
closely mimicking their substrates, or conjugating the drugs
to ligands of the specific surface receptors expressed for
transcytosis (receptor-mediated transcytosis, RMT-Trojan
horse approach). Furthermore, these functionalized target
chaperones are used in delivering cationized proteins, pep-
tides, and as nanoparticle carriers for adsorptive mediated
transcytosis (AMT).

Although the exact mechanisms of RMT are not fully
understood, the development of drug delivery protocols
using receptor targeting has been successful [46–50]. This
physiological approach is often referred to as the molecular
Trojan horse approach since the therapeutic compounds are
delivered to specific sites for transcytosis by various forms of
vector carriers. This approach also improves the drug loading
capacity. The technique is very promising, but unfortunately
there remain a number of hurdles to overcome [48–50]. In
particular, even if the total amount of drug transported to the
brain is large, most of it may not be efficacious since it might
remain associated with brain microvessel endothelial cells
and not reach the brain parenchyma. If drug translocation is
accomplished by conjugation with an antibody, there exists
the challenge of dissociation due to the high affinity of
antibodies. Furthermore, specificity for uptake in the brain
may be compromised since the BBB receptors utilized there
could also have a widespread distribution on peripheral
organs; in effect, resulting in a seemingly nonspecific uptake.
Not only will this limit efficacy, but could induce additional
toxicity.

Improvements in Encapsulation Technologies for Tissue Thera-
pies. The success of an implant protocol utilizing entrapped
tissue for a therapeutic intervention is highly dependent
upon controllability of transport characteristics and the
microenvironment [33]. Improving the oxygen supply to
encapsulated insulin producing cells has been selected for
illustration. The basic concepts are to improve the per-
meability of the encapsulating hydrogel and maintain a
high oxygen partial pressure in the surrounding microen-
vironment. A number of approaches have been suggested,
with some tested and validated [51]. Those that utilize
nanotechnology, with their inherent improvement qualities,
are the focus in this section. The results of two independent
studies that address the individual concepts mentioned above
will be discussed briefly. When coupled they should provide a

synergistic response. Permeability enhancement was accom-
plished by entrapping a perfluorocarbon nanoemulsion
within the hydrogel capsule [51]. Oxygen supply to the cap-
sule surfaces was enhanced through greater vascularization
in the microenvironment by stimulation of angiogenesis by
cytokines released from the implant [37–41]. Use of cargo-
loaded functionalized nanovesicles that control individual
cytokine release rates is an obvious extension to that work.
One important goal of these angiogenesis studies was to
quantitatively evaluate the rates at which different individual
growth factors (GFs) are released from their hyaluronic
acid hydrogel implants. The ability of added amounts
of heparin to specifically regulate basic fibroblast growth
factor (bFGF) or vascular endothelial growth factor (VEGF),
release from their gels without loss of ability to stimulate a
neovascularization response was investigated both in vitro
and in vivo. For both of these growth factors, the rate of
release declined monotonically with increasing heparin (Hp)
content. As little as 0.03% w/w Hp significantly moderated
the time course of release, while inclusion of 0.3% Hp
resulted in sustained release over several weeks [40].

The results of that study suggest the possibility of delivery
of growth factors in specified sequences at regulated rates,
simply by controlling the composition of the gels. Inclusion
of as little as 0.3% Hp in the gels led to significant differences
in the rates of release of individual GFs. By taking advantage
of those differences, it may be possible to design implants
that are capable of both storing and providing sustained,
localized in vivo release of the growth factors, without loss
of their biologic effectiveness.

Co-delivery of a combination of more rapidly released
GFs together with more slowly released factors may then
permit engineered control of desired physiologic processes
such as angiogenesis through use of this selective release
sequence concept.

The Johnson et al. study [51] is an example that
illustrates the usefulness of permeability enhancement,
through nanotechnology techniques, for delivery of tissue
based therapeutic agents. Their efforts were to enhance the
performance of a bioartificial pancreas to treat diabetes
that uses microencapsulation as an immune barrier for
transplanted islets of Langerhans. Unfortunately, the barrier
also imposes oxygen diffusional limitations that can result in
loss of viability and function. It is critical that the necessary
amount of oxygen be delivered to encapsulated tissue after
transplantation in order to maintain normal levels of insulin
secretion. Without a solution that allows for effective oxygen
delivery, transplantation of encapsulated tissue may never be
successful.

Their investigation included methods to reduce oxygen
transport limitations by enhancing encapsulant oxygen per-
meability, for example, by combination of a highly concen-
trated perfluorocarbon (PFC) nanoemulsion with alginate
(PFC alginate). A theoretical reaction—diffusion model was
used to predict the three-dimensional distribution of oxygen
partial pressure in a spherical microcapsule and a planar slab
containing islet tissue, from which the loss of cell viability
and the reduction in insulin secretion rate are estimated.
Numerical simulations were carried out for normal alginate
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and PFC alginate to examine the effect of surface oxygen
partial pressure, capsule diameter, slab thickness, and the
size and density of dispersed islet tissue. Results show
that hypoxic conditions can be reduced, thereby enhancing
islet viability and substantially maintaining insulin secretion
rate when the PFC nanoemulsion is incorporated in the
encapsulation material for both geometries.

The approach was also evaluated experimentally, and
the ability to enhance encapsulated tissue survival and
function was successfully demonstrated, both in vitro and
in vivo. Intact islets encapsulated in normal alginate and
in PFC alginates having the composition described in the
numerical predictions were used as model systems. Recovery
of viable tissue after culture under various O2 partial pres-
sure conditions was expressed as the oxygen consumption
rate (OCR)/unit volume of capsule divided by the same
parameter measured immediately after encapsulation and
before culture. When cultured at very low pO2, fractional
OCR recovery was substantially greater with PFC alginate
than with normal alginate. Furthermore, examination of
histological sections revealed necrosis in some islets in
normal alginate capsules cultured at 3.5 and 142 mm Hg,
whereas no necrosis was observed in islets within PFC
alginate capsules. The findings and insights gained from both
the theoretical and experimental studies will increase the
probability of a successful cell therapy for the treatment of
diseases such as diabetes.

The concept of “backpacks” discussed earlier with respect
to drug chaperones can also be applied to encapsulation
techniques and tissue therapies. The commonality rests
with the use of nanofabrication approaches to create these
entities, for example, the photolithographic method reported
previously [31, 32]. The product of this manufacturing
step can be either the cell-backpack complexes or freely
suspended backpacks. Since these backpacks can carry a
myriad of compounds with differing functionalities, their
applications seem boundless. Of particular interest here
with respect to tissue engineering is the ability of these
freely suspended backpacks to promote cell aggregate self-
assembly. The size of these aggregates, as influenced by
backpack diameter and ratio of cells to backpacks in the
culture medium, has been shown to be reproducible [32].
Furthermore, the binding strength is quite strong; which
was demonstrated by forcing the complexes through small
pores and noting that the backpacks were not removed
from the surface of the cells. The importance lies in the
ability to use injection techniques (as in a needle tip of a
syringe assemble), or for the movement from blood to tissue
(extravasation) via narrow gaps. Based on these successes,
one can envision applications that would create organoids
of various types, such as lymphoid and beta cell clusters
(analogous to islet of Langerhans). In these cases, the cargo
could consist of drugs, adjuvants, and/or growth factors
(for angiogenesis stimulation, reproduction, etc.). There also
appears the potential for wound healing protocols.

To support our conjectures, some specific results should
be elucidated. In their paper [32], the Cohen group presents
fundamental studies on forming cellular aggregates using
injectable cellular backpacks, how to control aggregate size,

and observations on association strength. Using confocal
microscopy, flow cytometry, and laser diffraction, they
observed that, while very large (>1 mm) aggregates can form,
they may also dissociate and reform. Aggregates were forced
through a nylon mesh filter and observed afterward: as
the filter size decreased, resultant aggregates were smaller.
When the pore size was reduced to less than the diameter
of an individual cell, the backpacks were still attached.
This implied to them that the attachment is sufficiently
strong such that the backpacks would remain attached to a
lymphocyte undergoing extravasation in vivo. In conclusion,
they feel that an injectable backpack system could have
applications in lymphoid tissue engineering as described by
others [52, 53], as well as more general cellular engineering
applications requiring close cell association.

3. Challenges and Future Opportunities

In this section, challenges such as safety considerations and
reformulation strategies to overcome loading limitations,
overdosing, and clearance issues are addressed. The oppor-
tunities lie in the enhanced capabilities with respect to
improves therapeutic intervention strategies and additional
applications for nanomedicine in the healthcare sector.

The perception that nanomaterials have inherent incom-
patibility issues with respect to the uptake into the
human systemic environment has been addressed by many
nanobiotechnology researchers (see Zook et al. [54] for a
representative paper from the Biochemical Science Division
of the National Institute of Standards and Technology).

Concerns such as toxicity, leaching, clearance, repro-
ducibility/nonuniformity, chaperone characteristics/use of
surface active agents and stability are major factors affecting
the revolutionization of nanomedicine. The presence of
multiple nanotechnology based drugs in the market place
attests to the resolution of many of these issues. However,
many more related to bioefficacy, loading capacity, and
other features associated with performance optimization
present ongoing challenges and opportunities for advances in
nanomedicine thereby ensuring that it represents the future
of medical care. General discussions, with key literature
references, can be found in sources such as the Biomedical
Engineering Handbook [55]. Of particular interest would
be the section devoted to bionanotechnology with specific
articles related to nanomaterials: perspectives and possibil-
ities in nanomedicine [56]. The following comments are
excerpts from their work and that of many other previously
mentioned researchers [1–10, 31, 32, 35, 45, 52], along with
summary statements from previous sections of this paper.

Specific illness treatments via nanomedicine protocols
each have unique detriments that can be remedied by
providing a range of delivery systems. The concept is to
develop methods of controlled therapeutic delivery and
release to specific tissues and tumors over a desired timeline.
These systems are designed specifically to deliver soluble
drugs, proteins, vaccine adjuvants, and plasmid DNA for
gene therapy by exposing target cells to their cargo. The
chaperone is thus required to enter the cells via endocytic
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or phagocytic pathways and release its payload through
degradation and diffusion mechanisms. The major challenge
here is to accomplish these tasks while addressing the issues
of biocompatibility, biodegradation, and the capture and
clearance by the reticuloendothelial system (RES). Although
excelling at some aspects, the current systems often fail
to incorporate all required characteristics for high in vivo
performance.

The chaperones for therapeutic nanoentities include viral
carriers, organic and inorganic nanoparticles, and peptides.
Although the efficient targeted delivery of therapeutic drugs
continues to present challenges (with tremendous poten-
tial benefits), the emerging research into proteomics, for
gene therapy as the future of nanomedicine treatments is
attracting more attention. Fortunately, the necessary gene
transfection considerations are directly applicable to drug
delivery systems also.

The current carriers used for transfection are mainly
adeno- and retroviruses. Although highly efficient they pose
immunogenic and mutagenic hazards which led researches
to seek nonviral vectors. These include liposomes and
nanoparticles of peptides and polymers, both synthetic and
natural. Selection of vector type is dictated by the therapeutic
agent, required pharmacokinetics, and the target cellular
system, in addition to physical properties such as zeta
potential (positive surface charge). The binding to blood
proteins, clearance by the RES, and circulation times in the
range of hours, rather than minutes, can be key performance
targets/specifications. Hydrophilic polyethylene glycol (PEG)
or longer chain polyethylene oxide (PEO) are commonly
used synthetic polymers. Chitosan and alginate are useful
natural polymers due to their excellent biodegradability
characteristics. Biocompatible peptides show significant
promise since they are able to bypass traditional endocytic
pathways. Specific details can be found in Douglas et al. [56]
and their accompanying literature references. The practical
considerations enumerated there stress the need for the
control of zeta potential, surface functionality via physical
and chemical modifications, and the attainment of desired
sizing. The method used to determine size is also important
since dynamic light scattering (DLS) frequently gives larger
measurement values than electron microscopy. Furthermore,
DLS is particularly dependent on the presence of aggregate-
inducing ions and proteins.

Vehicle surface characteristics are essential to control the
contact time these vectors remain in the vasculature of a
target region with respect to endocytosis and/or cargo release
kinetics. Thus, in addition to chemical functionalization
there exists numerous opportunities for magnetic, heat, and
light affected systems influenced by external stimulus/fields.

These technological advances will translate into signifi-
cant market enhancements. This is clear for both new and
old drugs. For example, nanosizing of current marketed
products is a means of providing these old drugs a new
delivery platform offering new benefits and improved perfor-
mance. FDA records indicate that the majority of approvals
are reformulations or combinations of previously approved
products. As a new candidate proceeds through its clinical
testing program, it can be refined and/or postprocessed from

its discovery formulation to meet the requirements of the
emerging target product profile; that is, its delivery route,
dosage, and pharmacokinetic behavior.

Considering its vast potential it becomes evident that
nanotechnology will have a significant impact upon the drug
delivery sector and its ability to provide sound technological
solutions for drug development programs. Consequently,
market expectations for the nanotechnology drug delivery
platform are high, and it is estimated that it will increase to
about $ 16 billion (USD) by 2014 [10].

4. Conclusions

Novel nanomaterial manufacturing methods and emerging
nanotechnology applications for the pharmaceutical indus-
try have been discussed in this paper. These manufacturing
methods combine features such as bottom up nanoparticle
formation for control of size and crystal structure with con-
tinuous manufacturing and Process Analytical Technology
(PAT) for quality control and compatibility with the strict
requirements imposed upon the pharmaceutical industry.
The production of carefully engineered nanoparticles pro-
duced at high throughput rates and elevated technoeconomic
stature demonstrates the role that transport phenomena has
in path forward approaches for advanced drug delivery.
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Biocompatible DNA/gold nanoparticle complex with a protective calcium phosphate (CaP) coating was prepared by incubating
DNA/gold nanoparticle complex coated by hyaluronic acid in SBF (simulated body fluid) with a Ca concentration above 2 mM.
The CaP-coated DNA complex was revealed to have high compatibility with cells and resistance against enzymatic degradation. By
immersion in acetate buffer (pH 4.5), the CaP capsule released the contained DNA complex. This CaP capsule including a DNA
complex is promising as a sustained-release system of DNA complexes for gene therapy.

1. Introduction

Gene therapy has been proposed as a novel strategy for the
treatment of refractory disease. However, direct injection
of naked DNA coding a therapeutic gene generally fails
to exhibit a satisfactory therapeutic effect [1, 2]. The low
efficiency is due to the negative charge of the DNA molecules,
which interferes with the binding of the complex to the
cells. Too large DNA molecules also cause poor uptake by
cells. DNase, which is present everywhere in the living body,
seems to lower the efficiency of gene expression. Therefore,
viral vectors have been widely used as carriers to deliver the
therapeutic nucleic acids efficiently to the target cells. How-
ever, viral vectors have risks such as random recombination
and immunogenicity [2]. Thus, safer alternative nonviral
vectors such as polycations or cationic lipids have been
explored as transfection mediators [2]. The DNA molecules
can electrostatically associate with the cationic reagents and
form small particles [3]. However, these DNA complexes
are usually positively charged, which invites an adverse
interaction with blood components or cells [4–6]. Moreover,
the therapeutic effect is not satisfactory because of the short
duration of gene expression [7].

Recently, drug delivery systems composed of inorganic
nanoparticles, such as silica nanoparticles [8] or gold
nanoparticles [9], have been developed. Gold nanoparticles

have the advantages of easy preparation and the possibility
of chemical modification on the surface [10]. They also
have distinctive optical properties, showing strong surface
plasmon bands from the visible region to the near-IR region
depending on their shape [11, 12]. Absorbed photoenergy is
transformed to thermal energy, which stimulates drug release
[13]. It should, thus, be possible to prepare an optically
responsive DNA release system by binding DNA complexes
to gold nanoparticles through thermodegradable bonds.

However, DNA/gold particle complexes are generally
unstable in plasma because of their positive surface charge
[14] and show nonspecific side effects with biocomponents
as mentioned above. On the other hand, it is known that
calcium-phosphate-based compounds, which have similar
inorganic components to bone and teeth, are very biocom-
patible, and have been used as biomaterials, such as artificial
bone or teeth [15]. In addition, they are dissolved and
absorbed by the acid secreted from osteoclasts [16]. Such
biocompatible and biodegradable materials are promising
candidates as novel biocompatible and highly durable drug-
releasing devices [17].

In this study, we developed novel DNA/gold nanoparticle
complexes with protective calcium phosphate (CaP) coating.
The effects of the CaP coating on the protection against
degradation by DNase and suppression of adverse interac-
tions with cells were investigated.
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Figure 1: Size distribution profile of the gold nanoparticles.

2. Materials and Methods

2.1. Materials. Chloroauric acid (HAuCl4), sodium boro-
hydride (NaBH4), and 2-aminoethanethiol were purchased
from Wako Pure Chemical Industries, Ltd. Hyaluronic acid
sodium salt (from a microorganism) and YOYO-1 iodide
were obtained from Nacalai Tesque, Inc, and Invitrogen
Corp, respectively. GFP-coding plasmid DNA (pDNA) with
cytomegalovirus promoter was obtained from Clontech
Laboratories, Inc. It was amplified in Escherichia coli and
purified with a QIAGEN Plasmid Mega Kit.

2.2. Preparation of DNA/Gold (Au) Nanoparticle Complex.
A solution of 0.01% HAuCl4 (2 mL) was reduced using
1 μL of 0.38% NaBH4 solution to produce Au nanoparticles.
Five microliters of 330 μg/mL pDNA aqueous solution was
mixed with aminoethanethiol (AET) solution (5.6 mg/mL,
0.5–8 μL; DNA : AET = 1 : 1.8, 3.6, 7.2, 14.4, and 28.7 (w/w)).
After 10 min, 60 μL of Au suspension prepared as described
above was added to the DNA/AET solution.

2.3. Preparation of DNA/Au Encapsulated by Calcium Phos-
phate. HA aqueous solution (0.5 μL–20 μL, 4.8 mg/mL) was
added to 67 μL of pDNA/AET/Au suspension (pDNA : AET
= 1 : 7.2 (w/w)). After stirring at room temperature for
30 min, 1.5 times concentrated simulated body fluid (SBF)
[18] was added to the pDNA/AET/Au/HA suspension at a
ratio of pDNA : AET : HA = 1 : 7.2 : 23.3 (w/w). The mixture
was stirred at 37◦C for 24 h.

2.4. Electrophoresis. A suspension of pDNA/AET/Au/HA
with 1.5 SBF was mixed with an equal volume of 30% NaCl
solution and incubated for 24 hours at 37◦C to dissociate the
DNA complex. The DNA complex was then diluted with pure
water to adjust DNA concentration ([DNA] = 2 μg/mL), and
dissociation of DNA complex was evaluated by agarose gel
electrophoresis ([agarose gel] = 1%).

2.5. Measurement of ζ-Potential and Size. The sizes of Au
nanoparticles and DNA/AET/Au/HA complex encapsulat-
ed in calcium phosphate were measured by a dynamic light
scattering method (DLS) with a particle analyzer (Malvern
Zetasizer Nano ZS). DNA/AET/Au complex or DNA/
AET/Au/HA complex suspension was diluted with water to
1 mL, and ζ-potential was measured using the same particle
analyzer.

2.6. SEM-EDS Analysis. DNA/AET/Au/HA encapsulated by
calcium phosphate was dropped onto adhesive carbon tape
and vacuum-dried overnight. The surface was evaluated by
SEM-EDS (JSM-7600F, JEOL Ltd., Japan) operated at 5 kV.

2.7. Cytotoxicity. Cytotoxicity of DNA/AET/Au/HA encap-
sulated by calcium phosphate was evaluated by WST-1 assay
as follows: MLC-6 cells, an osteoclast-like cell line derived
from a mouse, were seeded onto 24-well plates at 9× 103 cells
per well and cultured for 2 days in McCoy 5A media
supplemented with 20% fetal bovine serum (FBS). The
primary growth medium was then replaced with 500 μL of
fresh McCoy 5A with FBS. DNA/AET/Au/HA encapsulated
by calcium phosphate was added to the cells (1.65 μg of
plasmid per well). After incubation for 4 hours at 37◦C,
500 μL of fresh medium was added to each well. After an
additional 20 h of incubation at 37◦C, the cells were assayed
with Premix WST-1 Cell Proliferation Assay System (Takara
Bio Inc.).

2.8. Cellular Uptake of the Particles. Plasmid DNA was
fluorescently labeled with YOYO-1 at a YOYO-1/nucleotide
ratio of 0.1. DNA/AET/Au/HA complex was then made of the
fluorescent DNA and mixed with 1.5 SBF to be encapsulated
by calcium phosphate (final Ca = 2.6 mM). It was added to
the cells (1.65 μg of plasmid per well). After incubation for
4 hours at 37◦C, 500 μL of fresh medium was added to each
well. After an additional 20 h of incubation at 37◦C, the cells
were observed by a fluorescence microscopy.

2.9. Enzymatic Degradation of DNA. The protective effect
against the enzymatic degradation of DNA by encapsulation
with calcium phosphate was evaluated using Hind III (Takara
Bio Inc.) as follows: Hind III (0.5 unit) was added to the
DNA/AET/Au/HA encapsulated by calcium phosphate sus-
pension (DNA = 190 ng) in accordance with the instructions
for the reagent. The degradation of DNA was evaluated by
agarose gel electrophoresis ([agarose gel] = 1%).

2.10. Statistical Analysis. Significant differences between two
independent groups were examined by Student’s t-test. One-
way analysis of variance (ANOVA) was used to determine
significant differences among six groups.

3. Results and Discussion

3.1. Formation of DNA/AET/Au/HA Complex Encapsulated
in Calcium Phosphate. Small gold nanoparticles were readily
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Figure 2: ζ-potential of the complex particles composed of (a) DNA, AET, and Au; (b) DNA, AET, Au, and HA.
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Figure 3: Agarose gel electrophoresis profile of the DNA complexes treated in SBF with various Ca concentrations. Complexes were
electrophoresed after dissociation in 15% NaCl. The lowest line represents the result with a DNA complex treated in SBF with [Ca] =
2.6 mM and degraded in an acetate buffer.

obtained by reduction of HAuCl4 by NaBH4. As shown
in Figure 1, gold nanoparticles have a relatively narrow
distribution in size with PdI = 0.834. Their number-average
size was 10.5 nm with the standard deviation of 1.90 nm. It
is known that thiol groups bind to gold nanoparticles [10].
AET was added to positively charge the gold nanoparticle
surface. To decide on a suitable ratio of AET to DNA, various
volumes of AET solution were premixed with DNA solution
and then added to Au suspension. With increasing AET/DNA
ratio, ζ-potential of the DNA/AET/Au complex increased
and was saturated at 33 mV at AET/DNA = 7.2 (in weight)
(Figure 2(a)). This ratio, where the highest potential was
obtained with the minimal amount of AET, was employed
in the following experiments.

DNA/AET/Au complex was then encapsulated in a CaP
membrane using SBF. An SBF has a similar inorganic
ion concentration to that of human blood plasma and is
supersaturated against hydroxyapatite (Ca ion = 2.5 mM). In
this study, 1.5 times concentrated SBF (Ca ion = 3.8 mM,
pH 7.25) was used to deposit apatite onto the DNA/gold
complex surfaces. An apatite layer is known to be formed
on bioactive materials with phosphoric acid or carboxylic
acid groups [19]. Hyaluronic acid (HA) was then added to
coat the pDNA/AET/Au complex suspension to facilitate the
deposition of calcium phosphate on the complex.

Various amounts of HA were added to DNA/AET/Au
complex (DNA : AET = 1 : 7.2 in weight), and ζ-potential
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Figure 4: SEM-EDS analysis of (a) DNA/AET/Au/HA complex; (b) DNA/AET/Au/HA complex encapsulated in calcium phosphate
(prepared in SBF with [Ca] = 2.6 mM).
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Figure 5: Size distribution profile of the DNA/AET/Au/HA com-
plex encapsulated in calcium phosphate (prepared in SBF with Ca =
2.6 mM).

was measured. In line with the amount of HA, the surface
charge of the DNA/AET/Au/HA complex decreased and was
saturated at −35 mV at HA/DNA ratio = 23.3 (in weight).
This ratio, where the ζ-potential reaches the lowest level by
minimum HA (Figure 2(b)), was employed in the following
experiments.

DNA/AET/Au complex coated by HA (DNA : AET : HA =
1 : 7.2 : 23.3 in weight) was added to the SBF, and deposition
of CaP layer on the surface of DNA/AET/Au/HA complex
was attempted. DNA complex suspension was added to 1.5
times concentrated SBF at a final Ca concentration of 1.4,
2.0, 2.6, or 3.1 mM. To examine the deposition of CaP,
dissociation behavior of the DNA complex in a concentrated
NaCl solution was evaluated. DNA complex immersed in
SBF with 1.4 mM Ca ion concentration was dissociated by
concentrated NaCl solution and showed bands at similar
positions to those of DNA complex without SBF. On the
other hand, the DNA complexes immersed in SBF with more
than 2.0 mM Ca did not show bands from dissociated DNA
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molecules. This indicates that CaP could be deposited onto a
surface of DNA complex coated by HA by immersion in SBF
with more than 2.0 mM Ca and form a stable encapsulated
complex (Figure 3).

Degradation of the CaP capsule in an acidic solution was
then examined. An equal volume of pH 4.5 acetate buffer
was added to the suspension of DNA/AET/Au/HA complex
encapsulated in CaP, which was prepared with 2.6 mM Ca.
After stirring at 37◦C for 24 h, 30% NaCl solution was added.
When it was electrophoresed, a clear band of the dissociated
DNA molecule was observed (Figure 3). This shows that the
DNA complex was coated with a CaP layer, which could
be dissolved in the acidic conditions, and released the DNA
complex encapsulated inside.
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Figure 7: Cellular uptake of fluorescence-labeled naked DNA and its complex with Au encapsulated with CaP.

In SEM-EDS images, differences in surface morphology
and composition were observed (Figure 4). Large aggrega-
tion of particles with a diameter of ca. 100 nm was seen in
the SEM image of DNA/AET/Au/HA complex, and Au was
detected in the particle by EDS analyses (Figure 4(a)). On the
other hand, the DNA/AET/Au/HA complex encapsulated in
CaP was an aggregation of particles of 200 nm in diameter.
Calcium and phosphorus were detected in it instead of
Au (Figure 4(b)). It was confirmed that the DNA/AET/Au
complex coated with HA could be encapsulated with CaP
by immersion in SBF. The number average size of the
DNA/AET/Au/HA complex encapsulated by CaP suspended
in water was 175 nm with the standard deviation of 33.4 nm
(Figure 5). The large aggregation of the encapsulated com-
plex would be formed through the drying procedure for SEM
observation.

3.2. Cytotoxicity of DNA Complex Encapsulated in Calcium
Phosphate. Figure 6 shows the cytotoxicity of the DNA/
AET/Au/HA complex and the encapsulated particles. Judging
from the WST-1 assay, DNA/AET/Au complex showed
apparent toxicity and only 40% of the cells survived, while
Au itself showed much less toxicity. This was due to the
cationic surface of the DNA/AET/Au complex. On the other
hand, DNA complex encapsulated by CaP showed apparently

lower toxicity, and more than 80% of the cells were still
alive. Encapsulation by the biocompatible apatite appeared
to cause diminished toxicity.

3.3. Cellular Uptake of the Particles. Plasmid DNA was
fluorescently labeled by YOYO-1, complexed with gold, and
then packaged by CaP. When they were incubated with
MLC-6 cells, the cells became luminescent, while the cells
treated with naked DNA/YOYO-1 complex did not show the
fluorescence (Figure 7).

3.4. Enzymatic Degradation of DNA Complex Encapsulated in
Calcium Phosphate. Enzymatic degradation behavior of the
DNA molecule was evaluated by incubation with Hind III
followed by agarose gel electrophoresis. DNA molecule in
the DNA/AET/Au/HA complex without CaP was degraded
by the enzyme and showed bands of degradation products.
A smeared band was observed, unlike for the naked DNA
(Figure 8). This was considered to be due to the interaction
of the degraded DNA fragments with the cationic polymer.
DNA complex not completely encapsulated by CaP, which
was prepared in final [Ca] = 1.4 mM, also showed bands
of degraded products. On the other hand, DNA complex
encapsulated by CaP at more than final [Ca] = 2.0 did not
show any DNA fragments (Figure 8). Efficient inhibition of
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Figure 8: Agarose gel electrophoresis profile of the DNA complex encapsulated in CaP after degradation by Hind III.

DNA degradation by an enzyme by encapsulation with Cap
was confirmed.

CaP-encapsulated DNA/gold nanoparticle has high bio-
compatibility and resistance against enzymatic degradation
and also the releasing property by cellular degradation. It is
expected to be a safe and durable nonviral system for gene
therapy.

4. Conclusion

DNA/gold complex was efficiently included in a CaP capsule
by coating the complex with hyaluronic acid followed by
immersion in SBF with a Ca concentration above 2 mM. Bio-
compatibility and resistance against enzymatic degradation
were apparently enhanced by the encapsulation with CaP.
Incubation of the CaP capsule including DNA complex in an
acidic acetate buffer invited the release of DNA complex from
the capsule. This shows the high potential of the CaP capsule
as an injectable slow-release device, which would release the
contained DNA complex by degradation by osteoclasts.
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We present a combined approach that relies on computational simulations and scanning tunneling microscopy (STM)
measurements to reveal morphological properties and stability criteria of carbon nanotube-DNA (CNT-DNA) constructs.
Application of STM allows direct observation of very stable CNT-DNA hybrid structures with the well-defined DNA wrapping
angle of 63.4◦ and a coiling period of 3.3 nm. Using force field simulations, we determine how the DNA-CNT binding energy
depends on the sequence and binding geometry of a single strand DNA. This dependence allows us to quantitatively characterize
the stability of a hybrid structure with an optimal π-stacking between DNA nucleotides and the tube surface and better interpret
STM data. Our simulations clearly demonstrate the existence of a very stable DNA binding geometry for (6,5) CNT as evidenced
by the presence of a well-defined minimum in the binding energy as a function of an angle between DNA strand and the nanotube
chiral vector. This novel approach demonstrates the feasibility of CNT-DNA geometry studies with subnanometer resolution and
paves the way towards complete characterization of the structural and electronic properties of drug-delivering systems based on
DNA-CNT hybrids as a function of DNA sequence and a nanotube chirality.

1. Introduction

The development of highly specific drug delivery systems
(DDSs) holds a great promise for increased therapeutic
treatment efficiency and elimination of often harmful side
effects. However, it is a formidable task due to additional
strict requirements posed on DDS, such as high stability,
ability to penetrate cellular membranes, and low cytotoxicity.
Several important breakthroughs have been achieved in
recent years using biologically inspired liposome, ligand, and
antibody-based DDS, some of which are already used in clin-
ical environment for cancer treatment with positive results
[1, 2]. Despite initial success, these results provide only a
hint of the potential capabilities of properly designed drug
carriers, and further improvements of DDS are necessary,

including yet another leap in specificity and better drug-load
capacity.

Recently, inorganic nanomaterials, such as carbon nan-
otubes (CNTs), nanowires, and metal or semiconductor
nanoparticles, have attracted much attention due to their
remarkable physical and chemical properties and, espe-
cially, the tunability of these properties provided by the
system size. Unique functionality makes these nanoscale
entities very attractive for applications in a wide range
of biological and chemical problems, and, specifically, in
the development of drug carrying platforms [3]. So far,
the majority of preclinical studies of nanomaterial-based
DDS have focused on oncology, thus making cancer the
primary candidate for future clinical trials of these DDS.
For example, gold nanoparticles have been extensively used
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to selectively precipitate in cancer cells and subsequently
destroy them through laser light absorption and generation
of large intracellular heat loads [4].

Among all the novel DDSs, however, CNTs appear to
be one of the most promising materials. This view is
rationalized by many potential advantages of functionalized
CNTs over other types of DDS developed for cancer therapy
[5]. First of all, CNTs feature high surface-to-volume and
length-to-diameter ratios, allowing large drug loads while
still being small enough to penetrate cellular walls. Second,
CNT functionalization with various binding agents provides
virtually unlimited tunability of binding specificity. Several
research groups have already demonstrated that CNTs coated
with lipid conjugates [6], copolymers, and surfactants [7] can
deliver various molecular loads through cellular membranes
in vivo and in vitro with high targeting specificity and
low cytotoxicity [8, 9]. Third, the unique optical properties
of CNTs permit efficient electromagnetic stimulation and
highly sensitive detection of CNT-based DDS using various
imaging modalities. For example, strong light absorption in
the cell transparency region (0.7–1.1μm) allows CNTs to
serve as a local heat source inside a target cell [10] or to be
remotely triggered to release some of its drug-load with high
spatial, temporal, and chemical selectivity [11, 12]. Driven by
the intense global research to take advantage of the unique
properties of CNTs, the use of CNTs in medicine has started
to shift from proof-of-principle experiments to preclinical
trials in a variety of therapeutic applications. Nevertheless,
we still need to develop a better understanding of CNT
functionalities in order to fully exploit all the potential
benefits of CNTs in drug delivery and diagnostics and to
assess the risks and benefits of these DDS.

One of the prominent ways to improve delivery
specificity, DDS stability, and cell penetration reliability
is functionalization of the nanotube surface with single-
stranded DNA. Such CNT-DNA hybrids are widely used
for biological sensing [13–15], as well as for separating
CNTs based on dimensions and conductivity [16, 17]. CNT-
DNA hybrids promise significant advantages over existing
DDS: (i) adsorbed DNA strands remarkably improve the
dispersibility of the nanotubes in water and biologically
compatible buffers, while simultaneously offering a stable
and flexible platform for further derivatization and binding
agent attachment. (ii) The DNA strands also provide very
stable interaction with CNT surface and help to control the
length of the tubes [18]. Because DNA-CNT binding energy
is fairly large, “fortification” of the nanotube segments
covered by DNA is expected. When the CNT breakage occurs
(e.g., because of thorough sonication [17]), it will take place
in the regions with a lower tensile strength, that is, the
uncovered parts of the nanotube, leaving the tubes of the
length of the DNA-wrapped structures. All these features
are very important for medical applications, since it has
been shown that shortened, better isolated and dispersed,
functionalized CNTs demonstrate an improved toxicological
profile in in vivo studies [19–22].

It is widely recognized that structural and surface char-
acteristics of DDS should critically influence their biological
performance. Yet little is known about the detailed structure

of CNT-DNA hybrids. Different computational approaches
reported in the literature predict a large variation of the
possible DNA binding geometries [23] from linear DNA
alignment along the CNT [24] to wrapping of DNA around
the CNT [25], with a finite probability of the DNA insertion
into the interior volume of the CNT [26, 27]. In addition,
recent experimental studies have empirically demonstrated
that DNA oligomers with a particular sequence prefer to
form stable structures with a specific kind of nanotubes
and ignore others. These observations suggest that the
chemical structure of DNA and the chirality of the CNT
play a significant, if not determining, role in establishing
the final hybrid geometry [16, 28, 29]. Unfortunately, the
current theoretical framework cannot explain the wide
geometry variations and sequence selectivity of the DNA-
CNT binding. Additional complexity comes from the lack
of understanding of the exact mechanisms of cellular mem-
brane penetration by CNTs [12, 30]: it is unclear how the
given hybrid structure influences penetration efficiency, as
well as how the penetration process influences stability of a
hybrid DDS.

As such, new methods have to be developed for reliable
prediction of the properties of DDS based on CNT-DNA
hybrids and accurate control of drug binding and delivery.
Considering its importance, the stability of DNA coating
of the nanotube surface has to be analyzed in order to
avoid the risk of macromolecule desorption or exchange
with serum proteins and other blood components following
administration. Hence, theoretical modeling and simulations
capable of describing the DNA-CNT binding mechanisms
and predicting the hybrid stable structure and its relevant
properties will significantly benefit experimental in vitro
and in vivo studies of CNT-DNA-based DDS. Such studies
will also require an application of high-resolution nanoscale
probes to test the theoretical predictions, visualize the DDS
geometries, and provide feedback for gradual modeling
refinement.

Here, we report on such a combined approach that
involves, first, modeling to determine the stability criteria
for CNT-DNA hybrid binding and, second, scanning tun-
neling microscopy (STM) for simultaneous structural and
electronic characterization of hybrid structure and electronic
properties with subnanometer resolution. We present the
observed topographic images of the CNT-DNA hybrids with
highly resolved morphological details. The STM images
reveal very stable hybrid structures where DNA is wrapped
around the CNT with a well-defined wrapping angle of 63.4◦

and a coiling period of 3.3 nm. Our previous studies [18, 31]
of the helical nature of the charge density distribution in the
nanotubes have demonstrated a strong correlation between
CNT chirality and DNA wrapping geometry. In the current
work, we further investigate this correlation and describe
the dependence of the DNA-CNT binding energy on the
chemical structure and wrapping geometry of a single strand
DNA (ssDNA) around the (6,5) CNT. This information
allows quantitative characterization of the stability of the
hybrid structure with an optimal π-stacking between ssDNA
bases and the nanotube surface. Our simulations clearly
show the existence of a very stable DNA binding geometry for
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Figure 1: Raman spectra of the prepared DNA-CNT solution. (a) The wide frequency window showing all vibronic bands. (b) The frequency
range associated with RBM bands of nanotubes.

the (6,5) CNT which is determined by a strong dependence
of the binding energy on angular detuning of DNA strand
from the nanotube chiral vector. Finally, we provide the
additional evidence that the stable binding geometry of
DNA nucleotides and CNTs arises from the π-stacking
interactions, which tend to align the molecular plane of
nucleotide parallel to the tube surface.

2. Experimental Details

We used surfactant-based nanotube suspensions that were
prepared by 2.5 hours of sonication of purified single-
walled CNT (SWCNT) powder obtained from SES Research
in 1% by weight of Triton X-100 in water. The final
concentration of SWCNTs was ∼0.1 mg/ml. To form DNA-
based nanotube suspensions, a 20-mer DNA sequence of
5′NH2(C-6) GAGAAGAGAGCAGAAGGAGA-3′ was diluted
to approximately 5 mg/ml in phosphate buffer solution with
pH 7.4 (PBS 7.4). One mg of SWCNT was dissolved in
approximately 250 microliters of the DNA solution and
then diluted to approximately 0.75 ml with PBS 7.4. The
resulting mixture was sonicated at 0◦C for at least 90 min
and then centrifuged at 14000 rpm for 90 min. 0.5 ml of the
DNA/SWCNT solution was decanted and purified over a
NAP-10 column using deionized water as the buffer, with
only first 1/2 of the eluted volume being collected. The
filtered solution was finally passed again through the NAP-
10 column with deionized water as eluent.

As shown in Figure 1, Raman spectra of thus prepared
solution contain six major radial breathing mode (RBM)
frequencies, which can be attributed to (13,0), (10,4), (9,3),
(9,2), (6,5), and (10,5) tubes [32]. The (9,3) tubes have
the highest RBM intensity and, therefore, seem to be
the most common type in the sample. It is known that
functionalization of the tubes with DNA increases the optical
response of CNTs due to enhanced dispersion and isolation

of DNA-coated tubes [28, 29]. However, the high intensity of
the Raman peak associated with (9,3) species is not necessary
the sign of the preferable DNA attachment to the (9,3) tubes
and most likely originates from the higher concentration of
these tubes in the original solution.

After Raman characterization, a small drop of the CNT-
DNA solution was deposited onto p-doped Si(110) substrate
and allowed to dry. The samples were then transferred
into the STM vacuum chamber and are annealed at 550◦C
for 30 min in order to remove the organic residue and
the freshly formed oxide layer from the Si surface. Even
though CNT-DNA hybrids in aqueous solution are unstable
above 80◦C, the critical temperature for the same constructs
adsorbed onto Si(110) surface appears to be much higher,
and heating up to 550◦C does not destroy samples. Although
the mechanism of such an improved thermal stability of
CNT-DNA hybrids is not clear yet, we assume that a strong
π–π interaction between the CNT surface and DNA bases
is responsible for this stability, when it is not disturbed
and screened by solvent interactions. A commercial UHV
variable-temperature STM system (RHK Technology Inc.,
UHV300) was used to obtain the topographic images of
CNT-DNA hybrids shown in Figure 2(a). All measurements
were performed at a pressure of 2×10−10 Torr and a temper-
ature of 50 K.

3. Theoretical Modeling and
Computational Details

We have chosen a specific (6,5) nanotube for hybrid structure
simulations since it provides the best match to the STM
results, as was discussed in our previous studies of the
CNT-DNA structures [18]. We use force field calculations
to determine detailed geometrical features of an ssDNA
adsorbed on the (6,5) SWNT (diameter of 0.8 nm and the
chiral angle of 27◦). Two configurations of the (6,5) SWNT
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Figure 2: STM data and theoretical interpretation: (a) 21 × 21 nm STM topographic image of CNT-DNA hybrids on Si(110) substrate
acquired at It = 10 pA and Ub = 3 V at 50 K; (b) height profile along Section A; (c) statistical distribution of characteristic
lengths of periodic modulations extracted from height profiles along the Section A. (d) Optimized structures of (6,5) tube wrapped in
GAGAAGAGAGCAGAAGGAGA-oligomer. For the simulated geometry, the average period of DNA helices along the tube is A = 3.0–3.3 nm
and the wrapping angle is α ∼ 63◦, which are in good agreement with an STM experiment.

are considered: with the length of three (∼12 nm) and
four (∼16 nm) nanotube repeat units. To model the DNA
adsorption on the CNT surface, we use an experimental 20-
mer DNA sequence of 5′-GAGAAGAGAGCAGAAGGAGA-
3′ and homogeneous ssDNA oligonucleotides with 23, 25, 29,
31, and 42 cytosine bases (C-23-mer, C-25-mer, C-29-mer,
and C-31-mer and C-42-mer, resp.) and 25 guanine bases

(G-25-mer). The size of the ssDNA is chosen to be shorter
than the tube length to avoid interactions of the DNA with
the tube edges.

To construct different CNT-DNA hybrid configurations,
the ssDNA is wrapped around the tube at angles varying
from 10◦ to 80◦ with respect to the tube axis, as illustrated in
Figure 3. For the initial configurations of the homogeneous
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ssDNA on the SWNT surface, we start with a single DNA
unit consisting of a DNA base attached to a phosphate-
deoxyribose molecule. First, we optimize the initial unit on
the tube surface by placing it at a random angle α with
respect to the tube axis. The coordinates of each atom i
of the optimized unit are defined as (xni , yni , zni ), where the
index n is the number of the unit (n = 0 for the initial
unit). Subsequent DNA bases (n = 1, 2, 3, . . .) are added as
the replicas of the first adsorbed unit but are shifted along
the tube axis by Δz and twisted by the angle φn

i . Defining
the size L of the unit as the distance between terminated
atoms in the DNA base, the single increment along z is
Δz = L sin α. Then, the z-coordinates of each DNA atom
of the next unit n satisfy the equation zni = z0

i +nΔz, while xni
and yni can be obtained from the coordinates x0

i and y0
i of the

corresponding DNA atoms from the initial unit by applying
the rotational matrix

V̂
(
φn
i

) =
⎡
⎣cos

(
φn
i

) − sin
(
φn
i

)
sin
(
φn
i

)
cos
(
φn
i

)
⎤
⎦. (1)

Here, φn
i = zni /(R tanα) is the rotational angle of the ith

base of the nth unit of the ssDNA. Thus, each atom of the
DNA backbone is placed along the helix curve with a helical
angle α, the DNA wrapping angle with respect to the tube
axis. When φn

i = 2π, the z-coordinate defines the period
length of the DNA wrapping along the tube axis. R = R0 + Δ
stands for the helix radius, where R0 is a tube radius and
Δ ∼ 0.33 nm is a typical distance between the tube surface
and DNA molecules in the π-stacking geometry. As a next
step, these initial configurations of (6,5) SWNT and ssDNA
are further optimized to obtain energetically favorable
morphologies. Compared to the initial geometries, the DNA
wrapping angles undergo small changes during geometrical
optimization. Thus, we obtain many conformations of CNT-
DNA hybrids with various DNA wrapping angles.

It is known that potential energy surfaces of biomolecules
are extremely complicated [33]. Therefore, there are many
distinct local potential minima where the hybrid system can
be trapped depending on its initial configuration during the
optimization procedure. This suggests a strong dependence
of the total energy of the system on the wrapping angle of the
ssDNA around the tube. However, optimized configurations
obtained by the method described above often have loops
at the center or ends of the tube leading to a variation of a
wrapping angle along the CNT, as shown in Figure 3 (right
panel). To obtain a more homogeneous distribution of the
DNA wrapping angles, we fix the very end bases of the DNA
and let all other atoms of the DNA and the tube move freely
during geometrical optimization. This allows us to compare
the dependence of the binding energies on the wrapping
angle for two cases—with free and fixed DNA ends.

The binding energy, that is, the strength of the interaction
between the ssDNA and the tube, is calculated as the
difference between the total energies of the optimized CNT-
DNA hybrid, the optimized bare CNT, and the optimized
isolated DNA molecule. To find the optimized geometry of
an isolated ssDNA, the DNA configuration obtained from
the optimization of the CNT-DNA hybrid geometry and
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Figure 3: Optimized geometries of the (6,5) tube with adsorbed C-
mers obtained from different initial wrapping configurations. First
column shows the averaged final wrapping angle α of the DNA.
Second and third columns correspond to hybrid configurations
constructed from the 3 and 4 repeat units long (6,5) nanotube
and DNA consisting of 25 (C-25-mer) and 29 (C-29-mer) cytosine
bases, respectively. The bottom panel shows 31 and 42 C-mers
wrapped along (6,5) tube of 4 units in length.

subsequent removal of all the CNT atoms is used as an
initial approximation for the force field energy optimization.
Finally, the optimized DNA configuration with the smallest
total energy is chosen as the final configuration of the isolated
DNA molecule. All geometrical optimizations are performed
by means of the HyperChem software package [34] using
the CHARM27 force field approach [35, 36] and an energy
convergence limit of 0.001 KCal/(Åmol).

4. Experimental Results

A characteristic STM image of the CNT-DNA sample
is shown in Figure 2(a). The DNA-covered parts of the
nanotube are visible as large island-like protrusions on a
flat substrate surface. Three notable features of the samples
are evident in Figure 2(a). First, all observed islands have
similar structure. This suggests that either we are able to
resolve the structure of only one type of CNT-DNA hybrids
or else hybrids consisting of different SWNT types have the
same geometry. However, the latter assumption contradicts
previous experimental [16, 18, 28, 37] and theoretical
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[17, 25, 28, 38] results that demonstrated strong dependence
of the DNA wrapping geometry on CNT chirality. Therefore,
we conclude that only one type of CNT-DNA sample is
observable due to the selectivity of the DNA wrapping with
respect to the tube chirality.

Second, there are no uncovered ends of SWNTs visible
in the image as one might expect from the length differences
between a typical SWNT (∼100’s of nm) and 20-mer ssDNA.
This discrepancy can be explained by the sonication step in
the sample preparation procedure [18]. Previously, it was
found that thorough sonication leads to multiple nanotube
breakages resulting in significant nanotube length reduction
[17]. In our case, DNA-covered segments serve as fortified
islands along the nanotube length, causing the breaks to
occur at the edges of such regions and leaving only short,
10–15 nm, fragments of the original SWNT for observation.
This suggests that the length of the CNT-DNA hybrids can
be controlled with some degree of precision by varying
the length of the ssDNA-covered segments and subsequent
thorough sonication. This observation might be important
for medicinal application of these materials. For instance,
there is good agreement between multiple preclinical studies
that shortening of functionalized CNT helps to reduce
cytotoxicity [5, 39].

Third, the STM image in Figure 2(a) and height profile in
Figure 2(b) clearly demonstrate the coiling character of the
DNA strand binding to the nanotube surface. Regular height
modulations of the DNA-covered segments of the CNTs are
also visible in the image. Two sections of the hybrid profile
emphasize the periodic nature of these modulations both
along the nanotube (Section A) and across it (Section B). We
attribute the three height peaks in Section A, Figure 2(b), to
the three DNA coils lying on top of the nanotube surface.
Indeed, the modulation depth of ∼2 Å matches quite well
an expected ∼3 Å distance between the nanotube surface
and the nucleotides that are aligned parallel to it in the π-
stacking geometry [23, 25]. Section B represents the CNT-
DNA hybrid profile variations in the direction of DNA
coiling. Importantly, this section is oriented at a 63.4◦ angle
with respect to the nanotube axis obtained in the same way as
explained in [18]. This angle represents the DNA wrapping
angle and should depend on the particular DNA sequence
and the nanotube type, because nucleotides tend to arrange
themselves on the nanotube surface in such a way as to
minimize tension in the combined CNT-DNA system [33].

The overall observed width of the CNT-DNA composite
is on the order of 5 nm. This value deviates significantly
from the expected 2 ÷ 3 nm combined width of the CNT-
DNA hybrid. The width of 2 ÷ 3 nm is expected due to the
contribution of the CNT diameter of ∼1-2 nm and DNA-
CNT separation of ∼0.3 nm (a typical π-stacking distance)
on both sides of the CNT, as was discussed previously in
[18]. We believe that DNA detachment from the nanotube
sidewalls during annealing causes this discrepancy, increas-
ing the overall hybrid width. The periodicity of the height
profile in Section B also suggests that there are longitudinal
DNA strand distortions that cannot be associated with
any predicted binding stoichiometries [18]. However, it is
impossible to directly detect the DNA detachment from

the CNT surface using STM. The exposed CNT regions,
if any occur during annealing, will protrude by about a
nanometer and will not be accessible for direct imaging due
to the cone-like shape of the STM tip.

To extract more quantitative information about the
observed DNA wrapping geometry, we use the following
procedure. First, cross-sections along the longitudinal axis
of several SWNTs analogous to Section A in Figure 2(a) are
taken. In this way, peaks in the topography can be attributed
to the DNA strand, and dips represent the underlying SWNT
surface between them. The Fourier transformation (FT) of
such a section with respect to the longitudinal coordinate
provides well-defined peaks in the spatial frequency domain
due to the periodic nature of the profile variation, as shown
in Figure 2(b). The characteristic length of the topographic
height modulation is obtained by inversion of the spatial
frequency of the corresponding peak maximum. Although
observation of more cycles will provide higher accuracy
in determining of the wrapping period, we believe that
the precision achieved with three wrapping cycles observed
in our experiments should suffice for comparison with
the modeling results and nanotube identification. Indeed,
experimental height modulation profile in Figure 2(b) can be
approximated by the sine wave, and the width of the peak in
the fast-FT spectrum of sine wave spanning N periods (λ) is
∼2λ/N at zero level. Due to noise in the measured profiles,
any point above 90% of the maximum peak amplitude level
can be considered as a center peak frequency. However, it
will result in only ∼0.12λ spread of the measured period
around the actual value, which in our case is ∼0.3 nm.
This error is much smaller than the difference between the
wrapping periods for all the types of nanotubes present in
the solution and should allow reliable separation of hybrids
containing nanotubes of different chiralities as described
below. The nanotube edges influence the DNA-CNT binding
and, thus, the wrapping geometry. This causes small coil-to-
coil distance variations, so that the DNA wrapping is not
perfectly aligned with the nanotube chiral vector. However,
these variations are on the order of 0.1-0.2 nm and fall
well within the experimental error. Hence, they also can be
neglected in the comparison of the modeled structure with
the STM images.

Using this procedure, the dependence of the frequency
of occurrence of a particular period on its magnitude for
all hybrids in our images was extracted and is plotted in
Figure 2(c). As can be seen, the characteristic period of the
height variation along the CNT is 3.3 nm and represents the
coiling period of the DNA strand around CNT. Thus, our
STM images reveal the DNA wrapping angle of∼63◦ and the
most probable DNA coiling period of ∼3.3 nm.

5. Simulations Results and Discussion

Previous molecular simulations [33] predict that short
ssDNA strands can adopt a number of helical conforma-
tions when placed on a nanotube. The geometries observed
by STM here suggest an existence of very specific stable
structure with the DNA helical period of 3.3 nm and
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the wrapping angle of ∼63◦. Our simulations of CNT-DNA
hybrid constructed from the (6,5) tube and 20-mer ssDNA
that was used in STM imaging have also resulted in a very
stable configuration with the binding energy of −0.8 eV per
base, wrapping angles of ∼63◦, and wrapping period of 3.0–
3.3 nm, as shown in Figure 2(d). The optimized structure of
the hybrid also confirms that the stable binding geometry
of DNA nucleotides and CNT arises from the π-stacking
interactions, which tend to align the nucleotide molecular
plane parallel to the tube surface.

For further examination of the stability of different CNT-
DNA hybrid structures, we calculated the binding energy
between various adsorbed ssDNA C-mers and G-mers and
the (6,5) tube at different wrapping geometries, as shown
in Figure 3. It is obvious that the distribution of wrapping
angles along the nanotube length is not homogeneous with
most deviations occurring at the edges of the nanotube. For
the fixed DNA geometries, when a few DNA bases at the ends
are not free to move with other atoms of the systems during
geometry optimization, the homogeneity of wrapping angles
improves significantly; see Figure 3 (left panel). Overall, the
deviation from a mean value of wrapping angle is about 10◦–
15◦ for the structures with fixed ends and up to 20◦–30◦ for
structures with free ends.

Figure 4 shows the binding energy of the DNA and
the (6,5) SWNT as a function of the average wrapping
angle. The minimum of the curve indicates the most stable
hybrid configuration with the strongest interaction between
the tube surface and the DNA strand. For all C-mers, a
well-defined minimum is found in the range of 58◦–63◦;
these wrapping angles correlate well with the chiral angle
of the (6,5) tube. For the G-mer, the minimum is slightly
shifted towards smaller angles of 50◦–60◦. For all hybrids
we considered, the energy barrier around the minimum is
about 0.2-0.3 eV, which is significantly higher than thermal
fluctuation energies. The CNT-DNA interactions are also
very substantial (−0.6 eV and −0.8 eV) implying very stable
hybrid configurations for wrapping angles of 50◦–63◦. Thus,
we conclude that hybrids with DNA wrapped in correlation
with the (6,5) chirality of nanotube have extremely stable
configurations. For these structures, ssDNA is unlikely to be
detached from the tube because of external perturbations,
such as ambient thermal vibrations, solvent effects, and
exchanges with blood serum. All these observations point
to the utility of DNA-functionalized CNT for medicinal
purposes.

The smaller the wrapping angle of C-mers, the larger
the energy, reflecting much weaker interaction of cytosine-
oligomers with the CNT for these geometries. In contrast,
G-mers provide very stable configurations not only at
50◦–60◦ but also at small wrapping angles of 10◦–20◦.
Interestingly, not all guanine molecules are oriented parallel
to the tube surface at small wrapping angles, as observed for
cytosine-oligomers: a few guanine bases have nearly normal
orientation to the tube surface and form the π–π stacking
with each other. This behavior most likely originates from a
larger size of guanines compared to cytosines, which favors
such interactions. The difference between C-mer and G-mer
optimal wrapping angles, at which the most stable hybrid
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Figure 4: Variation of the binding energy of the CNT-DNA hybrids
with the DNA wrapping angle. The solid lines correspond to hybrid
configurations with fixed ends, that is, where the end bases of
the DNA molecule are fixed and all other atoms of the hybrid
system are free to move during geometry optimization. Dashed lines
represent the optimized hybrid structure where all the atoms are
allowed to move during optimization. The red line corresponds
to the hybrid constructed out of 3 unit-long (6,5) tube (3u) and
DNA strand consisting of 25 guanine bases (G-25); the black line
represents the same tube but with 25-mer cythosine bases (C-
25); the dark green line represents (6,5) tube of 4 repeat units in
length (4u) with adsorbed 23-mer cythosine bases (C-23). The light
green dashed line corresponds to configurations constructed from
the (6,5) nanotube of 4 repeat units in length (4u) and 29-mer
cythosine bases (C-29).

conformations occur, may explain a previously observed
difference in stability of CNT-DNA hybrids with respect to
the chemical structure/sequence of the adsorbed DNA.

For the large angles α > 70◦, the binding energy decreases
for both G-mer and C-mers. For the short tubes and short
DNA oligomers, the binding energy at α ∼ 75◦ becomes
even smaller than that of configurations with ∼60◦ angles.
This decrease most likely originates from formation of
additional bonds between DNA bases and the phosphate
groups due to a very small separation of DNA loops on
CNT surface; see Figure 3. Interestingly, such bonding is
favored by the presence of the SWNT, since optimized
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configurations of an isolated DNA strand do not indicate
similar tendency. If solvent media are introduced, formation
of these hydrogen bonds will likely be suppressed by solvent-
phosphate backbone interactions.

It is important to mention that structures with large
wrapping angles result in much smaller wrapping periods of
about 1 nm. The short wrapping periods, if present in the
experimental samples, mean that the gaps between the DNA
strands on the tube surface have to be also very small, on
the order of 0.2–0.8 nm, as compared to∼2.2 nm observed in
STM images. The fact that we have only observed geometries
with ∼63◦ wrapping angle in our experiments can be, thus,
attributed to the inability of our instrument to resolve such
small gaps. This is confirmed by the data presented in
Figure 2(b), where dome-like modulation structure due to
convolution of tip shape with sample structure is visible
instead of expected 0.47 nm and 0.35 nm steps formed by the
DNA backbone and nucleotides, correspondingly.

6. Conclusions

Characterization of CNT-DNA hybrids using STM reveals a
very stable structure of DNA binding to a single CNT where
DNA wraps around the tube at 63◦ angle with a coiling
period of 3.3 nm. To complement and help interpret STM
measurements, we have performed force field simulations
that provided insight into the energetic stability of CNT-
DNA hybrids. The modeling results are in very good agree-
ment with experimental observations and clearly show the
existence of a stable DNA binding geometry to (6,5) SWNT
as determined by the strong dependence of the binding
energy on angular detuning of the DNA strand from the
CNT chiral vector. The calculations also confirm that such
a correlation between the DNA wrapping and nanotube
chirality arises from optimization of π-stacking interactions
between molecular orbitals of DNA bases and the π orbitals
of the nanotube. Based on STM data and calculated stability
criteria for different DNA conformations on the nanotube
surface, we conclude that ssDNA wraps around the (6,5)
tube in accordance to the tube chirality. Substantial binding
energies of 0.6–0.8 eV and high energy barriers of 0.1–0.3 eV
separating the hybrid configurations of coiled and uncoiled
ssDNA imply an extreme stability of such hybrid systems.
This result suggests that external disturbances caused by
body heat, solvent effects, and exchanges with blood serum
are highly unlikely to detach the DNA from the CNT
surface. Therefore, CNT-DNA hybrids hold great promise for
development of very reliable and stable DDS.

We also found that sonication of CNT-DNA hybrids
leads to reduction of nanotube ends uncoated by DNA. Thus,
we suggest that the length of the CNT-DNA hybrids can
be reduced with a precise control by applying sonication
and varying the DNA sequence length adsorbed on the tube
surface. This observation might be important for medical
application of these materials, since shortening of function-
alized CNTs reduces their cytotoxicity.

Overall, our results demonstrate the feasibility of CNT-
DNA geometry studies with subnanometer resolution and

pave the way towards complete characterization of the
hybrid structural and electronic properties as a function
of DNA sequence and nanotube type. In addition, our
combined approach can be used in the future to predict and
characterize important properties of hybrid-based DDS and
details of their interaction with the drug molecules, such as
controlled drug release triggered by the heat or laser-induced
unwrapping of DNA strand from the nanotube surface.
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In this study, free porcine hepatocytes suspension (Group A), porcine hepatocytes embedded in collagen gel (Group B), porcine
hepatocytes cultured with PLA-O-CMC nanoparticles and embedded in collagen gel (Group C), and PLA-O-CMC nanoparticles
alone (Group D) were transplanted into peritoneal cavity of ALF rats, respectively. The result showed that plasma HGF levels were
elevated post-transplantation with a peak at 12 hr. The rats in Group C showed highest plasma HGF levels at 2, 6, 12, 24 and 36 hr
post-transplantation and lowest HGF level at 48 hr. Plasma VEGF levels were elevated at 48 hr post-transplantation with a peak
at 72 hr. The rats in Group C showed highest plasma HGF levels at 48, 72, and 96 hr post-transplantation. The liver functions
in Group C were recovered most rapidly. Compared with Group B, Group C had significant high liver Kiel 67 antigen labeling
index (Ki-67 LI) at day 1 post-HTx (P < .05). Ki-67 LI in groups B and C was higher than that in groups A and D at days 5 and
7 post-HTx. In conclusion, intraperitoneal transplantation of porcine hepatocytes cultured with PLA-O-CMC nanoparticles and
embedded in collagen gel can promote significantly liver regeneration in ALF rats.

1. Introduction

Acute Liver Failure (ALF) is a life-threatening clinicopatho-
logical condition with a high rate of fatality. Impaired
liver regeneration is one of the most critical issues in
the prognosis. Because of the larger potential regeneration
capacity of liver, temporary and effective liver function
support will make the patients with ALF have time to wait
for liver transplantation and have the possibility of recovery
through the regeneration of remaining hepatocytes. Hepato-
cytes transplantation (HTx) is anticipated to be an effective
method to substitute liver functions [1, 2]. But because of the
shorter survival time of transplanted hepatocytes, emphasis
in study of HTx has been put on getting the better functions
of transplanted hepatocytes and the better liver regener-
ation of ALF recipients. Nanomaterial scaffold is helpful
to adherence, proliferation, and differentiated functions of
cells [3]. In our previous study, we found that hepatocytes
could proliferate rapidly and represent better functions on

nanomaterial scaffold [4]. In this study, porcine hepatocytes
cultured with polylactic acid-O-carboxymethylated chitosan
(PLA-O-CMC) nanoparticles and embedded in collagen gel
were transplanted into the peritoneal cavity of ALF rats to
study the liver regeneration reaction.

Hepatocyte growth factor (HGF) is a multipotent growth
factor that is a powerful stimulator of DNA synthesis in
a variety of cell types, especially hepatocytes [5]. HGF
plays a key role in the regulation of liver regeneration
after hepatocyte damage. It was reported that HGF activity
increases in proportion to the decrease in functional liver
mass before the initiation of liver regeneration and rapidly
decreases to near normal levels after recovery [6]. Changes in
HGF production reflect the status of regeneration process.
Vascular endothelial growth factor (VEGF) is a strongest
factor in a number of known endogenous factors promoting
vessel regeneration. VEGF derived from hepatocytes is
associated with processes of liver regeneration. HTx has
been used by many investigators to demonstrate metabolic
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support and improve survival in rats with ALF. However,
few of these reports have examined the impact of cell
therapy on the regenerative response in the native liver.
To our knowledge, there was no detailed study about liver
regeneration response in HTx with nanomaterials. In the
present study, levels of HGF and VEGF, albumen (ALB),
alanine aminotransferase (ALT), total bilirubin (TB), and
NH3 in the plasma and liver Kiel 67 antigen labeling index
(Ki-67 LI) of ALF rats after HTx were observed. The
aim of the present study was to investigate the effect of
transplantation of porcine hepatocytes cultured with PLA-
O-CMC nanoparticles and embedded in collagen gel on liver
regeneration in ALF rats.

2. Materials and Methods

2.1. Animals. Chinese experimental miniature pigs (n = 5,
male and female, body weight 2 to 4 Kg), Sprague-Dawley
rats (n = 220, male and female, weight 250 to 280 g)
were supplied by Experimental Animal Center of Nantong
University. All operations were performed between 9 AM and
noon. The pigs and rats were allowed free access to water
and were fasted for 12 hr before experiment. The research
protocol was in compliance with Chinese guidelines for
the humane care of experimental animals. The study was
approved by the hospital ethics committee.

2.2. Reagents. D-galactosamine (D-Gal) was purchased from
the Department of Chemistry, Chongqing Medical Univer-
sity, China. Collagenase IV, RPMI1640, new-born bovine
serum (NBS), and HGF were purchased from Gibco BRL,
Life Technologies, USA. Polylactic acid was from Sigma
Chemical Co., USA (St. Louis, MO). O-carboxymethylated
chitosan was from Weikang Biotechnology Company Lim-
ited, Shanghai, China.

2.3. Preparation of PLA-O-CMC Nanoparticles. PLA-O-
CMC nanoparticles were prepared with polylactic acid and
O-carboxymethylated chitosan by u1trasonic method as
described previously [7].

2.4. ALF Rat Model and Groups. 10% D-Gal was injected
into the peritoneal cavity of Sprague-Dawley rats at 1.2 g/Kg.
The rats (n = 165) were divided randomly into four
groups: simple hepatocyte transplantation group (Group A),
collagen and hepatocyte transplantation group (Group B),
and nanoparticles, collagen, and hepatocyte transplantation
group (Group C), and nanoparticles transplantation group
(Group D).

2.5. Porcine Hepatocyte Culture. Porcine hepatocytes were
isolated by an in situ recirculating collagenase perfusion
method as described previously [8–11]. The yield of hep-
atocytes was (4.5∼5.0) × 107/g. The mean viability of
hepatocytes was 97% by trypan blue exclusion. The isolated
hepatocytes were suspended in RPIM1640 medium supple-
mented with 10% NBS, 200 μg/L hydrocortisone, 100 μg/L
insulin, 200 μg/L HGF, 100000 U/L penicillin, and 100 μg/L

streptomycin. The isolated hepatocytes were divided into
three groups and incubated at 5 × 106/mL in 5% CO2

atmosphere with 100% humidity at 37◦C. Group A: isolated
hepatocytes were cultured for 24 hr. In the first 12 hr, the
hepatocyte suspensions were agitated for 5 min every 30 min.
Then they were centrifugated at 800 rpm and hepatocytes
were resuspended in the above medium for 12 hr. 5 mL hep-
atocyte suspensions with 1 × 107 cells/mL were transplanted
into the peritoneal cavity of ALF rats. Group B: isolated
hepatocytes were cultured for 12 hr and agitated for 5 min
every 30 min. Then they were centrifugated at 800 rpm and
hepatocytes were resuspended in the above medium. The
hepatocyte suspensions with 4× 107 cells/mL, collagen type I
(0.4% collagen type in 0.1 N acetic acid), 10 × RPMI1640,
100% NBS, and 1 N NaOH were mixed. The volume ratio of
the above five components was 2.5 : 5 : 1 : 1 : 0.5. The final col-
lagen concentration was 2 mg/mL, the density of hepatocytes
was 1 × 107/mL, and pH of solution was 7.4. The mixture
was dropped into 6-well cell culture plates at 5 mL for every
well and cultured in 5% CO2 incubator at 37◦C. Porous gel
was formed after 2 to 3 hr. Then 5 mL RPMI1640 medium
was added to make the gel suspended in the medium. The
hepatocyte suspensions were further cultured in 5% CO2

incubator at 37◦C. The total culture time after collagen
addition was 12 hr. At last, the gel containing hepatocytes was
transplanted into the peritoneal cavity of ALF rats. Group C:
isolated hepatocytes were cultured with 100 mg/L PLA-O-
CMC nanoparticles for 12 hr and agitated for 5 min every
30 min. Then the medium was centrifugated at 800 rpm and
hepatocytes were resuspended in the above medium. The
hepatocyte suspensions, collagen type I, 10 × RPMI1640,
100% NBS, and 1N NaOH were mixed in the same method
as Group B. The final collagen concentration was 2 mg/mL,
the density of hepatocytes was 1 × 107/mL, concentration of
the nanoparticles was 100 mg/L, and pH of solution was 7.4.
The mixture was dropped into 6-ell cell culture plates at 5 mL
for every well and cultured in 5% CO2 incubator at 37◦C.
Porous gel was formed after 2-3 hr. Then RPMI1640 medium
was added to make the gel suspended in the medium. The
hepatocyte suspensions were further cultured in 5% CO2

incubator at 37◦C. The total culture time after collagen
addition was 12 hr. At last, the gel containing hepatocytes was
transplanted into the peritoneal cavity of ALF rats.

2.6. HTx. HTx was done in Sprague-Dawley rats at 48 hr
after D-gal injection. Under ether anesthesia, the abdomen
cavity was opened through median incision of abdomen.
In Group A, hepatocyte suspensions were injected into the
lesser omentum sac of ALF rats. In Groups B and C, gel
containing hepatocytes and gel containing hepatocytes cul-
tured with nanoparticle were transplanted into the peritoneal
cavity of ALF rats and wrapped up with greater omentum,
respectively. The total number of transplanted hepatocytes
was 5 × 107. In Group D, 100 mg/L PLA-O-CMC nanopar-
ticles were injected into the lesser omentum sac of ALF rats.
Abdomen wall was sutured in layer. After transplantation, the
rats in three groups were raised in different cages and drank
water with 10% glucose. No immunosuppressive reagents
were administered throughout the experiment.
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2.7. Determination of Plasma HGF and VEGF Levels. Plasma
HGF level was determined in batches of five rats each before
HTx and at 2, 6, 12, 24, 36, and 48 hr after HTx. Plasma
VEGF level was determined in batches of five rats each before
HTx and at 48, 72, 84, and 96 hr after HTx. Blood sample
was collected from abdominal aorta of rats and put into
the test tube with ethylene diamine tetraacetic acid (EDTA).
The samples were centrifuged at 3000 rpm for 10 min and
stored at −80◦C until growth factor assays were performed.
The levels of plasma HGF and VEGF were analyzed by an
enzyme-linked immunosorbent assay (kits were supplied by
Fanbang Co, Dalian, China), according to the manufacturer’s
protocols. All samples were tested in duplicate. The optical
density was read within 30 min using enzyme mark meter set
to wavelength of 450 nm and 630 nm. The levels of HGF and
VEGF were calculated from a standard curve.

2.8. Determination of Liver Functions. Changes of albumen
(ALB), alanine aminotransferase (ALT), total bilirubin (TB),
and NH3 levels in the plasma were determined with an
automatic biochemical analyzer (7600-020, Hitachi, Japan).

2.9. Determination of Kiel 67 Antigen Labeling Index (Ki-67
LI). Ki-67 LI was evaluated. Immunochemistry technique
was used. The paraffin sections of recipients’ livers were
stained with hematoxylin. Under light microscope, 5 visual
fields were randomly selected, and the number of cells with
buffy nucleus among 1000 cells per visual field was counted,
and then the percentage of cells with buffy nucleus was
calculated [12].

2.10. Statistical Analyses. All results were expressed as mean
± standard deviation. Statistical analyses were performed
using Stata 7.0 software. Statistical significance was deter-
mined by analysis of variance (ANOVA) with Student’s t-
test. A P value of less than .05 was considered statistically
significant.

3. Results

3.1. Plasma HGF Levels. Plasma HGF levels were inde-
tectable in normal rats. They were increased at 48 hr after
D-Gal injection. They continued to elevate after HTx with
a distinct peak at 12 hr. They gradually declined thereafter
(Figure 1). The rats in Group C showed highest plasma HGF
levels at 2, 6, 12, 24, and 36 hr after HTx and lowest HGF
level at 48 hr compared with other groups (P < .05). Plasma
HGF levels at 2, 6, 12, 24, and 36 hr after HTx in Group B
were higher than other groups (P < .05).

3.2. Plasma VEGF Levels. Plasma VEGF levels were inde-
tectable at 48 hr after D-Gal injection. They were increased at
48 hr after HTx with a distinct peak at 72 hr. They gradually
declined thereafter (Figure 2). The rats in Group C showed
highest plasma VEGF levels at 48, 72, 84, and 96 hr after HTx
compared with other groups (P < .05). Plasma VEGF levels
at 48, 72, 84, and 96 hr after HTx in Group B were higher
than other groups (P < .05).
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Figure 1: Time course of changes in plasma HGF levels in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.
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Figure 2: Time course of changes in plasma VEGF levels in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.

3.3. Liver Functions. At 24 hr after HTx, ALB level in Group
C was higher than that in Groups A and D (P < .05). NH3

level in groups B and C was lower than that in Groups A and
D (P < .05). At 72 hr after HTx, ALT and NH3 levels in Group
C were lower than those in Groups A and D (P < .05). ALB
level in Group C was higher than that in Groups A and D
(P < .05). ALT level in Group C was lower than that in other
groups. There was no significance in ALB, ALT, TB, and NH3

levels between Groups A and B. At days 5 and 7 after HTx,
there were no significance in ALB, ALT, TB, and NH3 levels
in all groups (Figures 3, 4, 5, and 6).

3.4. Ki-67 LI in Hepatic Tissue. Figure 7 showed pathology
of livers of ALF rat at 5d after HTx under light microscopy.
Compared with Group B, Group C had significant high Ki-
67 LI at day 1 after HTx (P < .05). Ki-67 LI in Groups B and
C was higher than that in Groups A and D at days 5 and 7
after HTx (P < .05) (Figure 8).
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Figure 3: Time course of changes in plasma ALB levels in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.
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Figure 4: Time course of changes in plasma ALT levels in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.

4. Discussion

ALF is associated with a high mortality. Patient survival
depends in part on the regenerative capacity of the remaining
hepatocytes. Orthotopic liver transplantation has emerged
as an effective treatment for ALF [13]. However, wide
application of this therapeutic modality is limited primarily
by lack of donors, inability to procure organs on short notice,
and high cost. Making a decision about transplantation
depends on whether sufficient liver regeneration can occur
before the onset of irreversible complications of liver failure.

HTx can provide opportunity of liver regeneration for
ALF patients by liver function support. Liver regeneration
is a complex course in which many factors participate in
regulation [14]. The process of liver regeneration mainly
included three key stages. Start stage: hepatocytes in phase
G0 entered phase G1 under the regulation of TNF-α, IL-
6, and growth factors. Progress stage: hepatocytes in phase
G1 entered phase S under the regulation of cyclin-dependent
kinase system, HGF, and TGF-α. Termination stage: growth
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Figure 5: Time course of changes in plasma NH3 levels in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.
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Figure 6: Time course of changes in plasma TB levels in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.

of hepatocytes stopped under the regulation of TGF-β and
nandrolone phenylpropionate [15, 16].

It was showed that the hepatic parenchymal cells in phase
G0 could be activated after 30 min of hepatic injury and
entered the cell proliferation cycle. Their DNA synthesis
arrived at peak at 24 hr. Their proliferation was completed
on the whole at 72 hr. Then the structural and functional
reconstruction of liver began. After 7 to 10 days, the liver
recovered both in the volume and weight [17].

HGF has been isolated and purified from the plasma of
patients with fulminant hepatic failure and from rat platelets.
It is a heterodimeric molecule composed of a 69-kD alpha
chain and a 34-kD beta chain. HGF is produced by hepatic
mesenchymal cells such as lipocyte (Ito cells), Kupffer cells,
and sinusoidal endothelial cells (SEC). HGF is considered
to be important in the stimulation of DNA synthesis of
hepatocytes. HGF produced in nonparenchymal liver cells
acts on injured parenchymal hepatocytes through a paracrine
mechanism via the c-met tyrosine kinase receptor in the
surface of cellular membrane. It promoted liver regeneration
by enhancing mitosis of hepatocytes, inhibiting apoptosis of
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Figure 7: Liver Ki-67 LI of ALF rats at 5d after HTx (×400).
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Figure 8: Time course of changes in liver Ki-67 LI in three
groups. Error bars indicate standard deviations (n = 5). Statistical
differences were determined by ANOVA using Stata 7.0 software.

hepatocytes, promoting the recovery and reconstruction of
morphology of liver tissue, and promoting growth of blood
vessel endothelium and formation of capillary. Elevated
serum HGF levels have been reported after partial liver
resection and in the settings of ALF [18, 19]. Arkadopoulos
et al. [20] induced ALF rat model by total liver resection
after transplanting hepatocytes into spleen. They found that
plasma HGF increased at 12 hr after operation. In this study,
we found that plasma HGF levels were increased at 48 hr after
D-Gal injection, which was consistent with other reports.

Recent studies have shown that VEGF, a most potent
angiogenic factor, plays an essential role in liver regeneration.

Exogenous VEGF administration is able to stimulate liver
regeneration following acute severe liver injury and partial
hepatectomy in rats [21]. It has also shown that the serum
VEGF levels in the survivors of ALF significantly increased in
the recovery phases compared with corresponding levels on
admission, suggesting that VEGF plays an important role in
liver regeneration after ALF. Namisaki et al. [22] has shown
that HGF is a potent inducer of VEGF secretion by HepG2
cells. Liver SEC proliferation is induced by VEGF during liver
regeneration. Shimizu et al. [23] found that proliferation of
liver SECs followed hepatocyte proliferation by 24 to 48 hr.
This is probably related to formation of new vasculature
to supply blood to the regenerated tissue. The authors
suggested that induction of VEGF secretion by hepatocytes
may constitute a pathway, whereby HGF originating from
either nonparenchymal liver cells or distant organs not only
stimulates hepatocyte proliferation but also mediates liver
SEC proliferation and survival as an indirect angiogenic
effect. In addition, VEGF produced by hepatocytes may
stimulate liver SEC to produce growth factors, including
HGF, with liver protective/proliferative effects. Thus, VEGF
and HGF appear to have complementary roles in liver injury
and regeneration.

It has been shown that the VEGF expression increased
markedly during liver regeneration induced either by partial
hepatectomy or drug intoxication [23]. Akiyoshi et al. [24]
found that VEGF level correlated with Child-Pugh class of
liver function. The lower the Child-Pugh class was, the lower
the level of VEGF was. In our study, plasma VEGF levels in
every group were increased at 48 hr after HTx with a peak
at 72 hr. Liver regeneration involves in the reconstitution
of hepatic sinusoids. VEGF promoted proliferation of SEC
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and hepatocytes and reconstitution of hepatic sinusoids
[22]. VEGF produced effect through combination with
high affinity receptor, KDR/Flk-1, that is expressed almost
exclusively on the surface of SECs [25]. It was found that
VEGF expressed predominantly in periportal hepatocytes
at 48 to 72 hr after partial hepatectomy. Gupta et al. [26]
transplanted the hepatocytes into the spleen of inbreeding
line, F344 rats and found that expression of VEGF could
be detected when the transplanted hepatocytes entered the
hepatic sinusoids and integrated into hepatic plates through
endothelial fenestrations after 8 hr of transplantation.

Ki-67 antigen, a sensitive indicator of liver regeneration,
is involved in DNA synthesis and is closely related to cell
proliferation [27, 28]. In our study, all groups showed liver
regeneration signs at different degrees and in different times
after HTx, which indicated the effect of HTx. The increase
of Ki-67 LI appeared earliest in Group A. Compared with
Group B, Group C had significant higher Ki-67 LI at day 1
after HTx. Ki-67 LI in Groups B and C was higher than
that in Group A at days 5 and 7 after HTx (P < .05). We
speculated that the increase of Ki-67 LI may be related to the
increase of plasma HGF and VEGF levels. Boudjema et al.
[29] considered that the main mechanism of raising survival
rate of ALF patients included supplying temporary liver
function support, promoting remnant liver regeneration and
recovery of liver function through production of HGF. In this
study, HGF levels were elevated before HTx and continued
to increase after HTx with a peak at 12 hr. Whether this
is caused by impaired HGF clearance, increased synthesis
at extrahepatic sites, or both remains to be seen. VEGF
level increased at 48 hr after HTx with a peak at 72 hr. The
results indicated that elevated blood HGF level switched
on liver regeneration. The continuous elevation of blood
HGF level promoted liver regeneration further. VEGF played
an important role in reconstitution of hepatic sinusoids.
Plasma HGF levels were decreased after 12 hr following
HTx, which may be related with the increased clearance of
HGF.

In this study, plasma HGF levels during 36 hrs after
HTx and VEGF levels after HTx in Group C were found
to be highest in all groups. Ki-67 LI was highest in Group
C at days 5 to 7 after HTx, which indicated the most
active liver regeneration. The improvement of liver functions
in Group C was most rapid than other groups. It was
postulated that better liver regeneration was mainly due to
the higher cytoactive porcine hepatocytes cultured with PLA-
O-CMC nanoparticles and embedded in collagen gel. These
hepatocytes had better effect on liver function substitution
and could make livers produce more HGF and VEGF which
could promote the regeneration and restoration of injured
liver [5].

In summary, we have demonstrated that rats with ALF
triggered a regenerative response in the native liver because
of elevated plasma HGF levels after D-Gal injection and
continuous increase of HGF after HTx. Elevated plasma
VEGF after HTx was helpful in reconstitution of hepatic
sinusoids. Transplantation of porcine hepatocytes cultured
with PLA-O-CMC nanoparticles and embedded in collagen
gel promotes liver regeneration in ALF rats.
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“Auxiliary liver transplantation and bioartificial bridging
procedures in treatment of acute liver failure,” World Journal
of Surgery, vol. 26, no. 2, pp. 264–274, 2002.



Hindawi Publishing Corporation
Journal of Drug Delivery
Volume 2011, Article ID 962743, 8 pages
doi:10.1155/2011/962743

Research Article

Preparation of a Nanoscaled Poly(vinyl alcohol)/
Hydroxyapatite/DNA Complex Using High Hydrostatic Pressure
Technology for In Vitro and In Vivo Gene Delivery

Tsuyoshi Kimura,1, 2 Yoichi Nibe,1 Seiichi Funamoto,1 Masahiro Okada,3

Tsutomu Furuzono,3 Tsutomu Ono,4 Hidekazu Yoshizawa,4 Toshiya Fujisato,5

Kwangwoo Nam,1, 2 and Akio Kishida1, 2

1 Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University, 2-3-10 Kanda-Surugadai, Chiyoda-ku,
Tokyo 101-0062, Japan

2 Japan Science and Technology Agency, CREST 5, Sanbancho, Chiyoda-ku, Tokyo 102-0075, Japan
3 Department of Biomedical Engineering, National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita,
Osaka 656-8565, Japan

4 Department of Environmental Chemistry and Materials, Okayama University, 3-1-1 Tsushimanaka,
Okayama 700-8530, Japan

5 Department of Biomedical Engineering, Osaka Institute of Technology, 5-16-1 Omiya, Asahi-ku, Osaka 573-0196, Japan

Correspondence should be addressed to Akio Kishida, kishida.fm@tmd.ac.jp

Received 1 December 2010; Revised 21 February 2011; Accepted 14 March 2011

Academic Editor: Sanyog Jain

Copyright © 2011 Tsuyoshi Kimura 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.

Our previous research showed that poly(vinyl alcohol) (PVA) nanoparticles incorporating DNA with hydrogen bonds obtained
by high hydrostatic pressurization are able to deliver DNA without any significant cytotoxicity. To enhance transfection
efficiency of PVA/DNA nanoparticles, we describe a novel method to prepare PVA/DNA nanoparticles encapsulating nanoscaled
hydroxyapatites (HAps) prepared by high hydrostatic pressurization (980 MPa), which is designed to facilitate endosomal
escape induced by dissolving HAps in an endosome. Scanning electron microscopic observation and dynamic light scattering
measurement revealed that HAps were significantly encapsulated in PVA/HAp/DNA nanoparticles. The cytotoxicity, cellular
uptake, and transgene expression of PVA/HAp/DNA nanoparticles were investigated using COS-7 cells. It was found that, in
contrast to PVA/DNA nanoparticles, their internalization and transgene expression increased without cytotoxicity occurring.
Furthermore, a similar level of transgene expression between plasmid DNA and PVA/HAp/DNA nanoparticles was achieved using
in vivo hydrodynamic injection. Our results show a novel method of preparing PVA/DNA nanoparticles encapsulating HAp nano-
crystals by using high hydrostatic pressure technology and the potential use of HAps as an enhancer of the transfection efficiency
of PVA/DNA nanoparticles without significant cytotoxicity.

1. Introduction

Polymeric gene delivery systems are of great interest in gene
therapy because of their greater degree of safety compared to
that of viral vectors. Many types of cationic polymers, such
as poly-L-lysine and its derivatives [1, 2], polyethyleneimine
[3], polyamidoamine dendrimer [4], and vinyl polymers [5],
have been developed as gene carriers to aim at effective and
safe in vitro and in vivo gene transfection into cells. They can

spontaneously condense DNA by electrostatic interaction
between positive charged groups of polycation and phos-
phate groups of DNA and form complexes, which are called
polyplexes. The polyplex formation protects DNA from
degradation by DNases in extracellular and intracellular
pathways, resulting in the enhancement of gene transfection
efficacy. However, the cytotoxicity of cationic polymers is
an essential problem in the polyplex-based gene transfer
field [6]. In addition, polymeric gene carriers may elicit
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nonspecific immune responses [7]. Therefore, significant
efforts have been made towards decreasing the toxicity of
polymeric gene carriers.

Two main strategies have been proposed to address this
issue. One is to attach polyethylene glycol (PEG), which
is widely used as a nonionic, highly soluble, low toxicity
polymer, to polymeric gene carriers, a process that is called
“PEGylation.” PEGylation increases the water solubility of
polyplexes and reduces the interaction of polyplex and serum
and blood components, resulting in effective transfection
without toxicity [8, 9]. The other is the use of non- or less
cationic polymers, which can form complexes via nonelec-
trostatic interactions, such as hydrogen bonding. Double
strand schizophyllan, which is one type of polysaccharide
(β-1, 3 glucan), forms a triple helical complex with single-
strand DNA through hydrogen bonding interaction [10].
Protective interactive noncondensing (PINC) polymers, poly
(N-vinyl pyrrolidone) (PVP), and poly (vinyl alcohol)
(PVA), form flexible polyplexes with DNA via hydrogen
bonds [11, 12]. In addition, we have developed a novel
formulation method of DNA complexes with nonionic,
water-soluble polymers through hydrogen bonding interac-
tion using high hydrostatic pressure technology. Under high
hydrostatic pressure conditions, inter- and intramolecular
hydrogen bonding interaction is effectively formed [13–
15]. We previously reported that nanoscaled PVA/DNA
complexes via hydrogen bonding interaction were obtained
by high hydrostatic pressurization at 980 MPa and 40◦C for
10 min [16]. The PVA/DNA nanoparticles were taken up
by RAW264 cells with nontoxicity, and no significant gene
expressions were observed.

Traditionally, the calcium phosphate (Cap)-DNA copre-
cipitation method has been used for in vitro gene transfection
because of CaP’s biocompatibility, biodegradability, and
ease of handling [17, 18]. Many CaP-DNA coprecipitation
methods that particulate formation, being affected by pH
[19], temperature [20], and buffer conditions [21], have
been developed to aim at effective gene transfection. In
addition, several researchers have proposed the idea of
applying CaP-DNA coprecipitates produced in polyplexes to
gene delivery. It is considered that polyplexes including CaP
were internalized into cells through endocytosis pathways, in
which the pH was lower than 5.5, and then the rupture of
endosome and endosomal releases of polyplex were induced
by osmotic shock [22, 23]. Currently, nanoscaled HAps,
which are one of the forms of CaP, have been synthesized
with well-controlled size and shape and utilized as gene
carriers because of the capability of HAps to absorb DNA
molecules [24].

On the basis of this background, in the current study,
we used nanoscaled HAps (about 50 nm) as an endosomal
escape reagent because of their ability to dissolve in endo-
some vesicles under low pH conditions. We investigated a
method of preparing the PVA/DNA complexes encapsulating
HAps by using high hydrostatic pressure technology in
detail. Using the obtained PVA/HAp/DNA nanoparticles,
the cellular uptake, cytotoxicity, and in vitro and in vivo
transfection efficiency were examined to aim at effective and
safe gene transfection.

2. Materials and Methods

2.1. Materials. PVA with a degree of polymerization of
1700 and a degree of saponification of 99.3% was kindly
supplied from Kuraray Co. Ltd. (Osaka, Japan). HAp with an
average diameter of 50 nm was synthesized by an emulsion
system [25, 26] and then suspended in water. Plasmid DNA
encoding a luciferase gene under an SV40 promoter (pGL3:
5.2 kbp) was purchased from Promega Co., Ltd., (Madison,
USA).

2.2. Preparation of PVA/HA/pDNA Complexes. An aqueous
PVA solution of 5 w/v% was prepared by autoclaving it
three times for 30 min at 121◦C and diluting it to various
concentrations. An aqueous HAp suspension prepared by
ultrasonication was added to the PVA solution. The DNA
solution was mixed with the PVA/HAp suspension (final
concentrations: PVA 0.001–1.0 w/v%, HA 0.0001–0.1 w/v%,
DNA 0.0025 w/v%). The mixture solution of PVA, Hap,
and DNA was hydrostatically pressurized at 980 MPa and
40◦C for 10 min using a high hydrostatic pressure machine
(Dr. Chef: Kobe steel, Kobe, Japan).

2.3. Characterization of PVA/HAp/DNA Complexes. The
shapes of PVA/DNA (PVA: 1.0 w/v%) and PVA/HAp/DNA
(PVA: 1.0 w/v%, HAp: 0.1 w/v%) complexes obtained by
the high hydrostatic pressurization were observed with
a scanning electron microscope (SEM, JSM-6301F, JEOL
Co., Tokyo, Japan). One μL of the complex solutions was
dropped on a glass slide and dried in air. The sizes of
the PVA/DNA and PVA/HAp/DNA complexes obtained
by the high hydrostatic pressurization were measured by
dynamic light scattering (DLS) using a Zetasizer Nano
product (Malvern, Worcestershire, UK). The stability of
DNA in PVA/DNA complex on 10% serum condition
was investigated. The PVA/DNA complexes were incubated
with medium containing 10% serum for 20 h. Then, they
were subjected to in vitro transcription and translation
system (TNT Quick coupled Transcription/Translation Sys-
tem, Promega Co., Ltd., Madison, USA), and the luciferase
activity was measured by using an AB-2200 luminometer
(ATTO, Corp., Tokyo, Japan) for 10 s.

2.4. Cytotoxicity of PVA/HAp/DNA Complexes. A mixture
solution of PVA (2 w/v%) and HAp (0.2 w/v%) was prepared
and diluted stepwise to 0.01 w/v% of PVA and 0.001 w/v% of
HAp. An aqueous DNA solution of 0.005 w/v% was mixed
with PVA/HAp mixtures for each concentration at an equal
volume. Their mixtures were treated under 980 MPa at 40

o
C

for 10 min using a high hydrostatic pressure machine. The
COS-7 cells used were purchased from RIKEN Bioresource
Center (BRC, Saitama, Japan). They were cultured in a
complete modified eagle medium (DMEM, Life technolo-
gies Japan Ltd, Tokyo, Japan), supplemented with non-
inactivated 10% fetal bovine serum (FBS), 50 IU/mL of
penicillin, and 50 μg/mL of streptomycin (ICN Biomaterials,
Ohio, USA). The COS-7 cells (2.0× 104) on a 96-well
plate were incubated with PVA/DNA and PVA/HAp/DNA
complexes of various concentrations at 37◦C for 20 h in
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Figure 1: SEM images of (a) PVA/DNA complex (PVA: 1.0 w/v%) and (b) PVA/HAp/DNA complex (PVA: 1.0 w/v%, HAp: 0.1 w/v%)
obtained by high hydrostatic pressurization (980 MPa, 10 min, 40◦C). DNA conc.: 0.0025 w/v%.

the presence of FBS (10%). The cellular viability was assessed
using a Cell Counting Kit-8 (Dojindo Laboratory, Tokyo,
Japan) according to the manufacturer’s instructions.

2.5. Cellular Uptake of PVA/HAp/DNA Complexes. The pGL3
plasmid DNA was labeled with rhodamine using a Label
It kit (Panvera, Wis, USA) according to the manufacturer’s
instructions (Rh-DNA). HAp/Rh-DNA (HAp: 0.4 w/v%).
PVA/Rh-DNA, and PVA/HAp/Rh-DNA complexes (PVA:
0.001 w/v%, HAp: 0.0001 w/v%) were added to COS-7 cells
(1.0× 105) cultured in 24-well plates in the presence of
FBS (10%), and incubated at 37◦C for one and 24 h. After
washing with PBS twice, the cells were observed under a
fluorescent microscope.

2.6. In Vitro Transfection. COS-7 cells (8.0× 104) were
cultured overnight in a 48-well plate. HAp/DNA (HAp:
0.4 w/v%), PVA/DNA, and PVA/HAp/DNA complexes (PVA:
0.001 w/v%, HAp: 0.0001 w/v%) were added to cells and
incubated at 37◦C for 24 h. The medium was removed from
each well and washed with PBS twice. 50 μL of a 1x luciferase
cell culture lysis buffer (Promega Co., Ltd., Madison, USA)
was added onto cells. For luciferase assay, 10 μL of cell extract
was mixed with 100 μL of a luciferase assay reagent (Promega
Co., Ltd., Madison, USA) and the luciferase activity was
measured by using an AB-2200 luminometer (ATTO, Corp.,
Tokyo, Japan) for 10 s. The protein concentration of the
supernatant was determined by using a DC protein assay
kit (Bio-Rad laboratories, Inc., USA) according to the
manufacturer’s instructions.

2.7. In Vivo Transfection Using Hydrodynamic Injection
Method. 1.6 mL of the saline solution of PVA/DNA and
PVA/HAp/DNA complexes (PVA: 0.001 w/v% or 0.01 w/v%,
HAp: 0.0001 w/v% or 0.001 w/v%, DNA: 0.0025 w/v%) were
prepared by high hydrostatic pressurization and injected
by a hydrodynamic technique as previously described [27].
Briefly, mice were restrained, and the tail vein was accessed
with a 25 gauge needle. Administration of the solution was

performed in 10 seconds or less without extravasation; each
group was represented by three or more animals. After 12,
24, and 72 h injection, the liver and lung were dissected
from dead animals using the standard surgical procedures.
1 mL of lysis buffer (0.1 M Tris-HCl, 2 mM EDTA, and 0.1%
Triton X-100, pH 7.8) was added to a piece of liver with wet
weight of approximately 200 mg. The liver was homogenized
for 15–20 s with a homogenizer (PT2100, KINEMATICA
AG, Lucerne, Switzerland) at maximal speed, and the tissue
homogenate was then centrifuged in a microcentrifuge for
10 min at 13000 g at 4◦C. The protein concentration of the
supernatant was determined by using a DC protein assay
kit. For luciferase assay of the liver extract, the supernatant
was further diluted 60-fold using an HEPES buffer. 10 μL of
supernatant of diluted liver extract was mixed with 100 μL
of luciferase assay reagent, and the luciferase activity was
measured by using the AB-2200 luminometer for 10 s.

2.8. Statistical Analysis. All experiments were repeated at
least three times (five times for DLS analysis), and the values
are expressed as means ± standard deviations. Statistical
analysis was performed using student’s t-test, with the
significant level set at P < .05.

3. Results and Discussion

3.1. Preparation and Characterization of PVA/HAp/DNA
Complexes. The mixture solution of PVA, Hap, and DNA
was hydrostatically pressurized at 980 MPa and 40◦C for
10 min using a high hydrostatic pressure machine. After
removal of pressure, the obtained PVA/HAp/DNA complexes
were observed by SEM. Figure 1 shows typical SEM images
of PVA/DNA (PVA: 1.0%) and PVA/HAp/DNA complexes
(PVA: 1.0%, HAp: 0.1%). Many particles less than 1 μm
were observed for the PVA/DNA complex. The surface of
PVA/DNA particles was smooth. On the other hand, in
the case of PVA/HAp/DNA complexes, irregular particle
surfaces were observed without any significant HAp absorp-
tion on the particles, showing that HAp particles were
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Table 1: DLS measurement of PVA/DNA and PVA/HAp/DNA complexes at various PVA and HAp concentrations. DNA conc.: 0.0025 w/v%.

HAp (%)
Average diameter (nm) (PDI) PVA (%)

0.001 0.005 0.01 0.05 0.1

0 306 ± 7 (0.08 ± 0.02) 325 ± 8 (0.13 ± 0.02) 360 ± 11 (0.16 ± 0.02) 525 ± 16 (0.07 ± 0.03) 649 ± 65 (0.11 ± 0.02)

0.00001 346 ± 4 (0.12 ± 0.02) 393 ± 8 (0.13 ± 0.02) 355 ± 14 (0.20 ± 0.02) 602 ± 17 (0.08 ± 0.03) 756 ± 17 (0.12 ± 0.03)

0.0001 358 ± 3 (0.11 ± 0.03) 397 ± 8 (0.10 ± 0.03) 390 ± 8 (0.19 ± 0.01) 649 ± 21 (0.12 ± 0.03) 770 ± 20 (0.08 ± 0.03)

0.0005 571 ± 34 (0.24 ± 0.13) 572 ± 27 (0.15 ± 0.03) 689 ± 17 (0.05 ± 0.03) 1090 ± 44 (0.21 ± 0.03)

0.001 578 ± 42 (0.278 ± 0.04) 684 ± 14 (0.11 ± 0.21) 785 ± 21 (0.11 ± 0.02) 1080 ± 21 (0.25 ± 0.02) 1310 ± 59 (0.23 ± 0.03)
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Figure 2: DLS measurement of PVA/DNA and PVA/HAp/DNA
complexes at various PVA and HAp concentrations. DNA conc.:
0.0025 w/v%. Each value represents the mean ± SD (n = 5).

encapsulated in the PVA/HAp/DNA complexes. When excess
HAps were mixed with PVA and DNA, many aggregates
of HAps on the PVA/HAp/DNA particles obtained by the
pressurization were clearly visible (data not shown). The
particle size of PVA/DNA and PVA/HAp/DNA complexes
at various concentrations of PVA and HAp were measured
by DLS measurement (Figure 2, Table 1). The diameter of
PVA/DNA particles without HAp increased with increased
PVA concentration, which corresponds to our previous
report [1–4]. This tendency was exhibited for the particle
size of PVA/HAp/DNA complexes, irrespective of HAp
concentration. At each PVA concentration, the diameter
of PVA/HAp/DNA particles increased with increased HAp
concentration, indicating that HAp particles were signifi-
cantly encapsulated in PVA/HAp/DNA complexes at these
concentrations of PVA and HAp. From these results of
SEM observation and DLS measurement, it was clear that
nano-, microscaled composites of PVA, Hap, and DNA were
obtained by high hydrostatic pressurization, and the size
of PVA/HAp/DNA particles depended on PVA and HAp
concentrations. To investigate the stability of DNA in the
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Figure 3: Stability of DNA in PVA/DNA complexes in the presence
of serum. Each value represents the mean ± SD (n = 3). ∗P < .05.
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Figure 4: Viability of COS-7 cells incubated with (white) PVA/DNA
complexes and (black) PVA/HAp/DNA complexes for 24 h. DNA
conc.: 0.0025 w/v%. Each value represents the mean ± SD (n = 3).

PVA/DNA particles on serum condition, PVA/DNA particles
were incubated in medium containing 10% serum for 20 h,
and then subjected to in vitro transcription and translation
(Figure 3). The high luciferase activity of DNA was showed
on the condition without serum, whereas the luciferase
activity was remarkably reduced after incubation with serum.
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Figure 5: Fluorescent microscopic images of COS-7 cells incubated with (a, e) DNA, (b, f) HAp/DNA complex, (c, g) PVA/DNA complex,
and (d, h) PVA/HAp/DNA complex for (a–d) 1 h and (e–h) 24 h. Scale bars are 10 μm.
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Figure 6: In vitro transfection using HAp/DNA, PVA/DNA and
PVA/HAp/DNA complexes. Each value represents the mean ± SD
(n = 3). ∗P < .05.

On the other hand, there is no difference in the luciferase
activity of DNA in PVA/DNA particles before and after
incubation with serum, indicating the high stability of DNA
in PVA/DNA particles against serum.

To date, many methods for preparation of composite
materials of PVA and HAp, such as in situ crystallization of
HAp in PVA hydrogel [28], gelation of PVA solution mixed
with HAp crystals [29], and alternating soaking reaction,

which promote HAp crystallization on/in gel [30], have
been reported. Large-scaled composite hydrogels (several
centimeters) have been prepared for use in biomedical appli-
cations such as cartilage and bone. However, few preparation
methods of nanocomposites of PVA and Hap have been
reported. In this study, the nano-, microparticles of PVA,
HAp and DNA were obtained by using high hydrostatic
pressure technology. It is thought that this is achieved by
the pressure-induced quick formation of PVA particles that
could incorporate secondary and third substrates, such as
DNA and HAp, without phase separation [15, 31].

3.2. Cytotoxicity Test. Figure 4 shows the result of the cyto-
toxicity test of PVA/DNA and PVA/HAp/DNA complexes.
The high viability of COS-7 cells incubated with them is
shown, irrespective of the concentration of PVA and HAp.
PVA and HAp are biocompatible materials [32, 33]. The
PVA/DNA complex is nontoxic because of the composite
formation of PVA and DNA via hydrogen bonding inter-
action [16]. HAps were encapsulated in PVA/HAp/DNA
complexes. Consequently, it is considered that the nontox-
icity of PVA/HAp/DNA complexes was achieved by these
combinations.

3.3. Cellular Uptake of PVA/HAp/DNA Nanoparticles. In
order to investigate cellular uptake of the HAp/DNA
complex, PVA/DNA, and PVA/HAp/DNA nanoparticles,
rhodamine-labeled plasmid DNA was used. Figure 4 shows
fluorescent microscopic images of COS-7 cells incubated
with complexes of PVA, Hap, and rhodamine-labeled DNA
for one and 24 h. After 1 h incubation, fluorescent spots
were poorly observed for DNA and PVA/DNA nanopar-
ticles (Figures 5(a) and 5(c)), whereas a lot of bright red
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Figure 7: Transgene expression (luciferase activity) of plasmid DNA, PVA/DNA, and PVA/HAp/DNA complexes injected by in vivo
hydrodynamic method. (b) Time course of transgene expression of plasmid DNA and PVA/HAp/DNA complexes injected by in vivo
hydrodynamic method. Each value represents the mean ± SD (n = 3). ∗P < .05.

fluorescent spots on many cells were shown in the case
of HAp/DNA and PVA/HAp/DNA complexes (Figures 5(b)
and 5(d)), indicating the effective absorption of them onto
cells because of their higher specific gravity. However,
strong aggregation of HAp/DNA complexes was observed
due to the fact that the nature of HAp particles tends
to result in an aggregation in the aqueous medium [34].
For PVA/HAp/DNA nanoparticles, PVA bearing HAp could
attenuate the aggregation property of HAp. After 24 h
incubation, the aggregation of the HAp/DNA composite
was still observed (Figure 5(f)). The internalization of
PVA/HAp/DNA nanoparticles into cells was exhibited. Also,
the subcellular distribution of DNA was observed in some
cells (Figure 5(h)) similar to that of PVA/DNA nanoparticles
(Figure 5(g)). This strongly suggests that HAp in PVA/HAp/
DNA nanoparticles could be dissolved during the intracellu-
lar process, probably due to the endocytosis pathway.

3.4. In Vitro Transfection Using PVA/HAp/DNA Nanopar-
ticles. The expressing of the delivered DNA compositing
with PVA and HAp was assayed by measuring luciferase
activity (Figure 6). Low luciferase activity was shown for the
HAp/DNA complex. This is caused by the strong aggrega-
tion of HAp/DNA complexes [20]. The level of luciferase
activity of PVA/DNA nanoparticles was similar to that of
the HAp/DNA complex due to the slow internalization of
PVA/DNA nanoparticles into cells, which could probably
permit DNA degradation. In the case of the PVA/HAp/DNA
nanoparticles, which can be taken up by cells quickly,
high luciferase activity was shown, indicating that the
encapsulation of HAp in PVA/DNA nanoparticles could

enhance the transfection efficiency in vitro. However, the
transection efficiency of the PVA/HAp/DNA nanoparticles
was lower than in the high-efficient calcium phosphate trans-
fection method, which is optimized for in vitro transfection
[21].

3.5. In Vivo Transfection Using Hydrodynamic Injection. In
vivo transfection was performed by using a hydrodynamic
method (Figure 7). This method is known as an effective
plasmid DNA transfection method without gene carrier to
liver [35]. Figure 7(a) shows the results of in vivo hydrody-
namic injection using various nanoparticles. The luciferase
activity of the PVA/DNA complex (PVA: 0.001 w/v%) was
lower than that of DNA injection, whereas high luciferase
activity was achieved for PVA/HAp/DNA nanoparticles at
the PVA concentration of 0.001 w/v% (HAp: 0.0001 w/v%).
At PVA concentration of 0.01 w/v% (HAp: 0.001 w/v%), the
luciferase activity of PVA/HAp/DNA nanoparticles decreased
compared to that of 0.001 w/v%. This is thought to be
caused by the insignificant uptake of the large particles
of PVA/HAp/DNA nanoparticles (about 780 nm, Figure 2,
Table 1) by hepatocytes [36]. When the luciferase activity
in lung was also investigated, the low activity was detected
in lung compared to that in liver, irrespective of type of
nanoparticles.

The time-course of transgene activity was also investi-
gated (Figure 7(b)). For plasmid DNA, the highest value for
luciferase activity was detected after 12 hours, and the level
of gene expression significantly decreased over time. On the
other hand, in the case of PVA/HAp/DNA nanoparticles, the
highest value for luciferase activity was achieved for 24 hours.
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This result indicates that the PVA/HAp/DNA nanoparticles
could prolong the gene expression. We assumed that PVA/
HAp/DNA nanoparticles could be accumulated due to the
relative high stability, which are continuously transcribed
and translated (Figure 3).

4. Conclusion

We successfully developed PVA/DNA nanoparticles encap-
sulating HAps by using simple high hydrostatic pressure
technology. They could enhance the transfection efficiency
without any significant cytotoxicity in vitro and in vivo
hydrodynamic injection. Consequently, the potential use of
HAp could be expected as an enhancer of gene transfer
activity of PVA/DNA nanoparticles.
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We demonstrated that hydrophobic derivatives of the nonsteroidal anti-inflammatory drug (NSAID)flufenamic acid (FA), can be
formed into stable nanometer-sized prodrugs (nanoprodrugs) that inhibit the growth of glioma cells, suggesting their potential
application as anticancer agent. We synthesized highly hydrophobic monomeric and dimeric prodrugs of FA via esterification
and prepared nanoprodrugs using spontaneous emulsification mechanism. The nanoprodrugs were in the size range of 120 to
140 nm and physicochemically stable upon long-term storage as aqueous suspension, which is attributed to the strong hydrophobic
interaction between prodrug molecules. Importantly, despite the highly hydrophobic nature and water insolubility, nanoprodrugs
could be readily activated into the parent drug by porcine liver esterase, presenting a potential new strategy for novel NSAID
prodrug design. The nanoprodrug inhibited the growth of U87-MG glioma cells with IC50 of 20 μM, whereas FA showed IC50 of
100 μM, suggesting that more efficient drug delivery was achieved with nanoprodrugs.

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a class
of drugs with analgesic, antipyretic and anti-inflammatory
effects and have been widely used in the treatment of pain,
fever, and inflammation. NSAIDs exert their anti-inflamma-
tory activity through the inhibition of cyclooxygenase (COX)
derived prostaglandin synthesis. COX has been recognized
as the first enzyme in the formation of prostaglandin (PG)
and thromboxane (TX) from arachidonic acid at the site
of inflammation or after infection [1]. COX-1 isozyme is
expressed constitutively in many tissues, whereas COX-2
isozyme is expressed only at the site of inflammation [2].
Recent studies have conjectured that elevated expression
of COX-2 has been detected in various cancers, including
colorectal, lung, breast, liver, head and neck, and brain
tumors, whereas COX-1 expression was unaffected [3–5].
Several studies have also demonstrated that NSAIDs may be
effective in the prevention and treatment of certain types
of cancers [6–9]. The chemopreventive and antitumori-
genic effects of NSAIDs are believed to be exerted through

the induction of apoptosis followed by inhibition of COX-
2 [10–13]. Some data also suggest a COX-2-independent
mechanism because apoptosis induction by NSAIDs does not
always correlate with their ability to inhibit COX-2 [14–17].

However, the major mechanism by which NSAIDs exert
their anti-inflammatory activity, the inhibition of cycloox-
ygenase-derived prostaglandin synthesis, is also responsible
for the adverse side effects, such as irritation and ulceration
of the gastrointestinal (GI) mucosa [18]. It is generally
believed that these GI side effects result from the combined
effect of the irritation caused by the free carboxylic groups
in NSAIDs and blockage of prostaglandin biosynthesis in the
GI tract [19].

Prodrug strategy is widely recognized as a potential ap-
proach to overcome toxic side effects that are ascribed to the
irritation caused by the free carboxylic groups in NSAIDs and
blockage of prostaglandin biosynthesis in the GI tract. There
have been several attempts to develop prodrugs of NSAIDs
to overcome the adverse side effects as well as to improve
their bioavailability by masking the carboxylic acid groups
through the formation of bioreversible bonds [20–24].
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The development of nanostructured biomaterials with
antitumorigenic efficacy has received significant attention
from the pharmaceutical industry, mainly because of their
potential for precise targeting with less severe toxic side
effects. Many effective anticancer therapeutics are low water
soluble and must be in excessive amounts of organic cosol-
vents to obtain a therapeutically effective dose. This limits
clinical applicability of these drugs. The formation into com-
pact nanostructures obviates the need to use organic sol-
vents, eliminating the interference of toxic side effects caused
by cosolvents [25, 26]. In addition, by using a nanometer-
sized delivery system, a significant drug loading per unit
volume can be achieved, which is of crucial importance when
high dosing is required.

In our effort to combine the prodrug concept and nanos-
tructured drug/drug delivery system we demonstrated that
water-insoluble prodrug compounds can be transformed
into stable nanostructures obviating the need to dissolve the
compounds in organic solvents. In our previous report
we demonstrated six hydrophobic derivatives of NSAIDs
(Figure 1) and their nanoprodrugs [27, 28]. In this study, we
synthesized monomeric and dimeric prodrugs of flufenamic
acid (FA, 2-[(3-trifluoromethylphenyl)amino]benzoic acid)
and prepared nanoprodrugs through spontaneous emulsifi-
cation of the prodrugs in acetone. Further, we demonstrated
the antiproliferative effect of FA nanoprodrugs on U87GM
glioma cells.

2. Materials and Methods

2.1. General Procedures and Materials. Unless otherwise
noted, solvents and chemicals were obtained at highest purity
from Sigma-Aldrich Chemical Co. (St Louis, MO, USA) and
used without further preparation. Chromatographic purifi-
cation of the synthesized compounds was performed using
silica gel (60 Å, 200–400 mesh). The compounds were con-
firmed by thin layer chromatography (TLC) silicagel plate
(Merck 60 F254). Compounds containing α-lipoic acid were
visualized by treatment with a solution of: 1.5 g of KMnO4,
10 g of K2CO3, and 1.25 mL of 10% NaOH in 200 mL of
H2O, followed by gentle heating. The oxidized derivatives
of FA were visualized under UV light. 1H and 13C NMR
spectra were conducted on a Varian 400 MHz spectrometer
and chemical shifts (δ) were given in ppm relative to TMS.
The spectra were recorded with the solvent CDCl3 at room
temperature.

2.2. High-Performance Liquid Chromatography. HPLC anal-
ysis was performed on a Merck-Hitachi analytical LaChrom
D-7000 HPLC/UV detector system (Merck, Darmstadt, Ger-
many) with a CAPCELL PAK, Type SG 120 (phenom-
enex, Torrance, CA, USA) C18 reversed phase column
(250/4.6 mm, 5 μm). The separation was performed under
isocratic condition at a flow rate of 1 mL/min. The com-
position of the mobile phase (acetonitrile/water mixture
containing 0.1% (v/v) trifluoroacetic acid) was adjusted for
prodrugs and their degradation products in order to provide

an appropriate retention time and separation. The detection
was carried out at 254 nm.

2.3. Synthesis of FA Prodrugs. The synthesis and characteriza-
tion of the monomeric derivative of α-lipoic acid (ALA) with
tetraethylene glycol (TEG) (ALA-TEG-OH, Scheme 1(a))
was performed as described in [27]. The synthesis and
characterization of the monomeric (Scheme 1(a)) and the
dimeric (Scheme 1(b)) FA derivatives were performed as
follows.

ALA-TEG-OH (3.8 mmol) and FA (4.1 mmol, FA) in
20 mL of anhydrous dichloromethane (DCM) were reacted
with 4-(dimethylamino)-pyridine (DMAP, 4.1 mmol) in the
presence of molecular sieve for 10 min at room tem-
perature. N-(3-Dimethylaminopropyl)-N-ethylcarbodiim-
ide hydrochloride (EDCI, 4.1 mmol) was added portionwise
over 10 min and the reaction mixture was stirred for 5 h
at room temperature in the dark, filtered, and then con-
centrated under vacuum at room temperature. The prod-
ucts were purified using column chromatography (100 : 1
CH3Cl : MeOH) and characterized as described above
(Section 2.1).

For the synthesis of dimeric derivative FA2TEG, FA
(6 mmol), and TEG (2.5 mmol) in 40 mL of anhydrous
DCM were reacted with DMAP (6 mmol) in the presence
of molecular sieve for 10 min at room temperature. EDCI
(6 mmol) was added portionwise over 10 min and the
reaction mixture was stirred for 5 h at room temperature
in the dark, filtered, and then concentrated under vacuum.
The products were purified using column chromatography
(100 : 0.5 CH3Cl : MeOH) and characterized as described
above (Section 2.1).

FA-TEG-OH was synthesized and used for the iden-
tification of the degradation products of the monomeric
and dimeric prodrugs during enzymatic hydrolysis. FA
(10 mmol) and TEG (30 mmol) in 50 mL of anhydrous di-
chloromethane (DCM) were reacted with DMAP (15 mmol)
in the presence of a molecular sieve (Fluka, 3 Å, 10–20 mesh
beads) for 10 min at room temperature. EDCI (10 mmol)
was added portionwise over 10 min and the reaction mixture
was stirred for 5 h at room temperature in the dark,
filtered, and then concentrated under vacuum to reduce the
volume. The product FA-TEG-OH and dimeric byproduct
FA2TEG were separated using column chromatography by
loading the concentrated reaction mixture on the column
without prior preparation and characterized as described
above.

FA-TEG-OH. The column chromatography on silica gel
(CHCl3 : MeOH 100 : 1) gave the compound as a colorless
oil (75%). TLC (CHCl3 : MeOH 100 : 1) Rf 0.33; 1H NMR
(400 MHz, CDCl3): δ = 3.51 (t, 2 × H), 3.60 (m, 10 × H),
3.82 (t, 2 × H), 4.42 (t, 2 × H), 6.80 (t, 1 × H), 7.18 (m,
2 × H), 7.40 (m, 4 × H), 8.05 (t, 1 × H), 9.53 (s, 1 × H).
13C NMR (100 MHz, CDCl3): δ = 61.66, 63.92, 69.15, 70.27,
70.52, 70.64, 70.68, 72.57, 113.02, 114.31, 117.93, 118.36,
119.49, 124.45, 129.90, 131.61, 131.99, 132.25, 134.31,
141.66, 146.63, 168.21.
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Scheme 1: Synthesis of hydrophobic derivatives of FA.

FA-TEG-ALA. The column chromatography on silica gel
(CHCl3 : MeOH 100 : 1) gave the compound as a yellow
oil (65%). TLC (CHCl3 : MeOH 100 : 1) Rf 0.55; 1H NMR
(400 MHz, CDCl3): δ = 1.49 (m, 2 × H), 1.70 (m, 4 ×
H), 1.90 (m, 1 × H), 2.45 (m, 1 × H), 3.10 (m, 2 × H),
3.59 (m, 1 × H), 3.70 (m, 10 × H), 3.82 (t, 2 × H), 4.20
(t, 2 × H), 4.45 (t, 2 × H), 6.80 (t, 1 × H), 7.25 (m,
2 × H), 7.35 (m, 4 × H), 8.07 (t, 1 × H), 9.52 (s, 1 ×
H). 13C NMR (100 MHz, CDCl3): δ = 24.61, 28.73, 33.94,
34.59, 38.48, 40.22, 56.34, 63.45, 63.96, 69.17, 70.56, 70.67,
70.75, 113.03, 114.33, 117.97, 118.08, 118.34, 119.52, 124.50,
129.11, 129.91, 131.98, 134.32, 141.69, 146.67, 168.22,
173.44.

FA2TEG. The column chromatography on silica gel
(CHCl3 : MeOH 100 : 1) gave the compound as a colorless
oil (75%). TLC (CHCl3 : MeOH 100 : 1) Rf 0.75; 1H NMR
(400 MHz, CDCl3): δ = 3.65 (m, 8 × H), 3.85 (t, 4 × H),
4.45 (t, 4 × H), 6.80 (t, 1 × H), 7.20 (m, 2 × H), 7.40 (m, 4
× H), 8.00 (t, 1 × H), 9.53 (s, 2 × H). 13C NMR (100 MHz,
CDCl3): δ = 63.95, 69.16, 70.72, 70.75, 113.02, 114.31,
117.96, 118.33, 119.51, 122.62, 125.33, 129.89, 131.67,
131.99, 134.31, 141.65, 146.67, 168.22.

2.4. Preparation of FA Nanoprodrugs. Nanoprodrugs were
prepared according to the method using spontaneous
emulsification as described [27]. Briefly, 25 mg of the FA
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Figure 2: 1H NMR spectra of (a) FA-TEG-ALA, (b) FA2TEG, and (c) flufenamic acid (FA).

derivatives and 5 mg of α-tocopherol were dissolved in ac-
etone (5 mL) containing polysorbate 80 (0.1% w/v). The
organic solution was poured under moderate stirring on a
magnetic plate into an aqueous phase prepared by dissolving
25 mg of Pluronic F68 in 10 mL distilled water (0.25%
w/v). Following 15 min of magnetic stirring, the acetone
was removed under reduced pressure at room temperature.
The suspensions were filtered through 0.8 μm hydrophilic
syringe filter (Corning, Part no 431221, Fisher Scientific
Co., Pittsburgh, PA, USA), dialyzed in cellulose membrane
tube (Sigma, code D9777) overnight in distilled water and
stored at 4◦C. A control nanosphere was prepared with 25 mg
of α-tocopherol in the absence of FA derivatives using the
same procedure as described above. To demonstrate cellular
uptake, nanoprodrugs containing a hydrophobic fluorescent

dye, coumarin 6 (Sigma, code 442631), were prepared using
identical procedure except that 50 μg of the dye was added
to the organic FA prodrug solution prior to spontaneous
emulsification. The incorporated dye remains associated
with nanoprodrugs during dialysis overnight.

2.5. Size Measurements and Visualization of Nanoprodrugs.
The hydrodynamic size measurement and size distribution
of the nanoprodrugs were performed by the dynamic
light scattering (DLS) using a Coulter N4-Plus Submicron
Particle Sizer (Coulter Corporation, Miami, FL, USA) as
described [27]. For each preparation mean diameter and
mean polydispersity index (PI) of three determinations were
calculated. The error bar (SD) was calculated from tripli-
cate determinations. For visualization of the nanoprodrugs,
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nanoparticle tracking analysis (NTA) experiments were per-
formed using a digital microscope LM10 System (NanoSight,
Amesbury, UK). A small amount of the diluted nanoprodrug
suspension in water was introduced into the chamber by a
syringe. The particles in the sample were observed using the
digital microscope. The movement of nanoprodrugs under
Brownian motion was analyzed by the NTA, version 1.3
(B196) image analysis software (NanoSight).

2.6. Stability of FA Nanoprodrugs during Long-Term Storage.
The stability of the nanoprodrugs was assessed by measur-
ing the nanoprodrug size and concentrations of prodrug
molecules after 8-week storage at 4◦C.

The size of the nanoprodrugs was measured as described
above (Section 2.5). The amount of intact FA prodrugs
was assessed by RP-HPLC as follows: the suspensions of
nanoprodrugs (100 μL) were added to acetonitrile (400 μL)
and analyzed using RP-HPLC as described (Section 2.2). The
recovery yield was calculated as follows:

Recovery yield (%)

= Amount of prodrugs after incubation
Amount of prodrugs before incubation

× 100.

(1)

The error bar (S.D.) was calculated from triplicate determi-
nations.

2.7. Enzymatic Hydrolysis of FA Nanoprodrugs. The nanopro-
drugs were suspended in phosphate buffered saline (PBS,
pH 7.4) and esterase (porcine liver, Sigma, code E3019) was
added to the final concentration of 5 U/mL. The mixture

was incubated for up to 24 h in a water bath at 37◦C.
To determine the amount of enzymatically hydrolyzed spe-
cies of the FA prodrugs, the suspensions of nanoprodrugs
(100 μL) were added to acetonitrile (300 μL) and analyzed
using RP-HPLC as described in Section 2.2.

2.8. Intracellular Uptake of Fluorescent-Labeled FA Nanopro-
drug in U87 Glioma Cells. To demonstrate intracellular up-
take of the nanoprodrugs, cells were incubated in the
presence of fluorescent-labeled nanoprodrugs. Four chamber
culture slides (BD Biosciences, Bedford, MA) were seeded
with U87 cells, and the cells were allowed to attach for
24 h. The medium was replaced with 1.0 mL of freshly pre-
pared suspension of the fluorescent-labeled nanoprodrugs
in medium (0.25 μg coumarin 6/mL medium), and the
chamber slides were incubated for 5 h. To examine the uptake
of free dye, cells were incubated in the dye-treated medium.
The dye-treated medium was prepared by incubating the
medium in the presence of dye (0.25 μg/mL) for 5 h and
sterile filtration. Cells were washed three time with PBS to
remove uninternalized nanoprodrugs, one drop of mount-
ing medium with DAPI (Vectashield, Vector Laboratories,
Burlingame, CA) was added and then cover slide was
placed. For microscopic analysis of intracellular uptake of the
fluorescent-labeled nanoprodrugs, a Carl Zeiss Axio Imager
Z1 fluorescence microscope equipped with ApoTome (Carl
Zeiss MicroImaging, Inc., Thornwood, NY, USA) and Leica
DMIRE2 confocal laser-scanning microscope with Confocal
Software (Leica Microsystems, Bannockburn, IL, USA) were
used. For processing and analysis of the images, AxioVision
(Rel. 4.6.3) software (Carl Zeiss) was used. The Carl Zeiss
filter with excitation/emission wavelength at 470/525 nm was
used.

2.9. Cell Counting. U87-MG human glioma cell line was
obtained from American Type Culture Collection (ATCC,
Bethesda, MD, USA). The cells were grown and maintained
as described in [28]. The glioma cells were seeded at
5 × 104 cells per well in 6-well plates containing 2 mL
of culture medium and grown for 24 h. The cells were
treated with FA nanoprodrugs for 4 days. After treatment,
the culture medium was removed and cells were washed
with PBS. 0.5 mL of 0.25% Trypsin/EDTA was added to
each well and the detached cells were counted immediately
in a hemocytometer. The antiproliferative effect of the
nanoprodrugs was presented as a cell number % of control,
which was calculated as follows:

Cell number % of control =
(

Cell numbertreated

Cell numbercontrol

)
× 100,

(2)

where Cell numbertreated is the number of cells after treatment
with nanoprodrugs, and Cell numbercontrol is the number of
cells of control culture which was incubated with culture
medium only. The cells were also treated with control
nanosphere prepared from α-tocopherol only. The error bar
(SD) was calculated from triplicate determinations.
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Figure 4: Image of FA-TEG-ALA nanoprodrug obtained from nanoparticle tracking analysis (NTA) (a, b) and size distribution of FA-TEG-
ALA nanoprodrug as measured by (c) dynamic light scattering (Coulter N4-Plus Submicron Particle Sizer) and (d) NTA. Image (b) is a
magnification of a part of the image (a).

2.10. Statistical Analysis. The results were analyzed and ex-
pressed as mean ± standard deviation (S.D.). Statistical
analysis of the results was carried out using Student’s t-test.
For all tests, differences with a P < .05 were considered to be
significant.

3. Results and Discussion

3.1. Preparation of Nanoprodrugs of FA. The synthesis of
hydrophobic prodrugs of FA and conversion into nanometer
sized prodrugs (nanoprodrugs) offer several advantages
which are attributed to the specific characteristics of nanos-
tructures. One of the most remarkable properties of the
nanostructured drug and drug delivery system is that a huge
surface area is created by transformation of bulk materials
into the nanometer-sized. This surface area provides oppor-
tunities for chemical and biological interactions between the

drugs and biological molecules/enzymes in the physiological
environment, leading to an enhanced therapeutic efficacy of
the drugs [29, 30]. These properties of nanostructured bio-
materials have been routinely exploited for the development
of nanostructured prodrugs and drug delivery system.

The increase in hydrophobicity through chemical modi-
fication is a crucial factor for the preparation of stable nanos-
tructures using spontaneous emulsification. This is because
more hydrophobic compounds can be transformed into
more stable nanostructures due to the stronger hydrophobic
interaction between the molecules. The resulting hydropho-
bic nanostructures are stable for a prolonged period of time
in an aqueous biological environment, mainly due to the
insolubility of the hydrophobically modified compounds and
hydrophobic interaction, leading to a strong assembly of the
molecules [14]. The hydrophobicity and compact structure
may reduce the interaction with water, and thus increase the
structural integrity of the nanostructures.
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FA belongs to the acidic NSAIDs that have anti-in-
flammatory properties linked to COX inhibition [31]. This
drug has been reported as an efficient inhibitor of the
chlorinating activity of myeloperoxidase (MPO). MPO is
a heme-containing enzyme of the peroxidase family that
catalyzes the formation of hypochlorous acid (HOCl) in the
presence of hydrogen peroxide (H2O2) and chloride anions
(Cl−) in the complex defense system against exogenous
aggregations [32, 33]. Klabunde et al. showed that FA, along
with several NSAIDs and structurally similar compounds,
strongly inhibited the formation of insoluble transthyretin
(TTR) amyloid fibrils which is known to cause familial
amyloid cardiomyopathy and senile systemic amyloidosis
[34].

The monomeric derivative FA-TEG-ALA was synthesized
using a two-step synthesis as described in Scheme 1(a).
TEG was converted to the mono-ALA derivative ALA-TEG-
OH, which was followed by the esterification with FA. The
secondary aromatic amine in FA did not interfere with the
esterification. The dimeric derivative of FA was synthesized
using a one-step procedure (Scheme 1(b)).

The structures were confirmed by 1H and 13C NMR
spectroscopy. The 1H NMR data indicate that the resulting
spectra are essentially a composite of FA and TEG in the
dimeric derivative and a composite of FA, ALA, and TEG in
the monomeric derivative (Figure 2). The amine proton in
FA is probably involved in a H-bridge with carbonyl oxygen
(C=O) as shown in Figure 2. This proton peak at 9.5 ppm
was not observed in the spectrum of free FA (Figure 2(c)).
The integral of the H-bridged proton was equivalent to

one proton in FA-TEG-ALA, while it was equivalent to two
protons in FA2TEG, reflecting the one and two FA in the
FA-TEG-ALA and FA2TEG, respectively. The purity of each
synthesized compound was analyzed by TLC and RP-HPLC.

3.2. Preparation and Characterization of Nanoprodrugs of FA.
The hydrophobic derivatives of FA (Schemes 1(a) and 1(b))
dissolved in acetone spontaneously formed into nanopro-
drugs upon the addition into an aqueous solution con-
taining hydrophilic surfactants by spontaneous emulsifica-
tion process [27, 28, 35–38]. In this study, formulation
parameters were kept the same except for the addition of
α-tocopherol. In the absence of α-tocopherol the size of
the nanoprodrug prepared from the dimeric FA2TEG was
significantly smaller than the size the nanoprodrug prepared
from the monomeric FA-TEG-ALA, suggesting that a more
compact spatial arrangement of the symmetrical dimeric
derivative led to the formation of the compacter and smaller
nanoprodrug.

Notably, the retention time of the dimeric FA2TEG in
RP-HPLC was almost twice as much longer than that of the
monomeric FA-TEG-ALA, suggesting a higher hydropho-
bicity of FA2TEG [39, 40]. It can be assumed that the size
decreases with increasing hydrophobicity of the compounds,
probably due to a stronger hydrophobic interaction between
the molecules. In the presence of α-tocopherol the size of
the FA-TEG-ALA nanoprodrug became significantly smaller
when compared with the size in the absence of α-tocopherol
(Figure 2).
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Figure 8: Cellular uptake of fluorescent-labeled nanoprodrugs in U87 glioma cells. Cells were incubated with FA-TEG-ALA nanoprodrug
((a)–(c)), FA2TEG nanoprodrug ((d)–(f)) and in dye-treated medium as control ((g)–(i)). Left and middle panels show images of overlapped
fluorescence of DAPI and coumarin 6, left with lower and middle with higher magnification. Right panel shows images of fluorescence of
coumarin 6 only.

Interestingly, practically no difference in the size was ob-
served for the FA2TEG nanoprodrugs in the absence and
presence of α-tocopherol. This can be explained by the
significant increase in the overall hydrophobicity through
the addition of α-tocopherol in the case of FA-TEG-
ALA, whereas it was negligible in the case of FA2TEG,
probably due to the significant initial hydrophobicity of
FA2TEG.

In the presence of α-tocopherol the difference in size be-
tween the FA2TEG and FA-TEG-ALA nanoprodrugs became
smaller, which is especially crucial when the therapeutic
efficacies of the two nanoprodrugs are to be compared.
This is because differences in the therapeutic efficacy can be
attributed directly to the different prodrug molecules in the
nanoprodrugs when the size and other components do not
differ significantly from each other. Thus, the nanoprodrugs
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Figure 9: Effect of nanoprodrug of FA-TEG-ALA (a), nanoprodrug of FA2TEG (b), and free flufenamic acid (c) on the viability of U87-MG
glioma cells.

were prepared in the presence of α-tocopherol for further
experiments.

To give a visualization of the nanoprodrugs, we applied
the nanoparticle tracking and analysis (NTA) technique
which allows direct and real-time visualization of nanopar-
ticles in a liquid as shown in Figures 4(a) and 4(b) [41].

Whereas dynamic light scattering (DLS) is an ensemble
technique that tries to recover a particle size distribution
from the combined signal of all particles present in the
sample, nanoparticle tracking analysis (NTA) investigates
the diffusion of individual particles. Thus, DLS calculates
the average particle diameter by measuring fluctuation in
scattering intensity, is highly affected by the presence of a
few large particles, and tends to be weighted to the larger
particles sizes [42]. Indeed, using DLS (Coulter N4-Plus
Submicron Particle Sizer) and NTA for an identical FA-TEG-
ALA nanoprodrug, the average size calculated by DLS was
126 nm, which was larger than the size calculated by NTA
(97 nm) (Figures 4(c) and 4(d)). The comparison of size
distribution and average size from DLS and NTA indicate
that few larger nanoprodrugs (>300 nm) have significant
influence on the size calculation in DLS.

The stability of the nanoprodrugs was assessed by
measuring the size and contents of the intact FA prodrug
molecules after 8-week storage at 4◦C. In this study, the size
of the nanoprodrugs remained almost unchanged (Figure 5),
and the recovery yield of the prodrugs was 75% and 90%
for the FA-TEG-ALA and FA2TEG, respectively. It is believed
that the nanoprodrugs from the more hydrophobic FA2TEG
formed more stable and compact nanostructures, which
can be ascribed to the stronger hydrophobic assembly of
FA2TEG. This may reduce the interaction with water, and
consequently decrease hydrolytic degradation and increase
the structural integrity of the nanoprodrug.

3.3. Enzymatic Hydrolysis of FA Nanoprodrugs. In order to
assess the enzymatic prodrug activation from the nanopro-
drugs, the rate of enzymatic reconversion of the prodrugs
into FA and other degradation products was investigated in
vitro with porcine liver esterase. As shown in Figure 6(a),
FA-TEG-ALA nanoprodrug was activated nearly completely
after 5 h of incubation at 37◦C, whereas no activation
was observed in the FA2TEG nanoprodrug during the
same period of time. This can be attributed to the more
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hydrophobic nature of the dimeric FA2TEG prodrug which
makes the interaction between the molecules and enzymes
more difficult. In addition, FA is bulkier than ALA, which
may increase the steric hindrance towards the enzymes [43,
44]. This assumption was confirmed by the observation that
the ALA was first hydrolyzed from FA-TEG-ALA followed by
the breakdown of FA-TEG-OH to FA and TEG (Figures 6(c)
and 7).

3.4. Intracellular Uptake of Fluorescent-Labeled FA Nanopro-
drug in U87 Glioma Cells. In order to demonstrate the
cellular uptake of nanoprodrugs, we prepared fluorescent-
labeled nanoprodrugs with the hydrophobic dye, coumarin
6. Due to the hydrophobic nature, the dye remained
associated with the nanoprodrugs after overnight dialysis
and even after the incubation in PBS buffer and cell culture
medium [45]. Confocal laser scanning microscopy of U87
glioma cells treated with fluorescent-labeled nanoprodrugs
showed strong internalization of the nanoprodrugs within
5 h of incubation. Both nanoprodrugs FA-TEG-ALA (Figures
8(a)–8(c)) and FA2TEG (Figures 8(d)–8(f)) showed similar
cellular uptake, whereas cells incubated in the dye-treated
control medium did not show any detectable fluorescence
(Figures 8(g)–8(i)).

Some cells showed a stronger accumulation along the
membrane area, while other showed more evenly distributed
pattern in the cytoplasm. Interestingly, cells contained
numerous tiny vesicles that were dispersed in the cytoplasmic
compartment. The vesicles are probably endosomal vesicles
(endosomes), suggesting that the cellular uptake occurs via
endocytosis. Considering the different spatial intensity and
localization of the fluorescent signals within the cells, it can
be concluded that after endocytosis the nanoprodrugs escape
from the endosomes to the cytoplasm and are dispersed
evenly throughout the cytoplasm.

3.5. Effect of FA Nanoprodrug on Cell Proliferation. In order
to evaluate the effect of FA nanoprodrugs on tumor cell
growth, we studied the effect on the cell growth of U87-
MG glioma cells. Glioma cells were treated with nanopro-
drugs from FA-TEG-ALA and FA2TEG, and also with FA
in the concentration range of 10 to 200 μM. Cells were
also treated with control nanospheres prepared from α-
tocopherol only by exposure to an equimolar concentration
of α-tocopherol. As shown in Figure 6, the nanoprodrug of
FA-TEG-ALA completely inhibited the cell proliferation at
the concentration of 50 μM, whereas the nanoprodrug of
FA2TEG inhibited only 30% at the highest concentration
of 200 μM. These results were well expected because the
prodrug FA2TEG was almost inert towards chemical and
enzymatic hydrolysis (Sections 3.2 and 3.3). Based on the
results of this study, the stability and biodegradability of the
nanoprodrugs may be adjusted to meet the needs for diverse
practical applications via modification of prodrug structures.
Interestingly, the inhibitory effect of the nanoprodrug FA-
TEG-ALA was much higher than that of the FA (Figure 9(c)),
suggesting the existence of more efficient cellular delivery
mechanism for the nanoprodrug.

4. Conclusion

In this study we showed that hydrophobic derivative of
FA can be formed into stable nanoprodrug that is readily
activated by hydrolytic enzyme and inhibits the growth of
malignant cells, suggesting their potential application as
anticancer agents. Nanoprodrugs of FA were prepared by
spontaneous emulsification of the monomeric prodrug FA-
TEG-ALA and dimeric FA2TEG, and their antiproliferative
effects were demonstrated using U87-MG glioma cells. The
nanoprodrug from FA-TEG-ALA inhibited the cell growth
significantly and induced cell death, whereas the nanopro-
drug from FA2TEG did not show any comparable effect on
cell growth and viability. We demonstrated using fluorescent-
labeded nanoprodrugs that both nanoprodrugs FA-TEG-
ALA and FA2TEG showed similar cellular uptake. Obviously,
the more potent effect of the monomeric nanoprodrug is due
to the higher parent drug concentration which is ascribed to
the higher enzymatic activation. In addition, the FA-TEG-
ALA nanoprodrug inhibited cell growth more efficiently than
free FA, suggesting a delivery mechanism specific to the
nanoprodrug. We are currently investigating the mechanisms
of the cellular uptake and the molecular events leading to the
antiproliferative effect of the FA nanoprodrug.
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The objective of the present study is to formulate and characterize a nanoparticulate-based formulation of a macromolecule in
a hydrophobic ion pairing (HIP) complex form. So far, HIP complexation approach has been studied only for proteins with
molecular weight of 10–20 kDa. Hence, we have selected bovine serum albumin (BSA) having higher molecular weight (66.3 kDa)
as a model protein and dextran sulphate (DS) as a complexing polymer to generate HIP complex. We have prepared and optimized
the HIP complex formation process of BSA with DS. Ionic interactions between basic amino acids of BSA with sulphate groups
of DS were confirmed by FTIR analysis. Further, nanoparticles were prepared and characterized with respect to size and surface
morphology. We observed significant entrapment of BSA in nanoparticles prepared with minimal amounts of PLGA polymer.
Finally, results of circular dichroism and intrinsic fluorescence assay have clearly indicated that HIP complexation and method of
nanoparticle preparation did not alter the secondary and tertiary structures of BSA.

1. Introduction

Protein-based therapeutics such as antibodies, blood derived
products, and vaccines have been widely investigated in the
past decade to treat a variety of disorders [1]. Development
of a nanoparticulate-based dosage form of these molecules
is still considered as a major challenge by scientists in
the drug delivery field. Single emulsion (O/W), double
emulsion (W/O/W), and emulsion polymerization have been
widely employed to prepare nanoparticles. Except emulsion
polymerization, the other two methods (single and double
emulsion) employ organic solvents and sonication during
nanoparticle preparation. Protein-based therapeutics tend to
exhibit rapid denaturation and conformational change due
to sonication and exposure to organic solvents [2, 3]. These
molecules may aggregate and eventually lose their biological
activity due to physical and chemical stress observed during
formulation development, for example, exposure to organic
solvents and sonication. These molecules may also denature
or lose their biological activity during storage and lyophiliza-
tion [4–6]. Sonication is employed to ensure homogeneous
dispersion of an emulsion. However, sonication may result

in large pressure and temperature gradient which may cause
denaturation and aggregation of the protein molecule [7].
Moreover, sonication also causes generation of high shear
force and free radicals which cause protein denaturation [7].
Organic solvents preferentially interact with nonpolar amino
acids of protein via hydrophobic interactions. Normally,
these nonpolar amino acids are present in the core of the
protein structure. As a result, in presence of organic solvents,
the native structure and conformation of the protein can be
altered. This process may result in loss of biological activity
of a protein molecule. Another crucial formulation-related
limitation of protein molecules is their hydrophilicity. Due
to their hydrophilic nature, these molecules often partition
poorly into the polymeric matrix during encapsulation
resulting in minimal loading in nanoparticles [1]. Due
to poor loading of these molecules, a higher amount of
polymer is needed to develop a formulation. Poly lactic-co-
glycolic acid (PLGA) is one of the most widely employed
biocompatible and biodegradable polymers utilized in the
preparation of nanoparticles. However, higher amounts of
PLGA can lower the stability of protein molecules as protein
molecules were found to be unstable in presence of lactic acid
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and glycolic acid which are degradation products of PLGA
[6, 8, 9].

Hydrophobic ion pairing (HIP) complexation based
approach has gained wide acceptance in the delivery of
peptide and protein based therapeutics [10–14]. In this
approach, ionizable functional groups of a drug molecule
are ionically complexed with a surfactant or polymer with
oppositely charged functional groups. The resulting drug-
polymer or drug-surfactant complex is known as HIP
complex. Since the hydrophilic protein molecule exists in a
complex form which is relatively hydrophobic, its partition
into the polymeric matrix can be significantly enhanced
during encapsulation [10, 15]. Protein and polymer (used
for HIP complexation) primarily interact due to ionic
interactions resulting in the formation of a HIP complex.
The complex can dissociate in presence of oppositely charged
ions. Further, HIP complexation would obviate the use
of any covalent modification in proteins to impart these
molecules more hydrophobicity. Covalent modifications may
also result in irreversible loss in the biological activity of
these molecules. Various studies have been performed in
the past to understand the nature of protein-surfactant
interactions. HIP complexation approach has been studied
with various peptide and protein based therapeutics such
as leuprolide, insulin, melittin, lysozyme, and so forth [10–
13]. HIP complexation of protein-based therapeutics has
been attempted to overcome various barriers associated with
delivery of protein molecules such as bioavailability and
stability [13, 16]. Moreover, HIP complexation can also
impart conformational stability to the protein molecule [13].

HIP complexation of large protein molecules is challeng-
ing primarily due to following reasons. Large molecules usu-
ally contain many groups with opposite charges which may
hinder the complexation process. So far, basic amino acids
have been employed (mainly lysines and arginines) to form a
HIP complex with anionic surfactant molecules. However, in
large protein, aspartic acid and glutamic acid are also present
on the surface in significant numbers which would repel the
negatively charged complexing molecules. Second, in a large
molecule, charge density plays a very crucial role. There is
usually more surface area per charge in a large protein than
for a small protein molecule. Hence, selection of a surfactant
or polymer with an appropriate chain length is necessary
to form the HIP complex. Activity of a protein molecule
also depends on its secondary and tertiary structures. These
structures are stabilized by various noncovalent interactions
such as electrostatic interactions, hydrogen bonds, Van der
walls forces, and hydrophobic interactions [17–19]. Hence,
a complexing agent which would not perturb the secondary
and tertiary structure of the protein must be selected. So far,
various surfactant molecules have been selected to prepare
HIP complex. In the present study, we have investigated
HIP complex formation by employing dextran sulphate, a
polysaccharide-based molecule.

Bovine serum albumin (BSA) is a 66.3 kDa molecule. It
is globular in shape and has been widely used as a model
protein [20, 21]. Dextran sulphate, (DS, molecular weight: 9–
20 kDa), a polysaccharide-based polymer, has been selected
for complexation. In this paper, HIP complex of BSA with DS

has been described. Solid in oil in water (S/O/W) emulsion
method has been employed to prepare nanoparticles. After
preparation, nanoparticles have been characterized with
respect to particle size and surface morphology. Finally, the
effect of HIP complexation and nanoparticle preparation
on the secondary and tertiary structure of BSA has been
studied by circular dichroism and intrinsic fluorescence
assay, respectively.

2. Materials and Method

Materials: Bovine serum albumin, dextran sulfate sodium
salt (molecular weight 9000–20000 da), Poly (DL-lactide-
co-glycolide) (PLGA 85 : 15, molecular weight of 50,000–
75,000 da), bicinchoninic acid (BCA), and copper sulphate
were procured from Sigma Aldrich. Micro-BCA protein assay
kit was purchased from Thermo scientific. All the solvents
and other reagents of analytical grade were purchased
from local suppliers and used as received without any
further purification. Double distilled water (DDW) was used
throughout the entire study.

2.1. Preparation of HIP Complex of BSA and DS. Stock
solutions of BSA and DS were prepared in citrate buffer
pH 4.4 and DDW, respectively. BSA consists of various
basic amino acids (60 lysine and 26 arginine residues) while
DS contains 2.3 sulphate groups per glucosyl residue. HIP
complex was formed spontaneously as both the aqueous
solutions were mixed.

2.2. Effect of Different Molar Ratios of DS to BSA on HIP
Complex Formation. Stock solutions of BSA and DS were
prepared as mentioned earlier. HIP complexes were prepared
in different molar ratios of DS/BSA. The molar ratios studied
were 0.29, 0.58, 0.87, and 1.15. These molar ratios represent
the addition of different amounts of DS into previously
prepared BSA solution (5 mg/mL in pH 4.4 citrate buffer).
Once formed, HIP complex was vigorously vortexed for 3
minutes followed by centrifugation at 10000 RPM for 10
minutes to separate the supernatant. Uncomplexed BSA was
measured in the supernatant using BCA assay. Percentage of
complexed BSA was calculated according to the following
equation:

% Complexed BSA

=
[

Initial amount of BSA− amount of BSA in supernatant
Initial amount of BSA

]

∗ 100.
(1)

2.3. Dissociation of BSA from HIP Complex. Dissociation
of BSA from HIP complex was studied to characterize the
nature of interaction between BSA and DS. Freeze dried
complex containing 5 mg of BSA was accurately weighed
and incubated in presence of DI water and aqueous solution
containing 10 mM Na2HPO4. These solutions were vortexed
and kept for equilibrium for 3 hrs at room temperature. After
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3 hrs, these solutions were subjected to centrifugation and
supernatant was collected. The concentration of dissociated
protein in the supernatant was then measured with BCA
assay.

2.4. FTIR Study. FTIR analysis of BSA, DS, and HIP complex
was carried out with an infrared spectrophotometer (Perkin-
Elmer, Waltman, MA). The samples were brought into
intimate contact with the diamond crystal by applying a
loading pressure. Samples were casted on diamond crystal
top-plate of Attenuated Total Reflectance (ATR) accessory
and scanned between 650–1800 cm−1. Spectra obtained
using this device represents the average of 32 individual scan
possessing a spectral resolution of 4 cm−1.

2.5. Preparation of Nanoparticles. PLGA 85 : 15 was used
as a polymer to prepare nanoparticles. Nanoparticles were
prepared by using solid in oil in water (S/O/W) emul-
sion method published earlier with minor modifications
[15]. Briefly, 5 mg of BSA in complex form was used for
preparation of nanoparticles. PLGA 85 : 15 was dissolved
in methylene chloride. Two different ratios of BSA: PLGA
85 : 15 (1 : 5 and 1 : 10) were employed to prepare the
nanoparticles. PLGA solution was gradually added to the
earlier prepared HIP complex. Total volumes of methylene
chloride and vortexing time were optimized to obtain S/O
dispersion. About 4-5 mL of methylene chloride was required
to completely disperse the HIP complex. Sonication was
performed for about ≈3 minutes using tip sonicator (Fisher
100 Sonic dismembrator, Fisher Scientific) at power output
of 25–30 W to obtain the fine S/O dispersion. To this S/O
dispersion, external aqueous phase (30 mL, 1% PVA) was
added followed by further sonication for ≈3-4 minutes. This
procedure resulted in S/O/W nanoemulsion which was kept
on a shaker bath at room temperature for 15–20 minutes
followed by complete evaporation of methylene chloride
using a Rotavap. Following evaporation, the nanodispersion
was centrifuged for 50 minutes at 22,000 g. Nanoparticles
were washed two times with DI water to remove any surface
bound BSA and PVA. Similarly, blank nanoparticles were
also prepared by employing only polymer (PLGA 85 : 15) in
similar amounts.

2.6. Characterization of Nanoparticles

2.6.1. Entrapment Efficiency of Nanoparticles. Entrapment
efficiency was measured according to an earlier published
protocol [20, 21] with minor modifications. Briefly, 1mL of
nanosuspension was added to 9 mL of methylene chloride
solution which was then vortexed for 10–15 minutes to
dissolve the polymer completely. Later, this solution was
subjected to centrifugation which resulted in formation of
a protein pellet. Methylene chloride was carefully separated
and the pellet was dissolved in 10 mL of PBS buffer.
Concentration of BSA in the aqueous phase was measured
using Micro-BCA assay. Absorbance from the samples
were corrected by subtracting the absorbance from blank
nanoparticles prepared using PLGA 85 : 15.

2.6.2. Particle Size Measurement. Previously published pro-
tocol [15] was followed to measure the mean particle size
and polydispersity of nanoparticles using a DLS instrument
(Brookhaven Inst. Co., USA). Particle size analysis was
carried out at an operating angle of 90◦C and temperature
of 25◦C. A dilute sample of the nanosuspension was taken
for particle size analysis, and at least three measurements of
each batch were carried out.

2.7. SEM and TEM Analysis. For SEM analysis, freeze dried
specimen was applied on a sticky carbon film positioned
on an aluminum stub. Specimens were sputter coated with
gold-palladium and observed with the field-emission SEM
XL30 (FEI, Hillsboro, OR). For TEM study, a drop of
nanosuspension was deposited on TEM cooper grid with
carbon film. After drying, it was observed under Phillips
TEM CM12 (FEI, Hillsboro, OR).

2.8. Evaluation of Secondary Structure of BSA after Disso-
ciation from HIP Complex and Release from Nanoparticles
with Circular Dichroism. HIP complex was dissociated in
presence of 1 mL of 10 mM Na2HPO4 solution, and free
BSA was quantified using BCA assay. Previously prepared
PLGA nanoparticles were incubated in presence of 1 mL of
10 mM Na2HPO4 solution and kept overnight. BSA released
from the nanoparticle formulation was quantified on the
following day with BCA assay. Finally, standard solution of
BSA was prepared in 10 mM Na2HPO4 solution and used as
a control. Final concentration of each sample was adjusted to
0.05 mg/mL. Circular dichroism (CD) spectra were collected
using Jasco 720 spectropolarimeter at room temperature.
The spectra of all the samples were collected over a range
of 200–250 nm with a cuvette of 1 cm path length at a scan
speed of 20 nm/min. Data was further processed for blank
subtraction and noise reduction and an average of three
signals was recorded. All CD measurements are reported as
ellipticities (θ, mdeg).

2.9. Evaluation of Tertiary Structure of BSA after Dissoci-
ation from HIP Complex and Release from Nanoparticles
with Intrinsic Fluorescence Assay. Fluorescent measurements
were carried out at room temperature with fluorescence
spectrophotometer (Photon Technology International). The
procedure to recover BSA after dissociation of HIP com-
plex and from nanoparticles has been mentioned previ-
ously. Standard and test samples were prepared in 10 mM
Na2HPO4 solution (final BSA concentration was adjusted to
0.1 mg/mL). We compared fluorescence spectra of standard
with BSA obtained after dissociation from HIP complex and
BSA released from nanoparticles. All samples were excited
at a wavelength of λex 295 nm, and emission spectra were
collected between 310–400 nm. λex 295 nm was chosen to
selectively excite tryptophan amino acid of BSA. Quartz cells
(12.5 L × 12.5 mm W) having 3 mL of sample capacity were
used for measurement. Fluorescent emission spectra were
recorded and are displayed in terms of relative fluorescence.
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Figure 1: Effect of molar ratio of DS : BSA on HIP complex
formation.

3. Result and Discussion

Proteins and peptides represent a rapidly growing class
of therapeutic drugs with more than 200 biopharmaceu-
ticals in the market and many more at different stages of
development. Design of nanoparticle-based formulations for
protein-based therapeutics has become a major challenge
for drug delivery scientists because of poor encapsulation
in polymeric matrix and rapid denaturation in presence of
organic solvents and sonication [2, 3]. HIP complexation
based approach can be explored to deliver peptide and
protein-based therapeutics. It can overcome various stability
related issues, enhance drug loading in nanocarriers and
improve drug permeation across biological membrane [10–
14, 22]. So far, HIP complex based approach has been only
studied with small peptide and protein-based therapeutics.
Hence, BSA was selected as a model protein in the present
study because of its higher molecular weight (66.3 kDa) and
well-known secondary and tertiary structure.

Isoelectric point (pI) of BSA is ≈4.5, and the protein
consists of various basic amino acids (60 lysine and 26
arginine residues). Hence, we have slightly altered the pH of
BSA solution and prepared stock solution of BSA at pH 4.4 in
citrate buffer. Being hydrophilic in nature, these amino acids
are mostly found on the protein surface. Amino groups of
these basic amino acids are protonated based on the pH of
surrounding medium. At this pH, HIP complex was formed
immediately upon mixing of aqueous solutions of BSA and
DS. This data confirms the importance of pH of the protein
solution prior to HIP complexation. In general, it is crucial to
understand the effect of pH on stability of protein molecule.
One should also consider the possibility of other stability
related issues which may arise by changing the pH of protein
solution prior HIP complexation.

The effect of molar ratios of DS/BSA on HIP complex
formation has been studied. We calculated the molar ratios
based on the total number of lysine amino acids present on
the surface of BSA (60 lysine amino acid). HIP complexes
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Figure 2: Comparative dissociation of BSA from HIP complex in
the presence of DI water and 10 mM Na2HPO4 solution.

were prepared using the following molar ratios of DS/BSA
(0.29, 0.58, 0.87, and 1.15). Theoretically, these molar ratios
represent the amounts of DS added which was sufficient
to complex with 15, 30, 45, and 60 basic amino acids of
BSA. Figure 1 shows the complexation of BSA with DS at
different molar ratios. An excellent correlation is observed
between increments in the molar ratio of DS/BSA with the
amount of BSA complexed with DS (Figure 1). In fact at a
molar ratio of 1.15, more than 90% of BSA molecules were
ionically complexed with DS. This data clearly indicates the
involvement of basic amino acids in the formation of HIP
complex.

We also hypothesized ionic interactions as a driving force
for complexation of BSA with DS. In order to confirm our
hypothesis, we performed dissociation studies of the HIP
complex in presence of oppositely charged ions (HPO−2

4 ).
Results of this experiment are shown in Figure 2. When HIP
complex was incubated in DI water, no dissociation of BSA
from HIP complex was observed. This could be due to low
ionic strength of DI water. However, the presence of 1 mL of
10 mM Na2HPO4 solution caused complete dissociation of
the HIP complex and the solution became clear. These data
further confirm the presence of ionic interactions between
amino group of basic amino acids in BSA and sulphate group
of DS. Dissociation of HIP complex in presence of counter
ions has also been reported by other investigators [13, 15].

FTIR study was performed to understand the nature of
interactions between amino group of basic amino acids in
BSA and sulphate group of DS. FTIR analysis was performed
by other investigators to characterize ionic interactions
between oppositely charged functional groups [12, 23, 24].
Due to overlapping shift in a FTIR spectrum, we did
not follow peak shift associated with the protein. Instead,
the interaction of sulphate group of DS was studied in
the IR region. Following are the characteristic peaks of
sulphate group of DS in the IR region: (a) 802 cm−1: S-
O-S vibration, (b) 1017 cm−1: symmetric SOO− stretching
vibration, and (c) 1225 cm−1: asymmetric SOO− stretching
vibration. Appearance of these peaks in the IR spectra is
close to previously published results [23–25]. Due to ionic
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Figure 3: FTIR spectra of (a) BSA, (b), DS and (c) HIP complex.

Table 1: Particle size, polydispersity, and entrapment efficiency of
different batches of nanoparticles. Values are given as means ± SD
(n = 3).

Ratio of BSA to
PLGA 85 : 15

Particle size
(nm)

Polydispersity
% Entrapment

efficiency

1 : 5 193.4± 3.1 nm 0.011 67.8± 8.6

1 : 10 201.6± 2.2 nm 0.010 79.7± 4.1

interaction between amino and sulphate groups in HIP
complex, the peak intensity of the sulphate group in the
IR region may be attenuated significantly. Results of this
study are shown in Figure 3. These results clearly indicate a
significant reduction in the peak intensities of sulphate group
in the IR region which again confirmed the presence of ionic
interactions between amino and sulphate groups in the HIP
complex.

We prepared nanoparticles of the complex using S/O/W
emulsion method. This method of preparation offers signifi-
cant advantages over conventional methods of nanoparticles
preparation such as single and double emulsion method.
In the conventional methods of preparation, protein is
initially dissolved in an aqueous phase and later emulsified
in the presence of an organic phase using sonication. Most
protein denaturation occurs during this stage of nanoparticle
preparation due to water-organic phase interface. Excessive
stress during sonication process and generation of free
radicals can cause protein unfolding and denaturation. In
S/O/W emulsion method, protein-polysaccharide powder
was employed in the preparation of nanoparticles instead
of protein in solution form. Further, in the powder form,
kinetic mobility of the protein is restricted compared to
solution form [20, 21]. Moreover, complexation with DS
would not only restrict conformational flexibility of BSA but
would also impart additional steric shielding to the protein
molecule. We optimized the total volume of organic solvent
needed and the sonication time to prepare nanoparticles.
Nanoparticles were also characterized with respect to particle
size (Table 1) which range between 150–200 nm. SEM and
TEM studies were performed to study the surface morphol-
ogy. Results of these studies are shown in Figures 4 and
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Figure 4: SEM images of nanoparticles.

1μm

Figure 5: TEM images of nanoparticles.

5, respectively. These results confirmed that particles have
smooth surface and spherical shape.

One of the important goal of the present study was to
achieve higher encapsulation of BSA in nanoparticles by
employing minimal amounts of polymer (PLGA 85 : 15).
Nanoparticles were prepared by employing two different
ratios of protein: PLGA (1 : 5 and 1 : 10). BSA entrapment
in nanoparticles was more than 65% in both cases (Table 1).
This data clearly shows a significant entrapment of BSA in
PLGA matrix. As the amount of PLGA was increased to
prepare nanoparticles, entrapment of BSA in nanoparticles
was enhanced as well. This could be attributed to enhanced
hydrophobic interactions of BSA in HIP complex with PLGA
polymer. Due to these hydrophobic interactions, partition
of BSA (in HIP complex form) in the polymeric matrix of
PLGA was also significantly enhanced.

The effect of HIP complexation and nanoparticle prepa-
ration on secondary structure of BSA was evaluated by
CD spectra. Weak physical interactions such as electrostatic
interactions, hydrogen bonds, Van-der-waals forces, and
hydrophobic interactions stabilize secondary structure of
the protein. During HIP complex formation, DS interacts
extensively with BSA which involves abovementioned forces.
So, it is quite possible that DS has altered the native
conformation of BSA. Similarly, during nanoparticle prepa-
ration, powder form of BSA-DS complex was sonicated in
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presence of organic solvents. These processes could possibly
denature BSA. CD analysis was performed to understand the
impact of these formulation factors on secondary structure
of BSA. Freshly prepared BSA in 10mM Na2HPO4solution
was selected as control. Figure 6 depicts the CD spectra
of standard BSA solution, BSA obtained from dissociation
of HIP complex, and BSA released from both batches of
nanoparticles. Results clearly show a significant overlap
in peak shape throughout the region studied. This data
also confirms that the secondary structure of BSA was
not perturbed due to HIP complexation or treatment with
organic solvent and sonication. Enhanced stability of BSA
towards organic solvents and sonication may be explained
by the following reasons. First, HIP complexation might
have provided conformation stability and steric shielding
to the BSA molecule. Moreover, with S/O/W emulsion
method, the probability of protein denaturation has been
significantly minimized compared to conventional method
such as W/O/W emulsion method. In S/O/W emulsion
method, protein molecules are encapsulated in the solid state
relative to W/O/W emulsion method where solution form
of protein is employed. In the solid state, the detrimental
effect of sonication at water-organic phase interface is also
minimal.
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release from different batches of nanoparticles.

We compared the intrinsic fluorescence spectra of freshly
prepared BSA with BSA obtained after dissociation from
HIP complex and BSA released from different batches of
nanoparticles. BSA contains a buried tryptophan amino
acid in its hydrophobic core. Fluorescence of tryptophan is
extremely sensitive to polarity of its surrounding medium
[26]. Changes in the fluorescence intensity, wavelength of
maximum fluorescence emission, and quantum yield are
accepted parameters to study tertiary structure of protein.
Results of this study are shown in Figure 7. It is very clear
from this data that intensity and wavelength of maximum
fluorescence (335 nm) are similar in all the samples. This data
confirmed that tertiary structure of BSA was not significantly
altered following dissociation from HIP complex and also
after release from nanoparticles. This result also corroborates
with our previous CD spectra results where we have observed
no significant change in secondary structure of BSA due to
HIP complexation and nanoparticle preparation.

4. Conclusions

This study for the first time shows the feasibility of forming
HIP complex of a large protein such as BSA with dextran
sulphate as a complexing polymer. This study confirms
the involvement of basic amino acids in the formation of
HIP complexation. Dissociation studies of HIP complex in
presence of oppositely charged ions (HPO−2

4 ) as well as FTIR
studies have revealed presence of ionic interactions between
basic amino acids in BSA and sulphate groups of DS. We
successfully prepared and characterized nanoparticles of BSA
in HIP complex form using S/O/W emulsion method. SEM
and TEM studies revealed smooth surface and spherical
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shape of nanoparticles. Significant entrapment of BSA in
nanoparticles was obtained when low amounts of PLGA
85 : 15 was employed. Finally, CD analysis and intrinsic fluo-
rescence data revealed that secondary and tertiary structures
of BSA were not affected due to HIP complexation and
nanoparticle preparation. HIP complexation approach can
be employed to enhance loading of large proteins including
antibody-based therapeutic molecules in colloidal dosage
forms.
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Dendrimers and telodendrimer micelles represent two new classes of vehicles for drug delivery that have attracted much attention
recently. Their structural characterization at the molecular and submolecular level remains a challenge due to the difficulties in
reaching high resolution when imaging small particles in their native media. This investigation offers a new approach towards this
challenge, using scanning tunneling microscopy (STM) and atomic force microscopy (AFM). By using new sample preparation
protocols, this work demonstrates that (a) intramolecular features such as drug molecules and dendrimer termini can be resolved;
and (b) telodendrimer micelles can be immobilized on the surface without compromising structural integrity, and as such, high
resolution AFM imaging may be performed to attain 3D information. This high-resolution structural information should enhance
our knowledge of the nanocarrier structure and nanocarrier-drug interaction and, therefore, facilitate design and optimization of
the efficiency in drug delivery.

1. Introduction

Using nanoparticles composed of polymers or assemblies
of amphiphilic molecules as drug delivery vehicles have
attracted much attention in the recent quest for drug
delivery [1–3]. Among them, many dendrimers have been
synthesized with a great degree of control in the synthesis
of the designed structure [4, 5]. Dendrimers exhibit great
promise as nanocarriers for efficient drug delivery due to
researchers’ ability to control their size (e.g., 1 nm to 100 nm)
through the variation of iteration cycles and to implement
surface and intramolecular functionalities designed to carry
or trap desired drug molecules through covalent, hydropho-
bic, ionic, or hydrogen-bonding interactions [1, 6–9]. Suc-
cessful examples have been reported, such as the increase
in solubility and in vivo compatibility of non-steroidal
anti-inflammatory drugs (NSAIDs) using functionalized
dendrimer carriers [10–14]. Specifically, the combination

of indomethacin with poly(amidoamine) (PAMAM) dend-
rimers resulted in enhanced in vivo pharmacokinetic perfor-
mance over indomethacin alone [15].

Complimentary to the “hard” dendrimers discussed
above, “soft” nanostructures, such as nanomicelles, made by
assembly of biocompatible telodendrimers (e.g., a linear
poly(ethylene glycol)- (PEG-) block-dendritic oligomers of
cholic acid (CA)) in aqueous conditions were also developed
recently [16–21]. These nanomicelles are highly flexible, and
as such, they exhibit the advantage for in vivo movement.
Since polymer molecules are the basic unit within micelles,
multifunctionalities may be implemented for individual
molecules, and size may be tuned (e.g., d = 15–300 nm)
by varying the conditions of assembly. The amphiphilicity
enables the incorporation of hydrophobic drugs such pacli-
taxel (PTX) enclosed inside the micelles, with a load capacity
as high as 7.3 mg/mL [16]. The in vitro anticancer activity
of PTX loaded PEG5k-CA8 micelles have been performed
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on human ovarian clear cell carcinoma cells (ES-2) and
firefly luciferase-expressing ovarian adenocarcinoma cell
lines (SKOV3-luc-D3). PTX-loaded PEG5k-CA8 micelles
exhibited equivalent cytotoxic activity in vitro compared with
the clinical formulations of PTX, such as Taxol and Abraxane
[17]. In vivo antitumor efficacy of PTX loaded PEG5k-CA8

micelles have been tested in nude mice bearing human
SKOV3-lue ovarian cancer xenograft, where the results
indicated that this vehicle could deliver PTX preferentially to
tumor sites via enhanced permeation and retention (EPR)
effect, and thus exhibits superior in vivo anticancer effect
overall in animal models, compared to Taxol and Abraxane
[16, 17].

To enhance the efficiency of drug delivery, knowledge of
the nanocarrier structure and nanocarrier-drug interaction
is critical for their design and optimization. In the case of
dendrimer systems, the location and the binding of drug
molecules to dendrimers are particularly important, as the
outcome is directly related to loading capacity and release
behavior. While macroscopic information such as solubility
[12–14] and spectroscopy [22] are available, little is known
at the molecular level. Despite the prediction by molecular
dynamics simulations [23–25] that drug molecules may
attach to both the exterior and interior of dendrimers,
the direct evidence from experiments is still lacking due
to difficulties in visualizing intramolecular structures of
dendrimers. Scanning tunneling microscopy (STM), due to
its high spatial resolution, offers a promising solution to
this challenge [26]. The highest spatial resolution is typically
reported for conductive and semiconductive systems, reach-
ing the submolecular level [27]. Using metal ion coordina-
tion [28, 29], we extended the high-resolution capability of
STM to dendrimers in this investigation, resolving individual
indomethacin molecules at the dendrimer exterior.

In the case of telodendrimer micelles, dynamic light scat-
tering (DLS) allows the average diameter and distribution
to be determined in the solution phase [16, 17]. Individual
micelles may be visualized using cryotransmission electron
microscopy (cryo-TEM) upon freezing of the samples. The
use of cryo-TEM is complicated, as the micelles are no
longer in their natural environment [30]. A much simpler
technique, atomic force microscopy (AFM), could offer some
remedy to this pursuit. AFM offers high spatial resolution
and versatility of imaging in various media, including micelle
formation media and physiological buffers [31–33].

In this study, we have tested the feasibility and demon-
strated the proof-of-concept of using scanning probe micro-
scopy to image PTX-loaded thiol modified telodendrimer
micelles, HS-PEG5k-CA8 (“5k”, represents the molecular
weight of PEG, and “8” indicates the number of CA subunits
in the telodendrimer), in aqueous media where micelles
form. The results are very encouraging: individual micelles
are clearly visualized, from which we can extract the size and
geometry of micelles in correlation with the conditions of
assembly. The difference between native and drug carrying
micelles is clearly visible under AFM, from which the drug
carrying capacity can be estimated. In addition, the knowl-
edge of the geometry and size of individual micelles facilitates
our understanding of their efficacy and further optimization.

2. Materials and Methods

2.1. Materials. Paclitaxel was purchased from AK scientific
Inc. 4th generation hydroxyl-terminated poly(amidoamine)
dendrimers, G4 PAMAM-OH (98% purity, 10% by weight in
methanol), and 1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-
3-indoleacetic acid, commonly known as indomethacin
(≥99.0%), were purchased from Sigma-Aldrich and used
without further purification. 1-adamantanethiol (AD, 95%
purity) and n-octanethiol (C8, 98% purity) were purchased
from Sigma-Aldrich and used as received. 200 proof ethanol
(99.99% purity) was purchased from Gold Shield Chemical
Co. K2PtCl4 (min. 42.4% Pt, Alfa Aesar) was used as
received. Ultrapure water (≥8 MΩ·cm) was obtained using a
Millipore Milli-Q filtration system. Ultrapure N2 (≥98%, Air
Gas Co.) and H2 (99.99%, Praxair, Inc.) were used for drying
and flaming, respectively. STM tips were made from W wire
(d = 0.010 in, 99.95%, California Fine Wire Co.). Epoxy glue
(Epo-tek 377) was purchased from Epoxy Technology.

2.2. Synthesis of Thiol Functionalized Telodendrimer HS-
PEG5k-CA8. BocNH-PEG5k-CA8 was synthesized following
the established procedure [16]. The Boc protecting group
was removed via the treatment with 50% of trifluoroacetic
acid (TFA) in dichloromethane (DCM) for 30 min, and
then, the majority of solvent was removed by blowing
nitrogen. The polymer was precipitated by washing three
times with cold ether. S-Trityl-beta-mercaptopropionic acid
(2 equ.) was coupled on the amino groups on the terminal
end of telodendrimer using hydroxybenzotriazole (HOBt, 2
equ.) and diisopropylcarbodiimide (DIC, equ.) as coupling
reagents overnight. The telodendrimer was precipitated and
washed by cold ether and was treated with 50% TFA in
DCM for 30 min, then the majority of solvent was removed
by blowing nitrogen. The telodendrimer was precipitated
and washed by cold ether and dissolved in water. The
telodendrimer solution was filtered and then dialyzed against
4 L water in a dialysis tube with molecular weight cut-
off (MWCO) of 3.5 KDa; reservoir water was refreshed
completely four times in 24 h. Finally, the telodendrimer was
lyophilized. The molecular weight of the telodendrimer was
detected by matrix-assisted laser desorption ionization—
time of flight mass spectrometry (MALDI-TOF MS) and
nuclear magnetic resonance (NMR) spectrometry. The thiol
group was detected by Ellman’s assay. The synthesized HS-
PEG5k-CA8 telodendrimer was kept in desiccators before use.

2.3. Preparation of Gold Thin Films. Au(111) thin films were
prepared via thermal evaporation of Au onto freshly cleaved
mica (0001) in a high-vacuum evaporator (Denton Vacuum,
Model 502-A) [34]. The substrate mica was heated via two
quartz lamps to 350◦C under a base pressure of 2× 10−7 torr.
The evaporation rate was 0.3 nm/sec and the final thickness
of Au films was 150 nm. After evaporation, the Au was
thermally annealed in situ at 375◦C for 30–60 min to increase
the size of the Au(111) terraces. After annealing, the Au film
was allowed to cool for≥5 hr. under vacuum. Upon removal,
the Au films were stored in a sealed glass container.
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2.4. Preparation of 1-Adamantanethiol Self-Assembled Mono-
layers (SAMs). The gold films described above were used to
prepare ultraflat gold films on glass substrates following a
method reported previously [35]. Briefly, the gold films were
annealed in an H2 flame in order to coalesce the gold grains
on the mica. Then, the gold thin film was cooled in air to
room temperature. A small droplet of epoxy glue was applied
to each of the dry glass substrates (coverslips). The coverslips
were then placed on the gold substrate with the glue
attached side facing down. The glue was then cured at 150◦C
overnight. After removal from oven, the glass coverslip with
gold thin film were peeled off from the mica substrate. The
1-adamantanethiol (AD) SAMs were prepared by immersing
the gold films in a 10 mM ethanolic AD solution at room
temperature for 24 hours [36]. The AD SAM on gold was
rinsed first with ethanol, and then with Milli Q water, before
the deposition of the loaded or unloaded micelles.

2.5. Loading of PTX into HS-PEG5k-CA8 Micelles and Charac-
terization. 6 mg of PTX and 20 mg of HS-PEG5k-CA8 were
dissolved in 3 mL of chloroform in a 10 mL single neck
flask to form a homogeneous solution. The solvent was
removed by rotavaporation, and the sample was further
dried on high vacuum pump for 30 min. Then, 1 mL of
phosphate buffered saline (PBS) was added into the flask
to disperse the solid film via vortex and further sonication
for 30 min to yield a homogenous micelle solution. The
particle sizes of the micelles before and after PTX loading
were measured with DLS Zetatrac (Microtrac) to be 16 nm
and 23 nm, respectively. The drug loading capacity was
measured using high-performance liquid chromatography
(HPLC) calibrated with PTX solutions in dimethyl sulfoxide
(DMSO) with known concentrations.

2.6. AFM Imaging. AFM measurements of micelles and
dendrimers were performed on a MFP3D AFM (Asylum
Research Inc., Santa Barbara, Calif, USA). When imaging
HS-PEG5k-CA8 and PTX-loaded HS-PEG5k-CA8 micelles in
SAMs, tapping mode was utilized in aqueous solution. The
probe is a MSNL-10 silicon cantilever (Veeco, Camarillo,
Calif, USA) with a force constant of k = 0.1 N/m. During
AFM tapping, the cantilever was modulated by a driving
frequency of 68 kHz and an amplitude range from 0.30
to 0.71 V, with damping from 30 to 70%. When imaging
PAMAM dendrimers, a silicon cantilever (AC-240, Olym-
pus) was used. The probe has a force constant of k =
1.0 N/m as measured by thermal noise method. During
tapping mode imaging, the cantilever was modulated by
a driving frequency of 74 kHz and amplitude of 67.0 nm
(0.63 V), with the damping set to 85%. For displacing
adsorbates such as dendrimers or alkanethiolates, tips were
placed in contact with the surface with increasing load
beyond threshold [28, 29]. Data display and analysis were
conducted using MFP-3D’s software package written on Igor
Pro platform (Wavemetrics). The surface coverage of micelle
was calculated based on AFM topography images.

2.7. STM Imaging. The STM has a walker-type scanner
(UHV 300, RHK Technologies, Inc.) and was used under

ambient conditions for this investigation. The STM tips were
cut W wires which were electrochemically etched at 2.0 V in
3.0 M NaOH solutions. A homemade potentiostat monitored
the etching process [34, 37]. All STM images were acquired
in constant current mode with typical bias voltages ranging
from 0.3 to 0.7 V and tunneling currents from 5 to 25 pA.
The piezoelectric scanners were calibrated laterally using a
decanethiol SAM (lattice constant = 0.50 nm) and vertically
using a Au(111) single atomic step (0.235 nm).

3. Results and Discussion

3.1. Immobilization of Telodendrimer Micelles into SAMs
for AFM Imaging. For structural characterization via AFM,
micelles must be immobilized on surface supports. Immo-
bilized drug delivery vehicles are the key component in
therapies using patches [38]. A potential application of
immobilized PTX-loaded micelles on surfaces is the develop-
ment of a new type of PTX eluting stent [39]. The procedure
of immobilization of micelles onto gold surfaces is shown in
Scheme 1. HS-PEG5k-CA8 telodendrimer is soluble in water
and self-assembles into micelles. PTX is loaded into the
micelle via a procedure of solvent evaporation followed by
the aqueous dispersion of micelles [40].

In order to maintain the integrity of micelles on solid sur-
face, gold surfaces were covered by SAMs of AD. The use of
AD is based mainly on two considerations: (a) SAMs provide
a buffer to dampen collisions and allow full contact between
micelles and gold surfaces and (b) AD can be exchanged by
alkane thiol functionalities to enable micelles to anchor onto
gold surfaces. As illustrated in Scheme 1, micelles are formed
instantly via the self-assembly of telodendrimers dissolved
in aqueous solution. The critical micelle concentration of
micelles was 5.3 μM. The micelles have noncharged surfaces,
the Zeta-potential was measured close to zero [21]. AD
SAMs on gold were soaked in micelle solutions, 0.5 mg/mL,
for 20 min. This short exposure resulted in 15.3% surface
coverage of micelles on the gold surface. In the case of PTX-
loaded micelles, a concentration of 26.4 mg/mL (weight ratio
as 6.4 mg PTX: 20 mg HS-PEG5k-CA8) was used and the
exposure time was typically 1 hour. This led to 29.0% surface
coverage of PTX loaded micelle on the gold surface. After
deposition, the samples were rinsed with Milli Q water and
kept in the water solution before AFM measurement.

3.2. AFM Enables Visualization Telodendrimer Micelles in
their Native Media and Detection of Changes upon Uptake
of PTX. Upon immobilization, AFM imaging is carried out
in water media. To attain accurate measurements in 3D
without significant deformation, tapping mode is utilized,
from which height is extracted from topographic images,
and lateral boundaries are well defined from phase images.
The AFM images in Figure 1 indicate that all micelles, PTX-
loaded or unloaded, maintain the geometry of elliptical cap
geometry. Figure 1(a) is a 300 × 300 nm2 AFM topography
image of PTX-loaded micelles on ultraflat Au. Each bright
protrusion is a single PTX-loaded micelle. The height of a
typical PTX-loaded micelle, as shown in cursor 1, is 4.0 nm,
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Figure 1: AFM characterization of paclitaxel- (PTX-) loaded HS-PEG5k-CA8 micelles and unloaded HS-PEG5k-CA8 micelle on gold
substrate in aqueous solution. The first column is AFM topography (a), phase image (b) and corresponding cursors of PTX-loaded micelle.
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measured from the lowest point in the local surroundings
to the apex of the micelle. Its lateral boundaries are clearly
visible from the AFM phase image shown in Figure 1(c).
The lateral dimensions are 28.1 nm and 33.0 nm for short
axis and long axis, respectively, as shown in cursors 2 and 3.
Among the 49 PTX-loaded micelles measured, the average
3D dimensions (long axis “a”, short axis “b”, and height
“h”) are 31.8 ± 4.3 nm, 25.6 ± 3.2 nm, and 4.6 ± 0.7 nm,
respectively. As a comparison, Figure 1(b) is a 300× 300 nm2

AFM topography image of original micelles on ultraflat Au.
The measured height of the unloaded micelle is 1.9 nm,
as shown in cursor 4. Figure 1(d) is the phase image of
unloaded micelle, from which the lateral boundaries are
clearly visible. The short and long axis of the unloaded
micelle is 17.3 nm and 25.2 nm, respectively, as shown in
cursors 5 and 6. Among the 50 unloaded micelles measured,
the a, b, and h measure 23.7± 2.4 nm, 17.2± 2.3 nm, and 1.8
± 0.2 nm, respectively.

The volume, V , of each micelle can be calculated using
the simple geometric formula:V = (1/6πh)(3/4ab+h2) [28].
From Figures 1(a) and 1(c), the height of PTX-loaded
micelle is 4.0 nm, the lateral dimensions are a = 33.0 nm, b =
28.1 nm, thus V = 1490.1 nm3. From Figures 1(b) and 1(d),
the unloaded micelle, measures a = 25.2 nm, b = 17.3 nm,
and h = 1.9 nm, which corresponds to V = 328.9 nm3. The
average volume of PTX-loaded micelle and unloaded micelle
is 1475.8 ± 396.2 nm3 and 295.1 ± 62.6 nm3, respectively.
PTX-loaded micelle exhibits a larger volume than unloaded
micelle. Our Investigations also reveal that the amounts of
PTX uptake affect the volume of micelles.

By assuming that the micelle has a spherical shape in
water solution, we can estimate the diameter of micelles in
solution based on V = 4/3π(D/2)3. Here, V is volume and D
is the diameter. The volume of a typical PTX-loaded micelle
in Figure 1(a) is 1490.1 nm3, the corresponding diameter
is 14.2 nm. Among the 49 PTX-loaded micelles measured,
the average diameter is 14.2 ± 1.2 nm. The volume of a
typical unloaded micelle in Figure 1(b) is 328.9 nm3, the
corresponding diameter is 8.6 nm. Among the 50 unloaded
micelles measured, the average diameter is 8.2 ± 0.6 nm.
The diameter of PTX-loaded and unloaded micelle obtained
from the dynamic light scatting (DLS) measurement is
23 ± 8 and 16 ± 4 nm, respectively [16]. One notes that
the size of adsorbed micelles as determined from AFM
experiments is smaller than the corresponding diameter
measured from the DLS in solution. While DLS gives the
averaged hydrodynamic radius of the scattering particles,
AFM provides true 3D measurements of individual micelle.
The dimensions extracted from AFM measurements more
truly reflect the true geometry of the micelles, In addition, it
is difficult to reach high accuracy if the particle is very small
and nonspherical, for example, <10 nm [41], while AFM
does not have such a limitation.

As a bonus, we can estimate the number of PTX mol-
ecules based on the volume measurements from AFM. The
numbers of PTX (Nptx) and telodendrimers (Ntelo) are esti-
mated from two equations below, (a) assuming that the
volume of individual components are conserved, based on

Connolly solvent-excluded volume [42] using Chem3D
Software, using telodendrimer volume of 13.13 nm3, and
PTX being 0.754 nm3; (b) the mixing follows 7.5: 2.1 = PTX:
telodendrimers. Therefore, for a typical PTX loaded micelle
in Figure 1(a), the volume is 1490.1 nm3

Nptx

Ntelo
= 7.5

2.1
, (1)

Nptx × 0.754 + Ntelo × 13.13 = 1490.1. (2)

Solving (2) with (1), Nptx = 336, while Ntelo = 94.
For a typical micelle indicated in Figure 1(b), there are 25
telodendrimer units. Within a typical PTX-loaded micelle
as shown in Figure 1(a), there are 336 PTX molecules
and 94 telodendrimers. The increase in overall size upon
PTX loading is likely due to the increase in the number
of the telodendrimer molecules within individual micelles.
The hydrophobicity of PTX may require larger number of
amphiphilic telodendrimers to enclose them inside micelles
for overall reduced enthalpy [43].

Taken collectively, AFM provides an alternative and more
accurate approach to measure the geometry and size of
individual drug delivery vehicles. Even for soft systems such
as HS-PEG5k-CA8 micelles, AFM images may be attained
in their native media. This versatility of imaging in water
media at a designed temperature allows direct comparison
before and after loading or uptake of drugs. In addition, the
accuracy enables quantification, such as the determination
of height, lateral dimension, volume, and number of drugs
enclosed. Therefore, we encourage researchers to consider
the application of AFM in determination of the size and
geometry of drug-carrying vehicles in the various synthetic
and drug-loading steps.

3.3. Preparation and Immobilization of PAMAM Dendrimers
for High-Resolution Imaging. To visualize intramolecular
structure of PAMAM dendrimers using STM, two key steps
are involved, surface immobilization and introduction of
metal ions to enable the transport of STM current [28].
Detailed protocols for dendrimers have been discussed
previously [28, 29]. For indomethacin carrying dendrimers,
first, G4 PAMAM-OH dendrimer solutions were made by
diluting aliquots of the methanol-based stock solutions
to 12.5 μM aqueous solutions. Second, as illustrated in
Scheme 2, K2PtCl4 was then added to achieve a molar ratio
of 1 : 120, dendrimer: Pt2+. The ratios were guided by the
number of tertiary amines (dendrimer branch points) within
individual dendrimers, for example; G4 has 62 tertiary
amines. Once mixed, the solution was kept at room temper-
ature for 3–5 days, allowing sufficient time for Pt(II)-amine
coordination within dendrimers [44]. Third, indomethacin
was weighed and then directly added to reach a final sto-
ichiometry of 1 : 120 dendrimer:indomethacin molar ratio
to maximize the potential for interaction between the drug
and the dendrimer −OH termini and available tertiary
amines. Final dendrimer is represented by G4 PAMAM-
OH-(Pt2+)n-(Indo)m, as represented in Scheme 2(c). The
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G4 PAMAM-OH G4 PAMAM-OH-(Pt+2)n

Pt2+ Indo.

G4 PAMAM-OH-(Pt2+)n-(Indo)m

(a) Surface immobilization

(b) C8 flood ( )

(a) (b) (c)

(d)

Au (111)

Scheme 2: Methodology for the metal ion coordination, drug loading, surface immobilization, and passivation of G4 PAMAM-OH
dendrimers. Dendrimers in solution (a) are doped with Pt2+ ions (b). Indomethacin is then added to the solution (c). The conductive,
drug-loaded dendrimers are then exposed to Au(111) (a) followed by C8 flooding, (b), to obtain the surface-immobilized G4 PAMAM-OH-
(Pt2+)n-(Indo)m.

indomethacin-dendrimer mixture was vortexed for 30 min.
and allowed to gestate for an additional 2-3 days [10].

For the surface deposition of dendrimers, as shown in
Scheme 2(d), 1 cm2 pieces of gold films were H2-flamed [34]
and allowed 20 min cooling under clean ambient conditions.
Then, a ∼75.0 μL drop of G4 PAMAM-OH-(Pt2+)n-(Indo)m
dendrimer solution was deposited onto the Au(111) surface
and allowed to contact for 1.25 min. After washing with
water and ethanol the surface was flooded with a 1.0 mM C8

solution for 2 min. The surface was then washed again with
ethanol and dried under N2 before STM and AFM imaging.
The formation of C8 SAMs confines dendrimers laterally,
thus maintaining the structural integrity, and prevents lateral
movement during scanning [28]. SAMs also serves as an
important internal reference standard for lateral calibration.

3.4. Combined AFM and STM Investigations Enable the Size
and Geometry of Individual Dendrimers to be Determined.
While STM enables high-resolution imaging and accurate
determination of the lateral dimension of individual den-
drimers [28], AFM allows for the height to be measured
precisely [28, 45, 46]. Scheme 3 illustrates this combined
approach. In STM imaging, the tip is located at a fraction
of a nanometer above the surface (green tracking line). The
current between the W-probe and Au surface is the feedback
signal and very localized, and as such, the lateral dimension
of the features (e.g., dendrimers) underneath are clearly
defined from topographic images. The height in the STM
topograph is influenced by the local structure as well as
local density of states (LDOS). Although the STM height,

referred to as apparent height (hAPP), is a sensitive indicator
of surface features, the accuracy is difficult to gauge due
to the difficulties in determining the LDOS contribution.
Therefore, AFM is frequently utilized for the same sample
to determine the height of dendrimers [28]. As illustrated in
Scheme 3, the true height of the PAMAM dendrimers is mea-
sured from the Au substrate to the apex of the dendrimer. For
the cleanness of the Au substrate, nanoshaving is exercised to
remove adsorbates from the defined area to expose the Au as
a reference of the origin [28]. Our previous studies have cor-
related the hAPP and true height with this combined approach
[28, 29].

3.5. Uploading of Indomethacin Results in Increased Integrity
and Size of PAMAM Dendrimers. Figure 2 shows STM
images of dendrimers on surfaces. Upon immobilization,
dendrimers deform and adopt elliptical cap geometry. Upon
uptake of indomethacin, STM imaging reveals that G4
PAMAM-OH-(Pt2+)n-(Indo)m dendrimers are taller than
the bare G4 dendrimers. Figure 2(a) is a 20 × 20 nm2 STM
topograph of G4 PAMAM-OH-(Pt2+)n-(Indo)m dendrimers
immobilized on a Au(111) surface. The bright protrusions
correspond to individual G4 PAMAM-OH-(Pt2+)n-(Indo)m
dendrimer molecules. The STM apparent height, or hAPP,
is obtained by measuring the height from the lowest point
in the immediate surrounding matrix to the top of the
dendrimer. These cursors indicate that dendrimers loaded
with indomethacin adopt an elliptical dome shape similar
to the base dendrimers reported previously [28, 29, 47, 48].
The hAPP in cursor profiles 1 and 2 is 0.43 and 0.48 nm,
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Scheme 3: Method of measuring the volume of PAMAM dendrimers using STM and AFM. The hAPP and lateral dimensions of single
dendrimers are obtained through STM topographs (a). The removal of surface adsorbates under high force (b) allows for AFM height
measurements during subsequent scans under normal imaging load (c).

respectively. In contrast, the hAPP of a typical G4 dendrimer,
as shown in Figure 2(a), measures 0.35 nm and 0.33 nm,
respectively. The uptake of indomethacin increases the hAPP

by 0.08 nm. Among the 102 dendrimers we compared,
drug-loaded G4 dendrimers appear 0.09 ± 0.02 nm taller
than the dendrimers themselves. The true height is further
investigated using AFM as described in the previous sec-tion.
The typical real height (hREAL) for G4 and indo-G4 com-
plexes are 2.5 ± 0.3 nm and 3.4 ± 0.7 nm, respectively.

After measuring the lateral and vertical dimensions, the
volume of dendrimers can be accurately determined and
compared. Assuming an elliptical cap geometry for all dend-
rimers, the volume of individual molecules may be calculated
using V = (1/6πhREAL)(3/4ab + hREAL

2), where a and b are
the long and short lateral axes, respectively. In a typical case
shown in Figure 2, the lateral dimensions are a = 5.6 nm,
b = 4.2 nm for the indomethacin-loaded G4 and the height
is 3.4 nm, thus V = 52.3 nm3. From Figure 2(b), the bare
G4 dendrimers measure a = 5.7 nm, b = 5.2 nm, and
hREAL = 2.2 nm, which corresponds to a V = 31.2 nm3.
Among the 102 dendrimers compared, drug-loaded

dendrimers are 54% more voluminous than base dend-
rimers. The average lateral dimensions are a = 6.8± 1.2 nm
and b = 5.6 ± 0.9 nm for indomethacin-loaded G4
and a = 6.2± 0.8 nm and b = 5.1± 0.7 nm for unloaded G4.
Since the lateral deformation of both loaded and unloaded
G4 dendrimers are similar, the height, and thus volume,
increases observed with the addition of indomethacin
suggest that the addition of indomethacin to the exterior of
dendrimers increases the overall structural integrity upon
surface immobilization.

3.6. STM Imaging Enables Visualization of Individual Indo-
methacin Molecules Carried by Dendrimers. The indo-
methacin is distinctly recognizable in STM topographs, be-
cause they appear taller and usually broader than the −OH
termini of dendrimers. Figure 3 illustrates how to distinguish
the two types of features. Since Figures 3(a) and 3(b) display
with the same STM apparent height range, the contrast
indicates the height and enables a directly comparison.
It is clearly seen that the fine features at the surface of
G4 PAMAM-OH-(Pt2+)n-(Indo)m dendrimers (Figure 3(a))
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Figure 2: STM and AFM topographic lateral and height measurements determine the volume of single G4 PAMAM-OH-(Pt2+)n-(Indo)m
and G4 PAMAM-OH-(Pt2+)n dendrimers. (a) A 20× 20 nm2 STM topograph of G4 PAMAM-OH-(Pt2+)n-(Indo)m dendrimers immobilized
on Au(111). Cursors 1 and 2 reflect the hAPP and lateral measurements. (b) A 20 × 20 nm2 STM topograph of G4 PAMAM-OH-(Pt2+)n
dendrimers immobilized on Au(111). Cursors 4 and 5 reflect the STM height and lateral measures. STM images (a) and (b) were obtained
using circa 0.3 V and 20 pA set points. (c) A 300 × 300 nm2 AFM topograph of the same surface as (a). Cursor 3 is a representative of the
cursors used to ascertain hREAL from the bare Au surface to the dendrimer apex. (d) A 300 × 300 nm2 AFM topograph of the same surface as
(b). Cursor 6 serves the same purpose for G4 PAMAM-OH-(Pt2+)n as cursor 3 does for drug-loaded dendrimers.
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Figure 3: Visualization of indomethacin features from high-resolution STM images. (a) A 40 × 40 nm2 STM topographic image of G4
PAMAM-OH-(Pt2+)n-(Indo)m dendrimers immobilized on Au(111). The inset in (a) is a 5 × 5 nm2 high-resolution image of a single drug-
loaded dendrimer from the same surface showing indomethacin features (red arrows) and a dendrimer intramolecular feature (blue arrow).
(b) A 40 × 40 nm2 STM topographic image of G4 PAMAM-OH-(Pt2+)n dendrimers immobilized on Au(111). The 6 × 6 nm2 inset is a bare
dendrimer, where only intramolecular features are visible (blue arrows). All STM images were acquired at 0.3 V and 20 pA. The color scale
is normalized to reflect the apparent height range of 0.00–0.85 nm.

appear brighter than the unloaded dendrimers which have
only −OH at the termini (Figure 3(b)). Figure 3(a) is a STM
topographic image of a G4 PAMAM-OH-(Pt2+)n-(Indo)m
dendrimer surface and the inset is a high-resolution image of
a single dendrimer in which the intramolecular features are
clearly visible. At first glance, these intramolecular features
fall into two types of contrast; that is, one appears brighter
than the other. Both previous and present studies of G4-
dendrimer reveal the apparent height of −OH termini to
be below 0.11 nm [28, 29]. Therefore, we conclude that the
bright and tall features identified in Figure 3(a) are new
entities, that is, due to attachment by indomethacin. Among
20 G4 PAMAM-OH-(Pt2+)n-(Indo)m dendrimers analyzed,
indomethacin features have a hAPP range = 0.12–0.25 nm
with an average hAPP = 0.16 nm. In contrast, intramolec-
ular feature hAPP measured on indomethacin-loaded and
unloaded metal ion-doped G4 PAMAM-OH dendrimers
ranged 0.03–0.10 nm, among 40 dendrimers measured pre-
viously [28] and in this study. Using the threshold of 0.12 nm,
we were able to assign intramolecular and indomethacin
features in the STM images, therefore, to count how many
indomethacin each dendrimer could carry. Among all 19
intramolecular protrusions visible in Figure 3(a), 13 fall
under 0.12 nm (0.03 to 0.11 nm), and 6 are above 0.12 nm
(0.13 to 0.17 nm), thus assignment of 13 termini and 6
indomethacin molecules. Figure 3(b) is an STM topographic
image of a base dendrimer molecule, G4 PAMAM-OH-
(Pt2+)n, where intramolecular features, or −OH termini, are
clearly visible [28]. The number of indomethacin molecules
carried by G4 PAMAM-OH varies from 2 to 14 among the 20
typical dendrimers analyzed in this investigation. This range
is consistent with a previous report where each G4 PAMAM-
OH dendrimer molecule could hold 12.5 indomethacin [11].
It is possible that indomethacin may reside in the dendrimer

interior void space; therefore, the observed number of
indomethacin per dendrimer most likely represents the
minimum uptake. Our investigations also reveal that the
drug carrying capacity (load) increases with the generation,
for example, G3, G4, and G5 PAMAM-OH-(Pt2+)n-(Indo)m
dendrimers carry 5–7, 2–14, and 2–19 drugs, respectively
[29]. The variations in height and geometry of dendrimer-
immobilized indomethacin molecules suggest that drugs are
nonspecifically bound to the dendrimer termini and exposed
amidoamine moieties.

4. Conclusions

This study demonstrates the significance of using STM
and AFM in the fundamental studies of new drug-delivery
vehicles, telodendrimer micelles and PAMAM dendrimers.
The preliminary results indicate that the exquisitely high-
resolution images enable insightful and fundamental infor-
mation be revealed in the context of molecular level location
and load of drug molecules, as well as the stability of drug-
carrier complex. The number of drug molecules per carrier
can be directly extracted in the case of dendrimers and
estimated in the case of telodendrimer micelles. Since those
studies are at the individual carrier’s level, the results can
be directly linked to simulations which shall facilitate the
prediction and design of new carriers.
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“Designing dendrimers for biological applications,” Nature
Biotechnology, vol. 23, no. 12, pp. 1517–1526, 2005.

[10] A. S. Chauhan, N. K. Jain, P. V. Diwan, and A. J. Khopade, “Sol-
ubility enhancement of indomethacin with poly(amidoamine)
dendrimers and targeting to inflammatory regions of arthritic
rats,” Journal of Drug Targeting, vol. 12, no. 9-10, pp. 575–583,
2004.

[11] A. S. Chauhan, S. Sridevi, K. B. Chalasani et al., “Dendrimer-
mediated transdermal delivery: enhanced bioavailability of
indomethacin,” Journal of Controlled Release, vol. 90, no. 3, pp.
335–343, 2003.

[12] C. Yiyun, X. Tongwen, and F. Rongqiang, “Polyamidoamine
dendrimers used as solubility enhancers of ketoprofen,”
European Journal of Medicinal Chemistry, vol. 40, no. 12, pp.
1390–1393, 2005.

[13] B. Devarakonda, R. A. Hill, W. Liebenberg, M. Brits, and
M. M. De Villiers, “Comparison of the aqueous solubiliza-
tion of practically insoluble niclosamide by polyamidoamine
(PAMAM) dendrimers and cyclodextrins,” International Jour-
nal of Pharmaceutics, vol. 304, no. 1-2, pp. 193–209, 2005.

[14] U. Gupta, H. B. Agashe, A. Asthana, and N. K. Jain, “Den-
drimers: novel polymeric nanoarchitectures for solubility
enhancement,” Biomacromolecules, vol. 7, no. 3, pp. 649–658,
2006.

[15] S. Kannan, P. Kolhe, V. Raykova et al., “Dynamics of cellular
entry and drug delivery by dendritic polymers into human
lung epithelial carcinoma cells,” Journal of Biomaterials Sci-
ence, Polymer Edition, vol. 15, no. 3, pp. 311–330, 2004.

[16] J. T. Luo, K. Xiao, Y. P. Li et al., “Well-defined, size-tunable,
multifunctional micelles for efficient paclitaxel delivery for
cancer treatment,” Bioconjugate Chemistry, vol. 21, no. 7, pp.
1216–1224, 2010.

[17] K. Xiao, J. Luo, W. L. Fowler et al., “A self-assembling nanopar-
ticle for paclitaxel delivery in ovarian cancer,” Biomaterials,
vol. 30, no. 30, pp. 6006–6016, 2009.

[18] Y. Li, K. Xiao, J. Luo, J. Lee, S. Pan, and K. S. Lam, “A novel
size-tunable nanocarrier system for targeted anticancer drug
delivery,” Journal of Controlled Release, vol. 144, no. 3, pp. 314–
323, 2010.

[19] X. L. Wu, J. H. Kim, H. Koo et al., “Tumor-targeting peptide
conjugated pH-responsive micelles as a potential drug carrier
for cancer therapy,” Bioconjugate Chemistry, vol. 21, no. 2, pp.
208–213, 2010.

[20] Y. Li, S. Pan, W. Zhang, and Z. Du, “Novel thermo-sensitive
core-shell nanoparticles for targeted paclitaxel delivery,” Nan-
otechnology, vol. 20, no. 6, Article ID 065104, 2009.

[21] K. Xiao, Y. Li, J. Luo et al., “The effect of surface charge on
in vivo biodistribution of peg-oligocholic acid based micellar
nanoparticles,” Biomaterials, vol. 32, no. 13, pp. 3435–3446,
2011.

[22] A. M. Caminade, R. Laurent, and J. P. Majoral, “Characteriza-
tion of dendrimers,” Advanced Drug Delivery Reviews, vol. 57,
no. 15, pp. 2130–2146, 2005.

[23] A. D’Emanuele and D. Attwood, “Dendrimer-drug interac-
tions,” Advanced Drug Delivery Reviews, vol. 57, no. 15, pp.
2147–2162, 2005.

[24] J. Hu, Y. Cheng, Y. Ma, Q. Wu, and T. Xu, “Host-guest
chemistry and physicochemical properties of the dendrimer-
mycophenolic acid complex,” Journal of Physical Chemistry B,
vol. 113, no. 1, pp. 64–74, 2009.

[25] L. Zhao, Y. Cheng, J. Hu, Q. Wu, and T. Xu, “Host-guest
chemistry of dendrimer-drug complexes. 3. Competitive bind-
ing of multiple drugs by a single dendrimer for combination
therapy,” Journal of Physical Chemistry B, vol. 113, no. 43, pp.
14172–14179, 2009.

[26] P. Guaino, A. A. Cafolla, D. Carty, G. Sheerin, and G. Hughes,
“An stm investigation of the interaction and ordering of
pentacene molecules on the ag/si(111)-(root 3 x root 3)r30
degrees surface,” Surface Science, vol. 540, no. 1, pp. 107–116,
2003.

[27] D. M. Eigler and E. K. Schweizer, “Positioning single atoms
with a scanning tunnelling microscope,” Nature, vol. 344, no.
6266, pp. 524–526, 1990.

[28] C. J. Fleming, Y. X. Liu, Z. Deng, and G. Y. Liu, “Deformation
and hyperfine structures of dendrimers investigated by scan-
ning tunneling microscopy,” Journal of Physical Chemistry A,
vol. 113, no. 16, pp. 4168–4174, 2009.

[29] C. J. Fleming, N. N. Yin, S. L. Riechers, G. Chu, and G. Y.
Liu, “High-resolution imaging of the intramolecular structure
of indomethacin-carrying dendrimers by scanning tunneling
microscopy,” ACS Nano, vol. 5, no. 3, pp. 1685–1692, 2011.

[30] H. Cui, T. K. Hodgdon, E. W. Kaler et al., “Elucidating the
assembled structure of amphiphiles in solution via cryogenic



12 Journal of Drug Delivery

transmission electron microscopy,” Soft Matter, vol. 3, no. 8,
pp. 945–955, 2007.

[31] Z. Deng, V. Lulevich, F. T. Liu, and G. Y. Liu, “Applications
of atomic force microscopy in biophysical chemistry of cells,”
Journal of Physical Chemistry B, vol. 114, no. 18, pp. 5971–
5982, 2010.

[32] I. W. Hamley, S. D. Connell, and S. Collins, “In situ atomic
force microscopy imaging of adsorbed block copolymer
micelles,” Macromolecules, vol. 37, no. 14, pp. 5337–5351,
2004.

[33] S. Li and A. F. Palmer, “Structure and mechanical response
of self-assembled poly(butadiene)-b-poly(ethylene oxide) col-
loids probed by atomic force microscopy,” Macromolecules,
vol. 38, no. 13, pp. 5686–5698, 2005.

[34] A. Riposan, Y. Li, Y. H. Tan, G. Galli, and G. Y. Liu, “Struc-
tural characterization of aldehyde-terminated self-assembled
monolayers,” Journal of Physical Chemistry A, vol. 111, no. 49,
pp. 12727–12739, 2007.

[35] M. Hegner, P. Wagner, and G. Semenza, “Ultralarge atom-
ically flat template-stripped Au surfaces for scanning probe
microscopy,” Surface Science, vol. 291, no. 1-2, pp. 39–46, 1993.

[36] A. A. Dameron, L. F. Charles, and P. S. Weiss, “Structures and
displacement of 1-adamantanethiol self-assembled monolay-
ers on Au111,” Journal of the American Chemical Society, vol.
127, no. 24, pp. 8697–8704, 2005.

[37] G. Yang and G. Y. Liu, “New insights for self-assembled
monolayers of organothiols on Au(111) revealed by scanning
tunneling microscopy,” Journal of Physical Chemistry B, vol.
107, no. 34, pp. 8746–8759, 2003.

[38] M. E. Napier and J. M. DeSimone, “Nanoparticle drug delivery
platform,” Polymer Reviews, vol. 47, no. 3, pp. 321–327, 2007.

[39] J. Greenhalgh, J. Hockenhull, N. Rao, Y. Dundar, R. C. Dick-
son, and A. Bagust, “Drug-eluting stents versus bare metal
stents for angina or acute coronary syndromes,” Cochrane
Database of Systematic Reviews, vol. 2010, no. 5, Article ID
CD004587, 2010.

[40] J. Liu, H. Lee, and C. Allen, “Formulation of drugs in
block copolymer micelles: drug loading and release,” Current
Pharmaceutical Design, vol. 12, no. 36, pp. 4685–4701, 2006.

[41] A. Garg and E. Kokkoli, “Characterizing particulate drug-
delivery carriers with atomic force microscopy,” IEEE Engi-
neering in Medicine and Biology Magazine, vol. 24, no. 1, pp.
87–95, 2005.

[42] M. Cazacu, C. Racles, M. Alexandru, A. Ioanid, and A. Vlad,
“Morphology and surface properties of some siloxane-organic
copolymers,” Polymer International, vol. 58, no. 6, pp. 697–
702, 2009.

[43] I. Akiba, N. Terada, S. Hashida et al., “Encapsulation of a
hydrophobic drug into a polymer-micelle core explored with
synchrotron SAXS,” Langmuir, vol. 26, no. 10, pp. 7544–7551,
2010.

[44] P. J. Pellechia, J. Gao, Y. Gu, H. J. Ploehn, and C. J. Murphy,
“Platinum Ion uptake by dendrimers: an NMR and AFM
study,” Inorganic Chemistry, vol. 43, no. 4, pp. 1421–1428,
2004.

[45] Y. Gu, H. Xie, J. Gao et al., “AFM characterization of dend-
rimer-stabilized platinum nanoparticles,” Langmuir, vol. 21,
no. 7, pp. 3122–3131, 2005.

[46] A. Hierlemann, J. K. Campbell, L. A. Baker, R. M. Crooks,
and A. J. Ricco, “Structural distortion of dendrimers on gold
surfaces: a tapping-mode AFM investigation [5],” Journal of
the American Chemical Society, vol. 120, no. 21, pp. 5323–5324,
1998.

[47] R. W. J. Scott, O. M. Wilson, and R. M. Crooks, “Synthesis,
characterization, and applications of dendrimer-encapsulated
nanoparticles,” Journal of Physical Chemistry B, vol. 109, no. 2,
pp. 692–704, 2005.

[48] D. A. Tomalia, A. M. Naylor, and W. A. Goddard, “Starburst
dendrimers: molecular-level control of size, shape, surface
chemistry, topology, and flexibility from atoms to macroscopic
matter,” Angewandte Chemie International Edition in English,
vol. 29, no. 2, pp. 138–175, 1990.



Hindawi Publishing Corporation
Journal of Drug Delivery
Volume 2011, Article ID 587604, 9 pages
doi:10.1155/2011/587604

Research Article

Poly(amidoamine)-Cholesterol Conjugate Nanoparticles
Obtained by Electrospraying as Novel Tamoxifen Delivery System

R. Cavalli,1 A. Bisazza,1 R. Bussano,1 M. Trotta,1 A. Civra,2 D. Lembo,2 E. Ranucci,3

and P. Ferruti3

1 Dipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, Via P. Giuria 9, 10125 Torino, Italy
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A new poly(amidoamine)-cholesterol (PAA-cholesterol) conjugate was synthesized, characterized and used to produce
nanoparticles by the electrospraying technique. The electrospraying is a method of liquid atomization that consists in the
dispersion of a solution into small charged droplets by an electric field. Tuning the electrospraying process parameters spherical
PAA-chol nanoparticles formed. The PAA-cholesterol nanoparticles showed sizes lower than 500 nm and spherical shape. The
drug incorporation capacity was investigated using tamoxifen, a lipophilic anticancer drug, as model drug. The incorporation of
the tamoxifen did not affect the shape and sizes of nanoparticles showing a drug loading of 40%. Tamoxifen-loaded nanoparticles
exhibited a higher dose-dependent cytotoxicity than free tamoxifen, while blank nanoparticles did not show any cytotoxic effect at
the same concentrations. The electrospray technique might be proposed to produce tamoxifen-loaded PAA-chol nanoparticle in
powder form without any excipient in a single step.

1. Introduction

Polymeric nanoparticles focused a great attention in the
biomedical field as delivery systems for active molecules.
These nanoparticles have the potential to act as a reservoir
of drugs, protecting them from the environments and con-
trolling their release rates, thereby enhancing the biological
activity and decreasing the adverse side effects [1–4].

Various procedures have been proposed in the literature
for the fabrication of polymeric nanoparticles and the
most used are based on emulsion techniques. However
novel methods are attracting increasing attention. One of
such is electrohydrodynamic atomization (EHDA), a process
with many applications, such as manufacturing nanoscale
polymer fibres or thin film and particulate systems [5, 6].
Particularly, EHDA in the cone jet mode (electrospraying)
has been previously studied to produce polymeric particles
which can be used as drug delivery systems [7, 8]. The
electrospray is a method of liquid atomization that consists

in the dispersion of a solution into small charged droplets by
an electric field.

Electrospraying is a one-step technique with the potential
to ensure particle with reproducible sizes and morphology
with a narrow size distribution in the micro- and nanometer
range by selecting the proper process conditions.

The principle of electrospraying is based on the capacity
of an electric field to deform the interface of a droplet as
reported by Jaworek [9]. Particularly, when an electric field
is applied on a droplet, it generates an electrostatic force
inside the droplets able to overcome the cohesive force of
the droplet. Thus the droplet will undergo break-up into
smaller droplets in the micro-nanoscale range. Depending
on the spraying mode, droplets can be smaller than 100 nm
with low standard deviation. This charged aerosol is self-
dispersing preventing the droplets from coalescence. This
phenomenon is known as Taylor Cone and consists in the
progressive shrinking of the charged droplet into a cone from
which smaller charged droplets will be ejected [10].
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The electrospraying process is simple; it consists in the
loading of a polymer solution in a syringe which is infused at
constant rate by a pump through a highly charged capillary,
forming a droplet at the tip. A dropled formed at the capillary
tip and after the droplet detached from the Taylor cone
the solvent evaporates generating solid particles. During the
electrospraying process there are several parameters which
can affect particle sizes, size distribution, encapsulation
efficiency, and in vitro release profiles. These include voltage,
flow rate, distance from the collector, solvent, and needle
gauge. Consequently the number of parameters to be
considered to obtain a reproducible process is several and the
optimization is complex.

Previously we have tuned the electrospraying process
parameters for producing lipid-based micro-nanoparticles
[11]. Narrowly dispersed spherical particles with sizes lower
than 1 μm were obtained using stearic acid and ethylcellulose
in a 4.5 : 0.5 ratio (w/w).

The aim of this work was to investigate the feasibility of
obtaining solid polymeric nanoparticles using a cholesterol
polyamidoamines (PAAs) conjugate by electrospraying.

PAAs are synthetic degradable polymers obtained by
Micheal-type polyaddition of primary or bis-secondary
amines to bis-acrylamides [12]. All PAAs contain amide and
tertiary amine groups along the main chain.

In PAA-cholesterol conjugates an active substituent was
bound to the polymer chain through a disulfide linkage
that is known to be stable in the bloodstream but amenable
to reductive cleavage inside cells. Preliminary cytocompat-
ibility tests demonstrated that all prepared PAA-cholesterol
samples are cytocompatible and thus show potential for
biotechnological and pharmaceutical applications [13]. In
this work a new PAA conjugate was used to prepare solid
nanoparticles by electrospraying as potential drug delivery
systems. The goal of the work was to develop a reproducible
one-step process to obtain spherical solid PAA-cholesterol
nanoparticles with homogeneous size distribution by elec-
trospraying. Moreover cytotoxicity of nanoparticles was
assessed in order to avoid the possibility of toxic residues after
the electrospraying process.

Tamoxifen, a lipophilic anticancer drug, was used as
model drug to study the encapsulation capacity of the
PAA conjugate. Tamoxifen is a selective estrogen receptor
modulator widely used in breast cancer therapy. The drug
can produce serious side effects, as thrombosis, pulmonary
embolism, and modification in liver enzyme levels. In addi-
tion cancer cells can develop resistance against tamoxifen,
and it may initiate endometrial cancer. The encapsulation of
tamoxifen in a drug delivery system might provide a better
drug release profile potentially preventing the development
of cell resistance [14].

2. Material and Methods

2.1. Material. n-Pentanol was from Merck (Darmstadt,
Germany). Tamoxifen, sodium citrate, Rhodamine B, and
citric acid were from Sigma Aldrich (St. Louis, USA).

High voltage

Figure 1: Scheme of the apparatus for electrospraying.

Cellulose dialysis membrane (Spectra/Por dialysis mem-
brane) was from Spectrum Laboratories, Inc (Canada). 2,2-
bis(acrylamido)acetic acid and 1,4-bis(acryloil)piperazine
were synthesized as previously described [15, 16]. All
reagents are of analytical grade.

2.2. Cells. Both MCF-7 (a human breast adenocarcinoma
cell line) and Vero (an African green monkey kidney cell line)
were maintained in Minimum Essential Medium (PAA, 4061
Pasching, Austria) with 10% Fetal Calf Serum (Gibco/BRL)
and 1% Zell Shield (Minerva Biolabs GmbH, Berlin).
Subculturing of cells was carried out by trypsinization and
by diluting cells with fresh medium. Cells were grown in the
presence of 5% CO2 at 37◦C.

2.3. Electrospraying Setup. The apparatus for electrospraying
comprises a 2.5 mL syringe connected to an infusion pump
(KDS 100, Biological Instruments, VA, Italy). A Teflon pipe
connects the syringe to the tip of a metal capillary (ID:
0.6 mm) (Figure 1). An aluminium foil collector is placed
opposite the capillary as counter electrode. A strong electric
field was applied between the tip and the collector. The
distance from metal tip to collecting plate varied from 20 to
15 cm.

The solution contained in the syringe is supplied to
the nozzle at a flow rate forming a droplet. The electric
field induces charges on the droplet surface. A liquid jet
occurs that can break up in droplets with a narrow size
distribution. Solid particles formed by solvent evaporation
from the droplets which travel through the electric field.

2.4. Preparation and Characterization of PAA-Cholesterol
Conjugate. A PAA-cholesterol conjugate derived from two
different bis-acrylamides, namely 2,2-bis(acrylamido)acetic
acid and 1,4-bis(acryloil)piperazine, with a cholesterol con-
tent of 8.1% w/w and Mw = 13000 was obtained (Figure 2).
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The reaction pathway consisted of three steps: (1) the synthe-
sis of a PAA-based hydrogel containing cystamine as cross-
linker, (2) a disulfide-exchange reaction with 2,2′-dipyridyl
disulfide that leads to soluble linear polymers containing
ethenyldithiopyridine moieties, and (3) a thiol-exchange
reaction between thiocholesterol and the dithiopyridine
moieties [13].

The solubility of the PAA-cholesterol conjugate was
determined in water and in n-pentanol the solvent selected
for the electrospraying. The surface tension of the polymer
solutions in water was measured using a Kruss Ring platinum
tensiometer K10 (Hamburg).

The zeta potential (ZP) values of the conjugate were
determined in aqueous solutions at increasing pH values,
ranging from 4.0 to 7.0, to verify the polymer charge
distribution as function of the pH. A 90 Plus instrument
(Brookhaven, NY, USA) was used to determine the elec-
trophoretic mobility and the zeta potential of the polymer.
For the determinations, the aqueous solutions of the polymer
were placed in the electrophoretic cell, where an electric
field of about 14 V/cm was applied. Each value reported
is the average of ten measurements. The electrophoretic
mobility measured was converted into Zeta Potential using
the Smoluchowski equation [17].

The PAA-solution conductibility in water was deter-
mined using a conductometer (Orion, Boston, USA).

2.5. Hemolytic Activity Determination of PAA-Cholesterol
Conjugate. The haemolytic activity of the PAA-cholesterol
conjugate was evaluated on human blood. Different percent-
ages (2%, 4%, 7%, 10%, and 15% w/v) of polymer were
added in a erythrocytes suspension (30% v/v) phosphate
buffer, pH 7.4. A sample containing only a suspension of
erythrocytes (30% v/v) in phosphate buffer pH 7.4 was used
as blank. In addition a blank sample containing an excess
of ammonium chloride was prepared to obtain complete
erythrocyte hemolysis as hemolytic control.

After 90 minutes of incubation at 37◦C the samples were
centrifuged at 1500 rpm for 10 minutes and the supernatant
was analyzed using a Lambda 2 Perkin-Elmer spectropho-
tometer at a wavelength of 543 nm. The percentage of
hemolysis was calculated versus the 100% hemolysis control.

2.6. Preparation of PAA-Cholesterol Nanoparticles. To pre-
pare PAA-cholesterol nanoparticles the electrospraying appa-
ratus previously described was used. Preliminary experi-
ments were carried out to select the process parameters
suitable to obtain spherical nanoparticles with the PAA-
cholesterol conjugate. Different parameters were varied to
tune the process; flow rate of 15, 10, and 5 μL min−1 and
electric field of 20, 25, and 30 KV were mainly investigated.
The experimental conditions selected were a flow rate of
5 μL min−1 and an electric field of 20 KV applied between the
capillary tip and an aluminum plate. The selected distance
from metal tip to collecting plate was 15 cm. A solution of
PAA-cholesterol conjugate in n-pentanol (1% w/w) was pre-
pared and supplied to the capillary nozzle with a 5 μL min−1

flow. During free flight the organic solvent evaporated

and solid nanoparticles collected on the plate. To obtain
fluorescent-labelled nanoparticles Rhodamine B was added
in the polymer pentanol solution (0.05% w/v). The same
process parameters were applied during electrospraying.

2.7. Preparation of Tamoxifen-Loaded PAA-Cholesterol
Nanoparticles. Tamoxifen-loaded PAA-cholesterol nanopar-
ticles were prepared by dissolving the drug (5 mg/mL) in the
conjugate n-pentanol solution (10 mg/mL) under stirring.
The solution was then electrosprayed to obtain the drug
loaded PAA-cholesterol nanoparticles using the same process
parameters selected to obtain blank nanoparticles.

2.8. Quantitative Determination of Tamoxifen. The amount
of tamoxifen-loaded into the nanoparticles was determined
after addition of 2.0 mL of phosphate buffer pH 7.4 con-
taining 20 mg of citric acid to a weighed amount of drug-
loaded nanoparticles (2 mg). After vortex and centrifuge for
5 minutes at 5000 rpm, 2 mL of ethanol and 0.5 mL of water
were added to the precipitate. After stirring and separation
the supernatant was analyzed by HPLC.

Tamoxifen content was determined using an HPLC
system consisting of Shimadzu liquid chromatograph (Shi-
madzu, Kyoto, Japan) equipped with an SDP 10A variable
wavelength ultraviolet detector and a CR6A integrator. A
Lichrospher C-18, 5 μm (Merck, Darmstadt, Germany),
25 cm × 4.6 mm ID reversed-phase column was used.
The column was eluted with a mobile phase containing
methanol/water/triethylamine (89/11/1, v/v). The eluent was
run at rate of 1 mL/min and monitored at 265 nm following
injected volumes of 20 μL of tamoxifen standard solutions
and samples. The calibration curve was found to be linear
in the range 0.05–30μg/mL. Each sample was analyzed in
triplicate.

2.9. Characterization of the PAA-Cholesterol Nanoparticles.
The average diameters and polydispersity indices of the three
nanoparticle formulations were determined after dispersion
of the samples in filtered water by photocorrelation spec-
troscopy (PCS) using a 90 Plus instrument (Brookhaven, NY,
USA) at a fixed angle of 90◦ and a temperature of 25◦C. The
polydispersity index indicates the size distribution within a
nanoparticles population. The electrophoretic mobility and
zeta potential of the formulations were determined using a 90
Plus instrument (Brookhaven, NY, USA). For zeta potential
determination, samples of the formulation were placed in the
electrophoretic cell, where an electric field of about 15 V/cm
was applied. Each sample was analyzed at least in triplicate.
The electrophoretic mobility measured was converted into
zeta potential using the Smoluchowski equation [17].

The nanoparticles morphology was evaluated by Scan-
ning Electron Microscopy (SEM) (Leica Stereoscan 410,
Wetzlar, Germany) and fluorescent microscopy. To perform
SEM a thin layer of particles was mounted on a copper
stud, which was then sputter coated with gold (SCD 050,
Lewica, Wetzlar, Germany) for 60 seconds under vacuum at
a current intensity of 60 mA. The gold-coated particle layer
was scanned using the accelerating voltage scanning of 20 kV.



4 Journal of Drug Delivery

H3C

N N

NH NH NH NH

HOOH

OO

O

O

O

O

N

S
S

∗
n m

Figure 2: Chemical structure of the PAA-cholesterol conjugate.

2.10. Thermal Analysis of Nanoparticles. Differential scan-
ning calorimetry (DSC) analysis was carried out using
a DSC7 differential scanning calorimeter (Perkin-Elmer,
Conn, USA) equipped with a TAC7/DX instrument con-
troller. The instrument was calibrated with indium for
melting point and heat of fusion. A heating rate of 10◦C/min
was employed in the 30–120◦C temperature range. Standard
aluminium sample pans (Perkin-Elmer) were used; an empty
pan was used as reference standard. Blank nanoparticles,
tamoxifen-loaded nanoparticles, and tamoxifen powder (3-
4 mg) were weighed in conventional aluminium pans, and
analyses were performed under nitrogen purge; triple runs
were carried out for each sample.

2.11. In Vitro Release Kinetics of Tamoxifen. A multicom-
partmental rotating cell was used to evaluate the in vitro
release profile of tamoxifen. A tamoxifen aqueous suspension
1.17 mM as control and tamoxifen-loaded nanoparticles at
the same concentration dispersed in water were prepared,
and 1 mL of each was placed in the donor compartment.
A cellulose dialysis membrane with cutoff at 12,000–14,000
was chosen to separate the compartments. The receptor
compartment was filled with 1 mL of pH 5.5 0.1 M citrate
buffer. Each experiment lasted 24 h. At fixed times, the
receptor buffer was completely withdrawn and replaced
with fresh citrate buffer. The withdrawn samples were
then analyzed by HPLC. The experiment was performed in
triplicate.

2.12. Internalization Study of PAA-Cholesterol Nanoparti-
cles. The cellular uptake of PAA-cholesterol fluorescent
nanoparticles was evaluated through confocal laser scanning
microscopy on Vero cell. Exponentially growing cells were
plated and cultured overnight in 24-well plates on glass
coverslips; the cell monolayers were incubated with appro-
priated dilutions of PAA-cholesterol fluorescent nanoparticle
suspension for 1 h and then extensively washed with PBS for
observation of live cells. Confocal sections were taken on an
inverted Zeiss LSM510 fluorescence microscope.

2.13. Cytotoxicity Assay. To test the cytotoxic effect of
tamoxifen-loaded nanoparticles, MCF-7 cells were seeded in
a 96-well plate at a density of 1.2 × 104/well; the next day
they were treated with increasing concentrations, ranging
from 1 to 40 μM, of free tamoxifen and tamoxifen-loaded
nanoparticles. Treatment with equal concentrations of blank
nanoparticles was made in order to rule out the possibility of
any cytotoxic effect ascribable to the delivery system.

After 24, 48, and 72 hours of incubation, cell viability
was determined by the CellTiter 96 Proliferation Assay Kit
(Promega, Madison, Wls, USA) according to the manu-
facturer’s instructions. Absorbances were measured using
a Microplate Reader (Model 680, BIORAD) at 490 nm.
The effect on cell viability of the formulation at different
concentrations was expressed as a percentage, by comparing
treated cells with cells incubated with culture medium alone.
The 50% cytotoxic concentration (CC50) values and the 95%
confidence intervals (CIs) were determined using the Prism
software (GraphPad Software, San Diego, CA).

3. Results

Firstly the new PAA-cholesterol conjugate was in vitro
characterized. The percentage of cholesterol was determined
by NMR resulting in 8% w/w.

For the electrospraying process is necessary an organic
solvent in which the PAA-Cholesterol conjugate is very
soluble. For this purpose 1-pentanol (b.p. = 137.5◦C) in
which the conjugate is soluble more than 2% w/v was
selected.

The conjugate is amphiphilic for the presence of choles-
terol in the structure. The surface tension of the PAA-
cholesterol conjugate in water at pH 6.0 was determined, and
it is reported in Figure 3. PAA-cholesterol showed a CMC in
water of about 2 mg/mL.

Zeta potential measurements demonstrated that PAA-
cholesterol is positively charged in aqueous solution with a
value of +21 mV at pH 7.0 and the positive charge increase
lowering the pH value to 4.0. The conjugate conductibility in
water was 74.8 μS.
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Figure 3: Surface tension of PAA-cholesterol conjugate in water.

Table 1: Characteristics of PAA-cholesterol nanoparticles.

Formulation d ± SD (nm) Poly-index PZ ± SD (mV)

PAA-
cholesterol
nanoparticles

223.2 ± 10.0 0.29 21.28 ± 2.76

PAA-
cholesterol
fluorescent
nanoparticles

362.8 ± 23.8 0.15 17.89 ± 1.32

PAA-
cholesterol
tamoxifen
nanoparticles

247.0 ± 17.7 0.26 14.86 ± 0.99

No significant haemolytic activity was observed for PAA-
cholesterol conjugate after 90 minutes of incubation in blood
at pH 7.4 up to a concentration of 15% w/v.

Spherical solid PAA-cholesterol nanoparticles formed
easily using an electric field of 20 KV and a flow of
5 μL min−1. The nanoparticle sizes were mainly tuned by the
control of electrospraying flow rate and polymer concentra-
tion.

The physicochemical characteristics of PAA-cholesterol
nanoparticles are reported in Table 1.

All the PAA-cholesterol conjugate nanoparticles showed
sizes lower than 500 nm with a quite narrow size distribution
and a positive Zeta Potential. The loaded nanoparticles
had sensible greater sizes and a decrease of the Zeta
potential values demonstrating the presence of incorporated
molecules in the nanoparticle structure.

SEM analyses showed that PAA-cholesterol nanoparticles
are spherical with smooth surfaces and confirmed their sizes.
The blank PAA-cholesterol nanoparticles image is reported
in Figure 4.

A fluorescent PAA-cholesterol formulation was also
prepared by the electrospraying process using Rhodamine B
as fluorescent marker to evaluate the nanoparticle cell inter-
nalization. The morphology of the fluorescent formulation
is reported in Figure 5. The fluorescent nanoparticles were
easily internalized in Vero cells (Figure 6).

SEM analysis confirmed sizes and shape of tamoxifen-
loaded PAA-cholesterol nanoparticles.

10 μm

Figure 4: SEM image of blank PAA-cholesterol nanoparticles.

Figure 5: Fluorescent PAA-cholesterol nanoparticles containing
Rhodamine B (fluorescent microscopy).

The incorporation of the drug did not affect the shape
and the smooth surface of nanoparticles as shown in
Figure 7.

As it is possible to note in the figure the presence of
the drug could affect the physicochemical characteristics of
the PAA-cholesterol solution favouring a partial coalescence
of the droplet. Decreasing the amount of tamoxifen, well-
separated nanoparticles were obtained (data not shown).

Tamoxifen-loaded PAA-cholesterol nanoparticles
showed a drug loading of about 40% w/w and the encapsula-
tion efficiency of about 90%.

Thermal analysis of tamoxifen-loaded nanoparticles did
not show the endothermic peak at about 97◦C related to
the drug melting. The disappearance of the melting peak in
the DSC profile indicates that the drug can be dispersed in
the polymer matrix. The PAA-cholesterol conjugate did not
show thermal change in this temperature range. The DSC
thermograms of the tamoxifen-loaded nanoparticles and of
tamoxifen are reported in Figure 8.

The in vitro release profile of tamoxifen from the drug-
loaded nanoparticle showed a slow release over time without
initial burst effect indicating that the drug is mainly incor-
porated in the PAA-cholesterol matrix and not adsorbed
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(a) (b)

Figure 6: Internalization of fluorescent PAA-cholesterol nanoparticles on Vero cells analysed by confocal laser scanning microscopy.

10 μm

Figure 7: SEM image of In vitro release of the formulations.
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on particle surface. After 6 h about 26% of tamoxifen
was released from the PAA-cholesterol nanoparticles. On
the contrary about 15% of tamoxifen from aqueous drug
suspension diffused after 6 h (Figure 9).

3.1. Cytotoxicity Assay. To assess the activity of the formu-
lation, MCF-7 cells were incubated with solutions contain-
ing blank nanoparticles or tamoxifen-loaded nanoparticles,
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Figure 9: In vitro release of tamoxifen from the formulations.

having the same nanoparticle concentration. Free tamoxifen
was used as positive control. As free tamoxifen was diluted
in DMSO, corresponding volumes of DMSO were also
added for comparison. After 24, 48, and 72 hours from
the beginning of treatment, cells were analyzed by MTS
colorimetric assay to test cell viability.

As shown in Figures 10(a), 10(b), and 10(c), tamoxifen-
loaded nanoparticles exhibited a more pronounced
concentration-dependent cytotoxicity than free tamoxifen
at each time point analyzed. The finding that blank
nanoparticles did not show any cytotoxic effect even at high
concentrations rules out their contribution to the increased
activity of the formulation and confirmed the absence of
residues.

Notably, cytotoxic effect measured for those samples
that received volumes of tamoxifen greater than 2 μL (2%
v/v) seems mostly ascribable to the presence of DMSO, as
indicated by the treatment with this solvent alone.
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Figure 10: Cell viability of MCF-7 breast cancer cells incubated
for 24, 48, and 72 h (a, b, and c panels, resp.) with free tamox-
ifen (Tamoxifen), tamoxifen-loaded nanoparticles (tamoxifen-NP),
empty nanoparticles (NP), or DMSO. Each bar represents the mean
of three samples ± SD.

4. Discussion

Electrospraying (electrohydrodynamic spraying) is a pro-
cess of simultaneous droplet generation and charging by
means of electric field [9]. Production of particles of
uniform size can be accomplished by generation of cone-
jet mode. This mode of spraying is very sensitive to any
change in liquid properties, and the droplet size can vary
unexpectedly with parameter changes. By the selection of
suitable process parameters the production in a single step

of solid nanoparticles using a PAA-cholesterol conjugate as
matrix was possible. The new PAA conjugate containing
8% of cholesterol is soluble either in water or in organic
solvents with a CMC of about 2 mg/mL. Because of its
amphiphilic nature it is particularly suitable to produce
nanoparticles by electrospraying [13]. The surface tension of
the solution can affect the nanoparticle formation; generally
it was shown that, decreasing the surface tension of a
solution, there is a decrease in the particle sizes with a
corresponding increase in standard deviation of the particle
sizes distribution [18]. Surface charge density and surface
tension play important roles in the process. When the surface
charge density is low, the Rayleigh limit, the maximum
limit of surface charge density when the electrostatic forces
exceed surface tension, is never reached. Another possibility
is that the surface charge density of the droplets is high, so
the Rayleigh limit is reached immediately or after solvent
evaporation and droplets disintegrate (Coulomb fission),
forming small charged droplets. In the process the Coulomb
fission should be avoided because droplets of uniform size
are required [11, 19]. The PAA-cholesterol nanoparticles are
positive charged showing that during the droplet shrinking
the hydrophilic region remains on the surface, while the
cholesterol molecules can be oriented inside the droplets.

Reproducible PAA-cholesterol nanoparticles with sizes
lower than 300 nm and spherical shape from pentanol
solution were obtained in one single step.

The effect of conductivity on particle formation has
also been investigated [20]. The increase of a solution
conductivity from μS/cm to mS/cm resulted in a marked
reduction of the particle size due to the Coulomb fission.

Tamoxifen is a hydrophobic molecule with a low water
solubility (0.4 mg/mL), a high hygroscopicity and UV light
sensitivity. Its solubility in pentanol reached 2 mg/mL.
Tamoxifen-loaded PAA-cholesterol nanoparticles formed
by electrospray maintaining a mean diameter lower than
300 nm. The drug is incorporated in the polymer matrix as
DSC and in vitro release studies showed. The absence of an
initial burst effect confirmed the incorporation of tamoxifen
inside the polymer matrix. Hydrophobic interaction between
cholesterol and hydrophobic portion of tamoxifen molecules
could favour the incorporation of the drug in the internal
lipophilic region. The drug probably remains molecularly
dispersed in the PAA-cholesterol conjugate matrix without
crystallizing. The disappearance of the melting peak of the
drug in the DSC profile can confirm this hypothesis.

The electrospraying process tuned employs n-pentanol,
an organic solvent with boiling point of 137.5◦C in which
the conjugate is soluble. It is important to assess that this
solvent is completely removed otherwise the electrosprayed
nanoparticles might be toxic to cells.

Therefore we tested the blank nanoparticles and the
results showed no cytotoxicity up to a concentration of
20 μM. This behaviour indicates that the conjugate nanopar-
ticles are not toxic as previously reported [13] and that
no n-pentanol remains incorporated in the polymer matrix
but it evaporates during the flight and nanoparticle for-
mation. The data are in agreement with pentanol residues
determined previously by gas chromatography in the stearic
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acid:ethylcellulose particles (4.5 : 0.5 w/w). The pentanol
content was 0.2 milligrams per gram of lipid based particles
[11].

According to previous report [21], we found that MCF7
cells are highly sensitive towards DMSO. Indeed, volumes
equal to or higher than 2 μL (2% v/v) result in a cytotoxic
effect that partially overlaps the one observed in cells
treated with free tamoxifen diluted in DMSO. Therefore, this
“background” cytotoxicity leads to an overestimation of the
free tamoxifen activity, although the CC50 value we measured
is comparable to the ones presented in the literature for free
tamoxifen diluted in DMSO [22]. By contrast, tamoxifen-
loaded PAA-cholesterol nanoparticles showed a clear dose-
dependent cytotoxic activity, completely ascribable to the
drug. Considering that the CC50 value of free tamoxifen
is overestimated, the cytotoxic potency of the tamoxifen
nanoparticle formulation is even more attractive.

5. Conclusion

Solid polymeric nanoparticles with spherical shape and
smooth surface were obtained using a new PAA-cholesterol
conjugate by electrospraying, a cost effective technique.

In this work electrospraying parameters were tuned to
obtain PAA-cholesterol nanoparticles avoiding fiber forma-
tion, particularly varying flow rate and voltage applied to the
nozzle.

The new PAA-cholesterol conjugate is suitable to pro-
duce nanoparticles by electrospraying in the absence of
excipients and in powder form in a single step. The
PAA-cholesterol nanoparticles show small size, spherical
shape, and good drug loading. Tamoxifen-loaded in PAA-
cholesterol nanoparticles showed a slow release over time due
to the incorporation in the conjugate matrix.

The PAA-cholesterol nanoparticles did not show any
toxic effects. The tamoxifen-loaded nanoparticles showed an
enhanced cytotoxicity in comparison to the free drug.
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