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The early diagnosis of cancer, that is, prior to the visibility
of anatomic anomalies, has been universally accepted to be
essential for the success of cancer treatment. However, it
remains challenging to detect tumors at a very early stage. For
instance, traditional medical imaging may require more than
a million cells for accurate clinical diagnosis. By contrast,
an ideal molecular imaging is expected to correctly diagnose
early-stage tumor of approximately 100–1000 cells. On the
other hand, in the clinical cancer therapy process, anticancer
drugs are simply employed to kill cancer cells. Unfortunately,
nontargeted drugs may be rapidly and widely distributed
in healthy organs and tissues. As a result, a high dose of
anticancer drugs is normally needed to obtain favorable
therapy efficacy. Moreover, the patients have to suffer from
severe side effects or even from the drug toxicity far earlier
than the tumor burden. Presently, these clinical difficulties
have largely impeded successful cancer therapy.

Nanomaterials are anticipated to revolutionize the cancer
diagnosis and therapy. Nanoscale particles decorated with
multiple functionalities are able to target and, subsequently,
visualize tumor site via an imaging technology, thereby
allowing for the early detection of cancers. Furthermore,
intelligent nanosystems can be constructed as controlled
delivery vehicles for improved therapy efficacy; that is,
such vehicles are capable of delivering anticancer drugs
to a predetermined site and then releasing them with a
programmed rate. These nanomaterials are composed of
natural or synthetic materials, such as, polymer, carbon
nanotube, quantum dot, superparamagnetic iron oxide, and
their composites. They represent new directions for accurate
diagnosis and effective administration in cancer.

We organize this special issue of Journal of Nanomaterials
to give state-of-the-art findings in nanomaterials for cancer

diagnosis and therapy. In this special issue, three review
articles firstly shed light on some important topics on
the design, preparation, and integration of nanomaterials
aiming at cancer diagnosis and therapy. The following ten
research articles focus on a broad spectrum of nanomaterials
with diagnosis and/or therapy functionalities. Toxicity of
nanomaterials has been also included in some studies. All of
the authors in this special have extensive research experience
in nanomaterials and biomedical sciences. We are indebted
to them for their important contributions and believe that
readers will benefit considerably.

Huisheng Peng
Chao Lin
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The semiconductor nanocrystal quantum dots (QDs) have excellent photo-physical properties, and the QDs-based probes have
achieved encouraging developments in cellular and in vivo molecular imaging. More and more researches showed that QDs-
based technology may become a promising approach in cancer research. In this review, we focus on recent application of QDs
in cancer diagnosis and treatment, including early detection of primary tumor such as ovarian cancer, breast cancer, prostate
cancer and pancreatic cancer, as well as regional lymph nodes and distant metastases. With the development of QDs synthesis and
modification, the effect of QDs on tumor metastasis investigation will become more and more important in the future.

1. Introduction

Cancer is a major public health problem in the world, and
one in four deaths in the United States is due to cancer, with
an estimated 1479350 new cancer cases and 562340 deaths
from cancer expected in 2009 [1]. Although progress has
been made in reducing incidence and mortality rates and
improving survival, cancer still accounts for more deaths
than heart disease in persons younger than 85 years of age
[1]. One major challenge is how to diagnose cancer in early
stage when curative treatment is possible. New technologies
are required to dramatically improve the early detection and
treatment of cancer, and fluorescent molecules can play a big
role in this field [2, 3].

Nanotechnology is an emerging field that may have
potentials to make paradigm changes in the detection,
treatment, and prevention of cancer [4]. The development
of biocompatible nanoparticles for molecular targeted diag-
nosis and treatment is an area of considerable interest. The
basic rationale is that nanoparticles have unique structural
and functional properties different from those of discrete
molecules or bulk materials [5, 6]. One of the most exciting
advances in label technology is the development of quantum

dots (QDs), a heterogeneous class of engineered nanopar-
ticles with unique optical and chemical properties making
them important nanoparticles with numerous potential
applications ranging from medicine to energy [7, 8]. Used
as in vitro and in vivo fluorophores, QDs are intensely
studied in molecular, cellular, and in vivo imaging due
to their novel optical and electronic properties [9–11].
To be different from those reviews focusing on the basic
mechanisms and development of QDs, this review focuses
on recent application of QDs in cancer diagnosis, including
early detection of primary tumor such as ovarian cancer,
breast cancer, prostate cancer, and pancreatic cancer, as well
as regional lymph nodes and distant metastases.

2. QDs Properties

QDs are nanocrystals composed of a semiconductor core
including group II-VI or group III-V elements encased
within a shell comprised of a second semiconductor material.
A typical QD has a diameter ranging from 2 to 10 nm
containing roughly 200 to 10,000 atoms, with size com-
parable to a large protein. In comparison with organic
dyes and fluorescent proteins, QDs have unique optical and
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Figure 1: Properties of QDs. QDs are characterized with broad aborption spectra, size- and composition-tunable, narrow fluorescence
emission, high levels of brightness and photostability. QDs can be used in in vitro and in vivo multicolor imaging and targeted drug delivery.

electronic properties such as size- and composition-tunable
light emission, improved signal brightness, resistance to
photobleaching and simultaneous excitation of multiple
fluorescence colors. In addition, different colors of QDs can
be simultaneously excited with a single light source, with
minimal spectral overlapping, which provides significant
advantages for multiplexed detection of target molecules
[10, 12–15] (Figure 1). However, as QDs are hydrophobic by
nature, it is necessary to solubilize QDs before application
by surface modification with biofunctional molecules [16],
because QDs have large surface areas for the attachment
of such molecules. When conjugated with diagnostic (e.g.,
optical) and therapeutic (e.g., anticancer) agents, QDs can be
used for cancer diagnosis and therapy with high specificity
[17–19]. Significant research efforts have been focused on
cancer early diagnosis with QDs [20]. As early as 2002,
after overcoming the limitation in obtaining biocompatible
nanocrystals, Dubertret [21] showed the potential to revolu-
tionize biological imaging. In case of imaging probes, active
targeting of cancer antigens (molecular imaging) has become
an area of tremendous interest because of the potential
to detect early stage cancers and their metastases [22–24].
Major recent developments in this regard are summarized in
Table 1.

3. QDs-Based Detection of Primary Tumor

3.1. Ovarian Cancer. Ovarian cancer is the second most-
common malignancy of the female genital tract and the
leading cause of death from gynecological malignancies
[33]. Carbohydrate antigen 125 (CA 125) is an epithelial
antigen and a useful tumor marker in the detection and
therapy of ovarian cancer [34–36]. The ability to visualize
native processes occurring in living organisms is invaluable
for clinical diagnostic applications, yet it remains elusive
in practice due to conventional imaging limitations and
the availability of suitable fluorescence markers. Because of

their unique photophysical properties, QDs are promising
fluorophores for in vivo fluorescence imaging and can over-
come many shortcomings of conventional dyes. Wang et al.
[37] used QDs with maximum emission wavelength 605 nm
(QD605) to detect CA125 in ovarian cancer specimens of
different types (fixed cells, tissue sections, and xenograft
tumor) with high specificity and sensitivity. Comparison
between QDs and fluorescein isothiocyanate (FITC) showed
that QDs labeling signals were brighter, more specific and
stable than those of FITC. In another study, Nathwani
[38] synthesized biocompatible QDs coated with a natural
protein silk fibroin (SF) and used such QDs conjugates
as a fluorescent label for successful bioimaging HEYA8
ovarian cancer cells. The properties of QDs have opened new
possibilities for advanced molecular and cellular imaging as
well as for ultrasensitive bioassays and diagnostics of ovarian
cancer.

3.2. Breast Cancer. Wu et al. [39] explored a new technology
to label HER2 (human epidermal growth factor receptor 2,
HER2) on breast cancer cell membrane, which is known as
c-erbB-2 or HER2/neu and overexpressed in approximately
25–30% invasive breast cancer [40, 41] and plays an impor-
tant role in breast cancer prognosis and treatment selection
[42–45]. After that, several studies on the detection of HER2
for breast cancer diagnosis with QDs have completed [46,
47]. Yezhelyev et al. [25] reported the use of multicolor
QDs for quantitative and simultaneous profiling of multiple
biomarkers using intact breast cancer cells and clinical
specimens and the comparison between the new QDs-
based molecular profiling technology with standard western
blotting and fluorescence in situ hybridization (FISH).
The multicolor bioconjugates were used for simultaneous
detection of the five clinically significant tumor markers,
including HER2 (QD-HER2), ER (QD-ER), PR (QD-PR),
EGFR (QD-EGFR), and mTOR (QD-mTOR), in breast
cancer cells MCF-7 and BT474. A quantitative correlation
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Table 1: Application of QDs in molecular, cell, tissue, animal model cancer imaging (since 2007).

Authors QDs used Major findings Advantages Problems

Molecular imaging

Yezhelyev et al.
[25], 2007

QD-HER2 (525 nm),
QD-ER (565 nm),
QD-PR (605 nm),

QD-EGFR (655 nm),
QD-mTOR (705 nm)

QDs can be used for multiplexed and
quantitative detection of tumor biomarkers.

High sensitivity;
Increased resolution;
Decreased
autofluorescence.

Better conjugation
chemistry for
well-controlled
bio-ligand are needed;

Mulder et al. [26],
2009

RGD-conjugated QDs

QDs readily reveal the angiogenic tumor
vasculature, with the highest angiogenic
activity occurring in the periphery of the
tumor.

The number of
bio-ligands per
nanoparticle needs to
be characterized

Cancer cell imaging

Tada et al. [27],
2007

Trastuzumab-QDs
(800 nm)

Single breast cancer cell can be observed
with QDs.

High brightness;
Resistance to
photobleachings;

The methods current
used for delivery into
cells are not highly
efficient.

Shah et al. [28],
2007

Bio-conjugated QDs
Stem cells can be effectively labeled by QDs
during both proliferation and multilineage
differentiation for long term.

InP/ZnS QDs are
nontoxic.

It is difficult to
prepare InP/ZnS QDs
because of the
sensitivity of

Yong et al. [29],
2009

Bio-conjugated
InP/ZnS QDs

InP/ZnS QDs can be used as
non-cadmium-based safe and efficient
optical imaging nanoprobes.

precursors and
surfactants toward the
reaction environment
in obtaining good InP
QDs

Cancer tissue imaging

Chen et al. [30],
2009

HER2-QDs
The expression of Her2 of human breast
cancer tissue was detected.

Highly efficient,
nontoxic, quantitative,
sensitive, convenient.

Data from clinical
trials about QDs
comparing with
“Gold standard” is
required.

Animal model imaging

Smith et al. [31],
2008

RGD-QDs

For the first time, authors have
demonstrated the ability to directly follow
the specific binding of nanoparticles to
biomolecules expressed on tumor
neovascular endothelium in mouse model.

Portends the promise of
studying nanoscale
structures interacting
with microscale entities
in living subjects at the
cellular-to-subcellular
level.

The kinetic and
toxicity of QDs in
animal model are still
controversial limiting
the clinical use of
QDs.

Parungo et al.
[32], 2007

NIR QDs (840 nm)

The purpose was to determin whether the
peritoneal space has a predictable lymph
node drainage pattern. Bowel lymphatics are
a key determinant of peritoneal lymph flow,
because bowel resection shifts lymph flow
directly to the intrathoracic lymph nodes via
chest wall lymphatics.

QDs can be excellently
visualized in vivo using
IVM.

QDs: quantum dots; Her2: human epidermal growth factor receptor 2; ER: estrogen receptor, PR: progestogen receptor; EGFR: epithelial growth factor
receptor; mTOR: mammalian target of rapamycin; RGD: argine-glycine-aspartic aci; NIR: near infrared; IVM: in vivo metric systems.

between the HER2 gene amplification and HER2 protein
expression was detected using QD-Abs profiling. This study
suggests the possibility of using conjugated QDs to detect low
levels of HER2 protein expression, but the clinical relevance
of that finding deserves further investigation. To overcome
the limitation in the clinical application of those studies
aforementioned, we recently used QDs conjugated with
antibody for assessment of HER2 status in breast cancer [30].

In our study, 700 patients with invasive breast cancer were
enrolled, including 3 males and 697 females. The expression
of HER2 in breast cancer was detected in an automated,
quantitative, sensitive, and convenient way using our QDs-
immunohistochemistry (QDs-IHC) analysis system. Com-
pared with conventional IHC, the QDs-based approach is
more sensitive, accurate, and economic, especially for cases
of IHC (2+), which indicates that this new method may have
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potentials for clinical application, especially in developing
countries (Figure 2).

3.3. Prostate Cancer. Adenocarcinoma of the prostate is
the most common cancer for males in the West, with
approximately 192,280 new cases and 27,360 deaths form
this disease in 2009 in USA alone [1]. Early diagnosis of
prostate cancer is based on the prostate-specific antigen
(PSA), and the introduction of PSA-based screening has
revolutionized prostate cancer detection and ushered in the
PSA era in which prostate cancer was detected at an earlier
stage and in greater numbers than ever before [48, 49]. PSA
is also an important prognostic marker of prostate cancer
[50]. Fluorescent probe conjugated with PSA provides a
specific and sensitive tool for early prostate cancer imaging
in vivo. With QDs probes conjugated to a PSMA monoclonal
antibody (Ab), another marker for prostate cancer diagnosis
and therapy, Gao et al. [51] have achieved sensitive and
multicolor fluorescence imaging of cancer cells under in
vivo conditions. Shi [52] showed the superior quality of
QDs, in comparison to IHC, for the detection of androgen
receptor (AR) and PSA in prostate cancer cells. Both of
those two studies, showing the potential ability of QDs as a
diagnosis technology, are good examples to demonstrate why
QDs are promising nanoparticles for diagnostic applications
[53]. In another study, Gao et al. [54] demonstrated the
potential of QDs as a new diagnosis technology for metastasis
prostate cancer. Usually, antibodies conjugated to QDs are
full-length antibody, which leads to dramatically reduced
binding activities. Recently a study demonstrated that the use
of single-chain antibody fragments (scFvs) conjugated with
QDs appears to have a number of advantages, in terms of
solubility, activity, ease of preparation and ease of structure-
based genetic engineering, which were approved by detecting
prostate cancer cells [55]. Barua Rege [56] also developed a
new method to identify prostate cancer cells with different
phenotype by unconjugated QDs whose trafficking is cancer-
cell-phenotype-dependent.

3.4. Pancreatic Cancer. The mean survival of pancreatic
cancer is around 6 months, and less than 5% of all patients
diagnosed with pancreatic cancer survive beyond 5 years
[57, 58]. This dismal scenario is primarily due to the fact
that most patients are diagnosed at advanced stage, due to the
lack of specific symptoms and limitations in diagnostics [59].
QDs can target the purpose of early diagnosis of pancreatic
cancer [60], even at an early stage of development, with
the help of proteins/peptides directed against overexpressed
surface receptors on the cancer cells/tissues such as the
transferring receptor, the antigen claudin-4 and urokinase
plasminogen activator receptor (uPAR) [61].

Qian [62] used CdSe/CdS/ZnS QDs with improved
photoluminescence efficiency and stability as optical agent
for imaging pancreatic cancer cells using transferring and
anti-Claudin-4. Pancreatic cancer specific uptake is also
demonstrated using the monoclonal antibody anti-Claudin-
4. This targeted QDs platform will be further modified to
develop early detection imaging tool for pancreatic cancer.

Yong et al. [29] used non-cadmium-based QDs as
highly efficient and nontoxic optical probes for imaging
live pancreatic cancer cells. Further bioconjugation with
pancreatic cancer specific monoclonal antibodies, such as
anticlaudin 4, to the functionalized InP/ZnS QDs, allowed
specific in vitro targeting of pancreatic cancer cell lines.
The receptor-mediated delivery of the bioconjugates was
further confirmed by the observation of poor in vitro tar-
geting in nonpancreatic cancer cell lines without claudin-4-
receptor. These observations suggest the immense potential
of InP/ZnS QDs as non-cadmium-based safe and efficient
optical imaging nanoprobes in diagnostic imaging.

4. QDs-Based Detection of Cancer Metastasis

Metastasis is a complex, multistep process by which pri-
mary tumor cells invade adjacent tissue, enter the systemic
circulation (intravasate), translocate through the vascu-
lature, arrest in distant capillaries, extravasate into the
surrounding tissue parenchyma, and finally proliferate from
microscopic growths (micrometastases) into macroscopic
secondary tumors [63]. Over the past 30 years, the study of
cancer metastasis has grown exponentially, and a thorough
historical review of the field by the late Leonard Weiss
has been published [64], but the process of metastasis is
still invisible. The vast majority of patients present with
locally advanced or distant metastatic disease, rendering their
malignancy surgically inoperable [65]. As the origins of
the invasive and metastatic phenotypes of carcinoma cells
have been the subjects of intense investigation [66], a new
model for visualizing the metastasis is needed. QDs-based
technology shows advantages in detecting metastasis [67].

4.1. Blood-Born Metastasis to the Lungs. Most of the studies
published in literature are focused on breast cancer and
prostate cancer, and there is almost no report on the
molecular imaging of hepatocellular carcinoma (HCC),
especially HCC lung metastasis. HCC is the sixth most
common cancer worldwide in terms of numbers of cases
(626,000 or 5.7% of new cancer cases), but the number of
deaths is almost the same (598,000) due to the very poor
prognosis [68]. Disease that is diagnosed at an advanced
stage or with progression after locoregional therapy has a
dismal prognosis, owing to the underlying liver disease,
lack of effective treatment options and metastasis at early
stage [69, 70]. It is documented that 82% of cases (and
deaths) are in developing countries (55% in china alone)
[57], but the incidence is also increasing in developed
regions including Japan, West Europe, and the United
States [71]. Alpha-fetoprotein (AFP) is an important tumor
marker for HCC [72–74]. In our prior study, we used
CdSe/ZnS QDs with emission wavelength of 590 nm (QDs
590) linked to AFP monoclonal antibody (Ab) as a probe for
fluorescence spectral analysis of HCC [75, 76]. In another
study [77], we tested the biocompatibility, hemodynamics,
tissues distribution of the QDs-AFP-Ab probes, and studied
the imaging of HCC and its metastasis in vitro and in vivo.
Our results indicate that such QDs-based probes have good
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Figure 2: Accurate HER2 testing by QDs-IHC. (a) Specimens with difference HER2 IHC cores detected by QDs-IHC. (b) Control for (a) by
conventional IHC (c) and (d) FISH positive (c) and negative (d). Scale bar, 100 μm for (a) and (b), 20 μm for (c) and (d). (Work from [30].)

stability, specificity and biocompatibility for ultrasensitive
fluorescence imaging of molecular targets in our liver cancer
model system (Figure 3).

4.2. Lymph Node Metastasis. Lymph metastasis is a major
route of cancer progression. The state of lymph node
draining from the tumor is essential for the diagnosis and
therapy of cancer and has major prognostic implications
[78, 79]. Sentinel lymph node (SLN) is much more likely
to contain metastatic tumor cells than other lymph nodes
in the same region. Among the various methods for SLN
diagnosis, QDs have received increasing attention as lymph
node delivery agents [80], and Kim [81] was the first to detect
animal model SLN as deep as 1 cm subcutaneously. Near-
infrared QDs are characterized by good tissue penetration
and lower background, which are suitable for lymph node
metastasis diagnosis [82, 83]. Ballou et al. [84] demonstrated
that the QDs injected into two model tumors rapidly
migrate to sentinel lymph nodes. Passage from the tumor
through lymphatics to adjacent nodes could be visualized
dynamically through the skin, and at least two nodes could
be defined. Imaging during necropsy confirmed confinement
of the QDs to the lymphatic system and demonstrated easy
tagging of sentinel lymph nodes for pathology. In addition,
examination of the sentinel nodes showed that at least some
contained metastatic tumor foci.

The axillary nodal status is the most powerful prognostic
factor for early stage breast cancer [85, 86]. Breast cancer
patients routinely undergo surgical staging of the axilla

because other primary tumor features are inadequate in
predicting the presence versus absence of nodal positivity
[87, 88]. Besides identifying the SLN of breast cancer [89],
the state of lymph node draining from esophageal cancer
was diagnosed successfully with near-infrared QDs, too
[90]. Kobayashi [91] visualized migration of QD-labeled
melanoma cells within draining lymphatics. This technique
could enable better understanding of lymph node metastasis.

5. Metabolism and Toxicity

QDs are promising novel nanoparticles for in vivo biomed-
ical application. To assess their usefulness, it is important to
characterize their behavior in vivo, rather than rely on ex vivo
measurements and theoretical considerations alone [92].
One obstacle to the in vivo study of QDs is the nonspecific
uptake by reticuloendothelial system (RES) including the
liver, spleen and lymph system. Particle size, surface coating
and PEG-gylation influence the biodistribution of QDs.
Nonspecific uptake can be decreased significantly by mod-
ifying the surface of QDs with appropriate coat/polymer,
which results to prolonged plasma half-self [93–95]. In
another way, Jayagopal and his colleagues [96] increased
the in vivo circulation time and targeting efficiency by
synthesizing QDs incorporating PEG crosslinkers and Fc-
shielding mAb fragments. Comparison of the timecourse of
fluorescence from Fc-shielded and non-Fc-shielded biocon-
jugates indicated nonspecific uptake and increased clearance
of the non-Fc-shielded QD-mAb. This combination of QD
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Figure 3: In vivo targeting and imaging of lung metastasis model with QD-AFP-Ab probes. (a) and (b) As compared with the control group
(a), the whole body imaging showed that the QD fluorescence was localized in the lung metastases of the model (b). (c, d) As compared with
the control group (c), the lung-imaging also showed that there was bright fluorescence in the lung metastases (d). (e) Microphotography of
tumor metastasis to lungs, replacing the normal lung tissue with massive tumor cells obviously (HE stain, 200). (f) The confocal microscopic
imaging of tumor metastasis to lungs, which showed the specific binding of QD-AFP-Ab probes to tumor cells. Scale bar: 20 mm. (g) and
(h) The spectra analysis of the test group (g) and the control group (h) showed that the fluorescence spectra of metastases in the test group
were the same with those of QD-AFP-Ab probes, but there was no characteristic 590 nm peak of the QD at those in the control group. (Work
from [77].)

surface design elements offers a promising new in vivo
approach to specifically label vascular cell and biomolecules
of interest. The in vivo distribution and metabolism of QDs
have been studied in some researches, which showed that
QDs were generally localized in liver, kidney, spleen, and
lung [97–101]. However, there was no universal conclusion
about the pathway of QDs clearance and its influence
factors. Chen et al. [102] demonstrated that the metabolic
pathway of QDs were closely correlated to their aggregation
states, and three metabolic pathways were disclosed after
intravenous injection: (1) the QDs that maintained their
original nanosize without binding in vivo can be rapidly
excreted via the kidney; (2) some QDs binding to proteins

were translocated to the liver and excreted with feces; (3)
an even smaller fraction of the QDs aggregated to larger
particles and were retained in liver tissue for long time.

The most obvious challenge to QDs clinical use is the
toxicity as most QDs contained heavy metal such as Cd2+.
Release of Cd2+ from QDs will result to heavy metal toxicity,
which limited the use of QDs. But it is still a controversy. Cho
et al. [103] assessed the intracellular Cd2+ concentration in
human breast cancer MCF-7 cells treated with cadmium tel-
luride (CdTe) and core/shell cadmium selenide/zinc sulfide
(CdSe/ZnS) nanoparticles capped with mercaptopropuonic
acid (MPA), cysteamine (Cys), or N-acetylcysteine (NAC)
conjugated to cysteamine. In cells incubated with CdTe QDs,
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the Cd2+ concentration determined by a Cd2+ specific
cellular assay ranged from 30 to 150 nm, depending on
the capping molecule. A cell viability assay revealed that
CdSe/ZnS QDs were nontoxic, where the CdTe QDs were
cytotoxic. However, for the various CdTe QDs samples, there
was no dose-dependent correlation between cell viability
and intracellular [Cd2+], implying that their cytotoxicity
cannot be attributed solely to the toxic effect of free Cd2+.
CdTe QDs capped with small organic ligands are cytotoxic,
core shell CdSe/ZnS QDs present little damaging effects to
cells. Those findings conform to with the consensus that
the toxicity of QDs is not only Cd-dependent, but affected
by many other factors including the size, surface charge,
concentration, coat, oxidation, photo-degradation of QDs
[104–107]. When injected into Xenopus embryos, the QDs
were stable, and embryos displayed an unaltered phenotype
and their health was similar to that of uninjected embryos
(2 × 109 QDs/cell). At higher injection concentration (5 ×
109 QDs/cell), abnormalities became apparent which may
result from changes in the osmotic equilibrium of the
cell [21]. Lovric et al. [108] founded out that the size
of QDs contributes to their subcellular distribution and
pretreatment of cells with the antioxidant N-acetylcysteine
and with bovine serum albumin, but not Trolox, significantly
reduced the QD-induced cell death. QDs induce cell death
via mechanisms involving both Cd2+ and reactive oxygen
species (ROS) accompanied by lysosomal enlargement and
intracellular redistribution [109]. Other mechanisms of cell
death induced by QDs have been revealed. In a study focused
on the cellular calcium homeostasis dysregulation caused
by QDs [110], it was found that unmodified QDs can
induce neuron death dose dependently, via two possible
mechanisms: (a) elevated cytoplasmic calcium levels for an
extended period by QDs treatment, due to both extracellular
calcium influx and internal calcium release from endoplas-
mic reticulum; and (b) QDs treatment enhanced activation
and inactivation of I-Na, prolonged the time course of
activation, slowed I-Na recovery, and reduced the fraction of
available voltage-gated sodium channel (VGSC). Therefore,
although QDs provide potential invaluable benefit, there are
still biosafety considerations for in vivo imaging clinically.

6. Future Perspectives

It is clear that as biocompatible QDs are developed they
will make powerful basic probes and research tools, and the
delivery of QDs/QD biocomjugates is strongly affected by
the nature of both the QDs conjugates and the cell types
utilized [111]. A lot of techniques about QDs have been
improved with the development of new QDs, major issues
need to be resolved in the near future. (1) As surface and
function modification endue QDs more advantages, QDs
become too large for medical imaging with the diameter up
to 100 nm; (2) For the stereospecific blockade effect, it is
not clear how many functional molecules can conjugate to
one QD, which hold back the quantification in molecular
detection. (3) FRET is based on individual QDs for QDs
deep in aggregation cannot be acting as energy donor, how
to avoid the aggregation of QDs in vivo is an important

practical issue; (4) More studies on the toxicity of QDs are
needed [53, 112–115]. (5) For the ethics reason, there is
no clinical trail of QDs with large samples. Though it is
revealed that QDs are stable in animal [98, 102, 116], more
research about kinetics and toxicity of QDs in human are
needed before extensive application for clinical diagnosis and
therapy [103].

Since the first report about the application of QDs
in biology in 1998, there has been no doubt about the
advantages of QDs for long fluorescence time and photo-
stability [117]. QDs offer a powerful new tool for illuminat-
ing the complex labyrinth of signal transduction pathways
and uncovering the intricacies of biomolecular interaction
within cells. Remarkably, QDs-base intracellular probes
have advantages concurrently with superresolution optical
imaging techniques, a combination of the two techniques
promises to reveal the mysteries of cellular biology in
unprecedented detail [17, 118, 119]. As much technologies
based on QDs such as FISH, FRET, and BRET will provide an
opportunity for optimizing the treatment of cancer. Cancer
therapy will be influenced by QDs significantly. The National
Institutes Health (NIH) and the National Nanotechnology
Initiative (NNI) are investing into nanomedicine in general
and resolving QD toxicity issues for medical applications in
particular [120–122]. The NIH expects that over half of the
biomedical advances by 2010 will be in the nanotechnology
sector, and by that time, the projected market growth for
molecular imaging is $45 billion [121]. The most promising
applications of QDs in cancer are tumor detection, tis-
sue imaging, intracellular imaging, immunohistochemistry,
multiplexed diagnostics, and fluoroimmunoassays. All in all,
the potential of QDs is immense and would shed a new light
on various medical applications.

In summary, the use of QDs in cancer investigations has
increased dramatically due to their unique size-dependent
optical properties. Bioconjugated near-infrared QDs probes
are highly sensitive molecular imaging tools for in vivo
study. Further development of QDs might enable their
application in detecting and localizing metastasis, quantita-
tive measurement of molecular targets to facilitate targeted
therapy, tracking drug delivery, and monitoring the efficacy
of therapeutics noninvasively in real time.
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The use of near infrared (NIR) light for biomedical photonics in the wavelength region between 800 and 2000 nm, which is
called “biological window”, has received particular attention since water and biological tissues have minimal optical loss due to
scattering and absorption as well as autofluorescence in this region. Recent development of InGaAs CCD enables observations in
this wavelength region. In the present paper, we report development of Yb and Er-doped yttrium oxide nanoparticles (Y2O3:YbEr-
NP) which show strong NIR emission under NIR excitation (NIR-NIR emission). We also demonstrate that NIR emission can be
observed through swine colon wall. Based on these results, we propose a possible application of Y2O3:YbEr-NP for cancer diagnosis
and therapy using NIR-NIR imaging system. Our results also suggest potential applications of Y2O3:YbEr-NP for noninvasive
detection of various diseases.

1. Introduction

Bioimaging technique has received particular attention as an
essential tool in the field of biomedical research through the
observation of biological phenomena both in vivo and in
vitro. The use of near infrared (NIR) light in the wavelength
region between 800 and 2000 nm for biomedical photonics
attracts great interest because this region is a so-called
“biological window”, where water and biological tissues have
minimal absorbance and autofluorescence. As shown in the
loss spectrum of human skin [1] (see Figure 1 of Supplemen-
tary Material available online at doi:10.1155/2010/491471.),
one can expect the lowest loss of the spectrum within the
above region.

Recently, upconverting (UC) phosphors (UCPs) have
been used for bioimaging (Figure 1) [2–8]. UCPs are ceramic
materials containing rare earth ions. The materials can
absorb IR radiation and upconvert it to emit visible light
by stepwise excitation among discrete energy levels of the
rare earth ions (NIR-VIS imaging) [9]. For example, yttrium
oxide (Y2O3) matrix containing several atomic % of erbium
(Er) exhibits upconversion emission at 550 nm (green) and
660 nm (red) following excitation at 980 nm. The advantage
of NIR-VIS bioimaging is that NIR light can penetrate deeper
into tissues due its lower scattering.

The wavelength for biomedical photonics has been lim-
ited due to the use of the silicon-based CCD. The observation
wavelength is limited to at most 1100 nm due to the band
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gap of silicon. In recent years, however, the InGaAs CCD
which can cover wavelength between 800 and 2200 nm has
become available. Considering various advantages of the NIR
window, the time is ideal for the development of phosphors
to emit fluorescence in this region.

Rare-earth doped ceramics can be a good candidate,
since these are known to emit efficient fluorescence in the
NIR wavelength region by NIR excitation. For example,
the most representative solid state laser material Nd : YAG
(Nd-doped yttrium aluminum garnet) can emit light with
a wavelength of 1064-nm with 800-nm excitation [10]. Er-
doped silicate glass fibers are used to amplify the signal
of long-distance fiber optical communication by emitting
1550-nm fluorescence with 980-nm excitation [11]. The
authors have previously reported that Er-doped yttrium
oxide nanoparticles (Y2O3:Er-NP) showed NIR fluorescence
(1550 nm) with NIR excitation [12]. The advantage of this
NIR-NIR imaging is that both excitation and emission light
can penetrate deep into/from tissues, which enables imaging
of the target inside the tissues (Figure 1).

In this study, we report a development of Yb and Er-
doped yttrium oxide nanoparticles (Y2O3:YbEr-NP), which
possess higher NIR emission than Y2O3:Er-NP. Yb3+ was
added as a so-called “sensitizer” to increase the NIR emis-
sion. Since Yb3+ has much larger absorption efficiency and
the excitation energy can be efficiently transferred to Er3+

in case of upconversion phosphors [9], we added the Yb3+

codopant as a sensitizer expecting the same effect for the
1550 nm NIR emission of Er3+. We also demonstrated for the
first time that NIR emission could be observed even through
the swine colon wall. Based on this observation, we propose
possible new NIR-NIR biophotonics applications for cancer
diagnosis and therapy using Y2O3:YbEr-NP, especially for
resection surgery of colon cancer.

2. Material and Methods

2.1. Materials. Y(NO3)3·6H2O (99.99% purity) and Urea
(99.0% purity) were purchased from Kanto Chemicals
(Tokyo, Japan). Er(NO3)3·5H2O (>99% purity), Yb(NO3)3·
5H2O (99.9% purity) and Na2CO3 (99% purity) were ob-
tained from Kojundo Chemical Laboratory (Saitama, Japan).

2.2. Preparation of NIR Biophotonic Nanoparticles. Y2O3:
YbEr-NP were prepared by the homogeneous precipitation
method as used for preparation of upconversion nanoparti-
cles [13]. Twenty mmol/L Y(NO3)3, 0.2 mmol/L Yb(NO3)3,
and 0.2 mmol/L Er(NO3)3 were dissolved in 200 mL purified
water, mixed with 100 mL of 4 mol/L Urea solution, and
stirred for 1 hour at 100◦C. The obtained precipitates were
separated by centrifugation, and dried at 80◦C for 12 hours.
The hydroxide or hydroxyl carbonated precursors were
calcinated at 1200◦C for 60 minutes in an electric furnace to
convert them into anhydrous crystalline Y2O3 nanoparticles
doped with Yb and Er.

2.3. Characterization of NIR Biophotonic Nanoparticles. The
prepared Y2O3:YbEr-NP were provided for characterization

VIS-VIS

Excitation Emission

Skin

NIR-VIS
(upconversion) NIR-NIR

Imaging target

Figure 1: Advantage of NIR-NIR imaging system. Near infrared
(NIR) emission by NIR excitation is observed using a NIR-NIR
system. Due to weaker scattering and absorption, NIR light can
penetrate deeper into/from tissues. In contrast, excitation light in
the visible (VIS) region cannot reach the imaging target in tissues
in the conventional VIS-VIS imaging. In upconversion (NIR-VIS)
imaging, although NIR excitation light can reach its target in tissues,
only a weak VIS emission can be obtained.

using FE-SEM (S-4200, Hitachi Ltd., Tokyo, Japan) and XRD
(XRD-6100, Shimadzu, Kyoto, Japan) with CuKα radiation.

Optical absorption spectra were observed using a spec-
trometer (U-4000, Hitachi Ltd., Tokyo, Japan) equipped
with an integrating sphere. The loss spectrum of the swine
colon was also observed using the same equipment and
sandwiching a slice of the colon (thickness: 250–330 μm)
between two glass slides. The loss spectra were measured in a
normal mode without using the integrating sphere.

Fluorescence spectra of Y2O3:YbEr-NP and Y2O3:Er-NP
were recorded using a spectrometer (AvaSpec-NIR256-1.7,
Avantes, Eerbeek, Netherlands) under an excitation of 980-
nm and a laser diode (LD, SLI-CW-9MM-C1-980-1M-PD,
Semiconductor Laser International Corp., USA).

2.4. NIR Imaging System. NIR-NIR imaging was carried
out using the NIR imaging system, consisting of a fiber
pigtail laser diode at 980 nm with 2 W power (LU0975T050,
Lumics, Berlin, Germany), a laser scanner (VM500+, GSI
Group, Massachusetts, USA) for planer irradiation of the
excitation light, and InGaAs CCD camera (NIR-300PGE,
VDS Vosskühler, Osnabrück, Germany) for detection of the
NIR fluorescence between 1100 and 1600 nm.

2.5. NIR Imaging Inside Swine Colon. In order to demon-
strate that NIR light under NIR excitation can be observed
through the colon wall, a tablet of Y2O3:YbEr-NP with a
diameter of 3 mm and a length of 6 mm was formed by
mixing Y2O3:YbEr-NP with a conventional dental compos-
ite resin (Fuji I, GC, Tokyo, Japan). An endoscopic clip
[14] (Olympus, Tokyo, Japan) painted with Y2O3:YbEr-NP-
containing paint (NIR clip) was also prepared in order to
demonstrate that NIR light from the clip can also be observed
through colon wall. After fixing the NIR clip in the mucosal
side (inside) of a piece of the tubular swine colon, we
observed the colon using the NIR-NIR imaging system. It is
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Figure 2: Characterization of NIR biophotonic nanoparticles (a) FE-SEM images of Y2O3:YbEr-NP synthesized by homogeneous precipita-
tion and calcination at 1200◦C for 60 minutes. The particle size was approximately 130 ± 25 nm. The scale bar represents 200 nm. (b) XRD
patterns of Y2O3:YbEr-NP.
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Figure 3: (a) Absorption spectrum of Y2O3:YbEr-NP. (b) Energy level diagram of Y2O3:YbEr-NP. (c) Fluorescence spectra of Y2O3:YbEr-NP
(solid line) and Y2O3:Er-NP (dot line). The fluorescence was measured under an excitation wavelength of 980 nm.
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Figure 4: Loss spectrum of a sliced sample of swine colon (solid
line). The absorption peak at 1420 nm corresponds to the second
harmonic of the infrared absorption of water and depends on the
water content. The water absorption spectrum is inserted with
a dashed line. The emission spectrum of Y2O3:YbEr-NP is also
incorporated with a chain line.

expected that the painted portion of these endoscopic clips
will be observed through the colon wall from the serosal side
(outside) of the colon.

3. Results and Discussion

3.1. Characterization of NIR Biophotonic Nanoparticles.
Figure 2(a) shows FE-SEM images of Y2O3:YbEr-NP syn-
thesized by homogeneous precipitation and calcination at
1200◦C for 60 minutes. The particle size was approximately
130 ± 25 nm. Figure 2(b) shows the XRD pattern of
Y2O3:YbEr-NP. The sample was confirmed to be single-phase
Y2O3 since all of the peaks were identified as those of cubic
Y2O3 (JCPDS 41-1105).

3.2. Absorption and Fluorescence Spectra. Absorption and
fluorescence spectra of Y2O3:YbEr-NP are shown in Figure 3.
Yb3+ was added as a so-called “sensitizer” for increasing
the absorption efficiency of the excitation light at 980 nm
in this study. In the absorption spectrum (Figure 3(a)), a
strong absorption band of Yb3+ was observed. The absorbed
excitation light at 980 nm was mainly absorbed by Yb3+

and the excitation energy transfers to Er3+ to emit the
NIR fluorescence at 1550 nm, as shown in Figure 3(b). The
absorption and florescence schemes are well known in the
field of optical communication and the phenomenon has
been well understood [10, 11]. Figure 3(c) shows that the
NIR emission of Y2O3:YbEr-NP is much higher than that of
Y2O3:Er-NP, indicating that codoping of Yb3+ is also effective
to enhance NIR emission.

Figure 4 shows the loss spectrum of the slice of swine
colon. The spectrum was obtained by deducting the spec-
trum due to a thickness of 250 μm from that of 330 μm to
yield the net loss due to a swine colon thickness of 110 μm.
The spectrum is divided by the corresponding thickness to
make it a coefficient spectrum. A water absorption spectrum
as well as the emission spectrum of Y2O3:YbEr-NP, were
also coplotted. There are absorption band peaks at 1420 nm,
which are due to the second harmonic absorption of the O-
H stretching vibration in water molecules. In the spectrum,
the fluorescence spectrum is super imposed. Although the
fluorescence and the absorption bands overlap, the tail of
the fluorescence is still out of the absorption band and one
can expect observation of the fluorescence through the colon
wall. It appeared better to select phosphors which could emit
fluorescence avoiding the water absorption at 1420 nm. The
development of the phosphors that can emit NIR light at
different wavelength by doping different rare-earth ions such
as Nd, Pr or Tm is now in progress.

3.3. NIR Imaging. Figure 5(a) shows images of the
Y2O3:YbEr-NP tablet set in a tubular swine colon. The
tablet emission could be clearly observed even through the
colon wall. This result indicates that the NIR excitation light
and the NIR emission from Y2O3:YbEr-NP is strong enough
to penetrate the colon wall.

In an effort to show the applicability of Y2O3:YbEr-NP
in cancer therapy, NIR imaging of Y2O3:YbEr-NP-coated
medical clips and Y2O3:YbEr-NP solution injected from the
mucosal side (inside) of the colon were carried out. The
clips used in this experiment are commercially available for
endoscopic therapy and can be easily employed to mark
the part of cancer using a conventional endoscopy system.
The coating was applied onto the plastic part of the clip.
Figure 5(b) shows the NIR imaging Y2O3:YbEr-NP-coated
clips and those set inside of the swine colon under NIR
excitation. Although the coating was as thin as several tens
of μm, the NIR fluorescence was clearly observed and was
comparable to the case of the tablets.

NIR imaging of Y2O3:YbEr-NP solution injected inside
the colon was also carried out. As shown in Figure 5(c),
NIR emission from Y2O3:YbEr-NP injected in the other side
of the colon wall was clearly observed. This result suggests
that Y2O3:YbEr-NP can be used as a substitution for tattoo
(black ink) solution which is usually used in cancer therapy
as described below. Since tattoo solution is usually injected
at both ends of tumor region before laparoscopic surgery,
Y2O3:YbEr-NP solution was also injected at two points.

3.4. Possible Applications of NIR Photonic Nanomaterials for
Cancer Diagnosis and Therapy. The spectroscopic properties
of swine colon and the development and demonstrative
work using Y2O3:YbEr-NP suggest a great potential of
NIR-NIR photonic nanomaterials for cancer therapy. For
example, this technology can be applied to the intraoperative
recognition of the tumor site in laparoscopic surgery for
the gastrointestinal cancer (Figures 6(a) and 6(b)). Tattooing
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Figure 5: NIR imaging (a) Y2O3:YbEr-NP tablet set in the tubular sample of swine colon. Hybrid image of bright-field and NIR fluorescence
is shown. (b) Bright-filed (1, 2) and NIR fluorescence (3, 4) images of Y2O3:YbEr-NP-coated clips (1, 3) and those set inside the swine colon
(2, 4). Observations of (2) and (4) are from outside of the colon. Hybrid image of the Y2O3:YbEr-NP-coated clips set in the swine colon (5)
are shown. Arrows in (2), (4), and (5) show the position of the clip inside swine colon. (c) Y2O3:YbEr-NP solution (10 mg/mL) injected from
the reverse side of the swine colon. Bright-field (1), NIR fluorescence (2) and hybrid (3) images are shown. Observations are from outside
of the colon. Arrows show the injection position of Y2O3:YbEr-NP solution inside swine colon.
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Figure 6: Possible application of NIR photonic nanomaterials for cancer therapy. (a) Usage of Y2O3:YbEr-NP-coated clips (NIR clips) for
colorectal cancer surgery. (1) After endoscopic detection of colorectal cancer, NIR clips are fixed to mark cancer sites using endoscopy. (2)
Cancer surgery using NIR-NIR imaging system. Using this new imaging system, we will be able to determine the proper resection margins
(normally 10 cm from the cancer site) for curative resection during surgery. (b) Advantage of proposed NIR clip procedure against current
procedure (tattooing). NIR clips enable better recognition of cancer sites, which leads to minimum colon resection.

into the submucosal layer of the colon is generally per-
formed in laparoscopic surgery, which sometimes leads to
difficulty in recognition of cancer site due to faint tattoo
and diffused tattoo, which causes spread resection of the
colon (Figure 6(b)) [15]. Figure 6(a) shows our proposed
procedure using NIR clips. After endoscopic detection of
colorectal cancer, NIR clips are fixed to mark cancer site using
endoscopy. Cancer site can be recognized through the serosa
of the intestinal wall by NIR fluorescence from the NIR clips

fixed inside the colon during cancer surgery using NIR-NIR
imaging system. Using this new imaging system, we will be
able to determine the proper resection margins (normally
10 cm from the cancer site) for curative resection during
surgery, which is much more advantageous compared with
the current procedure using tattoo (Figure 6(b)).

Y2O3:YbEr-NP can also be used for caner diagnostics.
Previously we have demonstrated tumor cell-targeted upcon-
version imaging using Y2O3:Er-NP modified with cyclic
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arginine-glycine-aspartic acid (RGD) peptide as a specific
probe for tumor cell detection [7]. The RGD peptide strongly
binds to integrin αvβ3, whose expression is significantly
upregulated in invasive tumor cells of certain cancer types
(glioblastoma, melanoma, breast, ovarian, and prostate
cancers, and in almost all tumor vasculature), but not in
quiescent endothelium and normal tissues [16, 17]. Thus,
modification of Y2O3:YbEr-NP with cyclic RGD peptide
will also be useful for the development of a tumor cell-
targeted NIR-NIR imaging probe. Successful observation of
NIR emission from Y2O3:YbEr-NP solution injected inside
the colon (Figure 5(c)) supports the idea that targeting and
detection of cancer sites in colon using Y2O3:YbEr-NP are
possible. Research along this line is currently in progress.
Our results also suggest that probe-modified Y2O3:YbEr-NP
could be used for noninvasive detection of various diseases.

Cell toxicity is another important issue when considering
probes for use in bioimaging. Previous studies showed that
Y2O3 and Er3+-doped Y2O3 nanoparticles were nontoxic to
cultured cell [6, 18]. Since the chemical properties of Yb3+

are similar to those of Er3+ [19], it is plausible that Yb3+ and
Er3+-doped Y2O3 nanoparticles also are nontoxic. However,
further studies on biocompatibility such as inflammation
assays and long-term toxicity assays using animal models are
important for their medical application.

4. Conclusion

The use of near infrared (NIR) light in the wavelength region
between 800 and 2000 nm for biomedical photonics attracts
great interest. This region is a so-called “biological window”,
where water and biological tissues have minimal absorbance
and autofluorescence. In the present study, we report high
NIR emission under NIR excitation (NIR-NIR emission) of
Yb and Er-doped yttrium oxide nanoparticles (Y2O3:YbEr-
NP), and propose a possible NIR-NIR biophotonic applica-
tion using Y2O3:YbEr-NP for cancer diagnosis and therapy
based on demonstrative experiments. Observations of NIR
emission through swine colon wall support our idea that
NIR-NIR biophotonic nanomaterials can be used for cancer
diagnosis and therapy.
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Targeted delivery of drug molecules to tumor tissue is one of the most interesting and challenging endeavors faced in
pharmaceutical field, due to the critical and pharmacokinetically specific environment that exists in tumor. Over these years,
cancer targeting treatment has been greatly improved by new tools and approaches based on nanotechnology. The review firstly
introduces the specific physical and chemical properties of a serial of nanomaterials, such as nanoparticles, micelles, dendrimers,
carbon nanotubes, quantum dots, and nanofibers. It then places great emphasis on their application in the field of cancer therapy
when they are used as nanocarrier systems. Based on the current status, the paper further discusses the unsolved problems and
makes a perspective for the future prospects of the nanocarrier systems.

1. Introduction

Cancer occurs at a molecular level when multiple subsets
of genes undergo genetic alterations, either activation of
oncogenes or inactivation of tumor suppressor genes. Then
malignant proliferation of cancer cells, tissue infiltration,
and dysfunction of organs will appear [1]. Tumor tissues
are characterized with active angiogenesis and high vascular
density which keep blood supply for their growth, but
with a defective vascular architecture. Combined with poor
lymphatic drainage, they contribute to what is known as
the enhanced permeation and retention (EPR) effect [2, 3].
Tumor genes are not stable with their development and
often show genovariation. The inherent complexity of tumor
microenvironment and the existence of P-glycoprotein (P-
gp) usually act as barriers to traditional chemotherapy by
preventing drug from reaching the tumor mass. Meanwhile,
delivery of the therapeutic agents in vivo shares physiological
barriers, including hepatic and renal clearance, enzymolysis
and hydrolysis, as well as endosomal/lysosomal degradation
[4, 5]. In addition, the efficiency of anticancer drugs is
limited by their unsatisfactory properties, such as poor solu-
bility, narrow therapeutic window, and intensive cytotoxicity
to normal tissues, which may be the causes of treatment
failure in cancer [6].

Accordingly, there is a great need for new therapeutic
strategies capable of delivering chemical agents and other
therapeutic materials specifically to tumor locations [7].
With the development of nanotechnology, the integration
of nanomaterials into cancer therapeutics is one of the
rapidly advancing fields. It can revolutionize the treatment
of cancer. Nanotechnology is the creation and utilization
of materials, devices, and systems through the control of
matter on the nanometer (1 billionth of a meter) scale [8].
Nanocarrier systems can be designed to interact with target
cells and tissues or respond to stimuli in well-controlled ways
to induce desired physiological responses. They represent
new directions for more effective diagnosis and therapy of
cancer [9]. Therefore, this pape discusses the characteristics
of various nanotechnology-based drug delivery systems in
details, including nanoparticles, micelles, carbon nanotubes,
dendrimers, quantunm dots, and nanofibers, and with more
emphasis on their applications in cancer therapy.

2. Different Nanotechnology-Based
Nanocarrier Systems

Based on nanotechnology, nanocarriers synthesized from
organic and inorganic materials have been developed, such
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as nanoparticles, micelles, carbon nanotubes, dendrimers,
quantunm dots, and nanofibers [10, 11] (Figure 1). They
have shown great potential in cancer therapy by enhancing
the performance of medicines and reducing systemic side
effect in order to gain therapeutic efficiency.

2.1. Polymeric Nanoparticles. Polymeric nanopaticles are
particles of less than 1 μm diameter that are prepared from
natural or synthetic polymers. Depending on the methods
of preparation, nanoparticles can be obtained with different
properties and different release characteristics by forming
matrix-type or reservoir-type structure, named nanospheres
or nanocapsules [12]. They have been considered as the
promising carriers for drug delivery because they can
improve the specificity of action of drugs by changing their
tissue distribution and pharmacokinetics [13]. Polymeric
nanoparticles have played pivotal roles in delivering antitu-
mor drugs in a targeted manner to the malignant tumor
cells, thereby reducing the systemic toxicity and increasing
their therapeutic efficacy. Due to the reticulo-endothelial
system (RES) and the effect of enhanced permeation and
retention (EPR), nanoparticles can be formulated for passive
delivery to the lymphatic system, brain, arterial walls, lungs,
liver, spleen, or made for long-term systemic circulation
[2, 13, 14]. Importantly, the critical feature of polymeric
nanoparticles as drug carriers is that they are amenable to
surface functionalization for active targeting to tumor tissues
or cells and for stimulus-responsive controlled release of
drug [15]. Active targeting of nanoparticles to action sites is
based on the pathological state of tumor tissues, such as the
angiogenesis and the overexpressed receptors. Thus, varieties
of researchers have focused on formulating multifunctional
nanoparticles to improve the effectiveness of drug delivery
and therapy [15].

The receptor-mediated endocytosis (RME) reveals the
selective recognition, high-affinity binding, and immediate
internalization for the ligands at a cellular level [16]. For
this reason, various targeting moieties can be attached
to the polymer backbone, which will act as a secondary
uptake mechanism following EPR-based primary accumu-
lation [3, 17] (Figure 2). Liang et al. developed paclitaxel-
loaded nanoparticles with galactosamine conjugated on for
targeting to liver cancer cells. The prepared nanoparticles
appeared most efficient in reducing the size of the tumor
when injected into hepatoma-tumor-bearing nude mice,
through the specific interaction between galactosamine and
asialoglycoprotein receptors [18]. Thermosensitive magne-
toliposomes (TMs) encapsulated with methotrexate (MTX)
prepared by reverse-phase evaporation can achieve a good
magnetic targeting effect and rapid drug release in response
to hyperthermia, which implies their great potential in
cancer therapy [19].

2.2. Micelles. Polymeric micelles are usually formed into
core-shell structures by spontaneous assembly when its
concentration is above critical micelle concentration (CMC).
They have a number of unique features, including nanosize,
easy manipulation of surface chemistry, core functionalities,

Liposome

Magnetic nanoparticles

Micelle

Quantum dot

Dendrimer

Gold nanoparticles

Carbon nanotube

Figure 1: Examples of nanomaterials and nanocarrier systems
(adapted from [11, 15]).

Drug

Drug
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Untargeted drug delivery Targeted drug delivery

Figure 2: Schematic of nanocarrier systems for site-targeted drug
delivery (cited from [16]).

as well as ease of fabrication, making them suitable as
carriers for encapsulation, and delivery of water insoluble
agents [4]. The micelles have a solid-like inner core, which
serves as a potent nanocontainer of hydrophobic compounds
for solubilization of chemotherapeutics, including docetaxel
(DOC) [20], paclitaxel (PTX) [21], camptothecin [22], and
dequalinium (DQA) [23]. While polyionic complex (PIC)
micelles and cationic polymer micelles can incorporate and
protect anionic gene or protein with low rate of cellular
uptake and low physiological environment stability, such as
vascular endothelial growth factor (VEGF), siRNA [24], and
luciferase reporter gene [25]. Thanks to their hydrophilic
shell, polymer micelles play an important part in escaping the
recognition of RES and prolonging the blood circulation of
drugs. The small size (<100 nm) allows micelles for efficient
accumulation in pathological tissues with permeabilized vas-
culature via the enhanced permeability and retention (EPR)
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Figure 3: Schematic of drug release from micelles with temperature
or pH trigger when they are uptaken by tumor cells (adapted from
[35]).

effect [26]. However, the physiological factors, such as the
density and heterogeneity of the vasculature at tumor sites,
interstitial fluid pressure, and transport of macromolecules
in the tumor interstitium, are responsible for the extent
of micelles extravasations. Mikhail contributed a detailed
review in this perspective [27].

Stimuli-responsive polymeric micelles are often designed
for controlled release of drug into tumor tissue with
external stimuli trigger, like temperature, pH, ultrasound,
and special enzymes [28, 29] (Table 1). Among these stimuli,
pH and temperature are of representativeness, because the
external pH of cancerous tissue tends to be lower and
the temperature is higher compared to the surrounding
normal tissue, which are caused by abnormal metabolism
of cancer tissues [4]. Lower critical solution temperature
(LCST) polymers, such as poly (N-isopropylacrylamide)
(PNIPAAm) with a cloud point around 32◦C or some
other poly (N-alkylacrylamide) compounds, were investi-
gated as components of temperature-responsive copolymer
micelles [29]. The micelles exhibited rapid and temperature-
responsive drug release in cancer cells, which was caused
by the destruction of the hydrophobic-hydrophilic balance
with the increase of temperature (Figure 3). Licciardi et al.
synthesized novel folic acid- (FA-) functionalized diblock
copolymer micelles for target delivery of antitumor drugs.
The micelles could be directly targeted delivery via folic
acid and rapidly release of drug could be triggered by
lowering the solution pH to 5. This strategy combined the
targeted delivery of therapeutics and pH-controlled drug
release together, providing a tumor-selective nanocarrier for
the efficient delivery of anticancer drugs [30].

2.3. Dendrimers. Dendrimers are artificial macromolecules
with tree-like structures in which the atoms are arranged
in many branches and subbranches radiate out from a
central core [36, 37]. They are synthesized from branched
monomer units in a stepwise manner (Figure 4). Thus it

is possible to control their molecular properties, such as
size, shape, dimension, and polarity, which depend on the
branched monomer units [37]. These highly branched archi-
tectures offer unique interfacial and functional performance
advantages due to their empty internal cavities and surface
functional groups [38]. So they have an enormous capacity
for solubilization of hydrophobic drugs and can be modified
or conjugated with various interesting guest molecules [37].
Based on the specific properties, the dendrimers have shown
great promise in the development of anticancer drug delivery
systems [39].

To achieve active targeting drugs to tumor tissues, the
well-defined multivalency of dendrimers are widely exploited
for covalent attachment of special targeting moieties, such
as sugar [40], folic acid [30], antibody [41], biotin [37],
and epidermal growth factors [42]. At the same time, ther-
apeutic drugs can be encapsulated into or conjugated with
dendrimers. For example, Choi and coworkers have prepared
generation 5 polyamidoamine (G5 PAMAM) dendrimers
conjugated to fluorescein and folic acid, and then linked
them together using complementary DNA oligonucleotides
to produce clustered molecules for targeting cancer cells
that overexpress the high-affinity folate receptor. In vitro
studies indicated the DNA-linked dendrimer clusters could
specifically bind to KB cells and may be used as imaging
agents and therapeutics for cancer therapy [43].

2.4. Carbon Nanotubes. Carbon nanotubes are cylinders of
one several coaxial graphite layers with a diameter in the
order of nanometers, and they serve as instructive examples
of the Janus-like properties of nanomaterials [44]. They
can be classified into two general categories based on their
structure: single-walled carbon nanotubes (SWCNTs) with a
single cylindrical carbon wall and multiwalled carbon nan-
otubes (MWCNTs) with multiple walls—cylinders nested
within other cylinders [45] (Figure 5). Thanks to their
unique electronic, thermal, and structural characteristics,
they can offer a promising approach for gene and drug
delivery for cancer therapy [16, 45].

Heating of organs and tissues by placing multifunctional
nanomaterials at tumor sites is emerging as an art of
tumor treatment by “nanothermal therapy” [46]. Carbon
nanotubes have become candidates to kill cancer cells via
local hyperthermia, due to their thermal conductivity and
optical properties. A research showed that oligonucleotides
could be translocated into cell nucleus by nanotubes and
cause cell death with continuous near-infrared radiation
(NIR) because of excessive local heating of SWCNT in vitro
[47]. It can afford carbon nanotubes an opportunity to
be uptaken only by cancerous cells via functionalization of
them with tumor-specific ligands and antibody, like folic
acid and monoclonal antibody which can act as targeting
agents for many tumors [48]. Accordingly, a highly effective
drug delivery system triggered by pH change has been
developed via firstly coated with a polysaccharide material
and then modified with folic acid [48]. The encapsulated
doxorubicin was only released from the modified nanotubes
at a low pH, resulting in nuclear DNA damage and the Hela
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Table 1: Stimuli that can be utilized to control the behavior and properties of micelles.

Stimuli Stimuli origin Examples References

pH
Decreased pH in cancer site
caused by hypoxia and massive
cell death

Tumoral acidic extracellular pH
targeting of pH-responsive
micelles encapsulated
doxorubicin for cancer therapy

[31]

Temperature

Increased temperature in
cancerous tissues owing to their
high metabolic activities.
External applied heating

Self-assembled, thermosensitive
micelles for controlled
doxorubicin delivery

[32]

Magnetic field Locally applied magnetic field
Folate-encoded and
Fe3O4-loaded polymeric micelles
for dual targeting of cancer cells

[33]

Ultrasound Locally applied ultrasound
Ultrasonic release of doxorubicin
from pluronic P105 micelles

[28]

Redox potential
Increased concentration of
glutathione inside many
cancerous cells

Poly(ethylene glycol)-modied
thiolated gelatin nanoparticles
for glutathione-responsive
intracellular DNA delivery

[34]

3

1 step

5

1 step

12

1 step

24

1 step

Figure 4: Dendrimers synthesized in a stepwise manner (cited from [38]).

cell proliferation inhibition. However, the pharmacokinetics,
biodistribution, toxicity, and activity of novel functional
carbon nanotubes in vivo should be further investigated to
ensure their future applications [46].

2.5. Quantum Dots (QDs). Quantum dots are inorganic
fluorescent semiconductor nanoparticels composed of 10–
50 atoms with a diameter ranging from 2 to 10 nm [11, 49].
Their sizes and shapes which determine their absorption and
emission properties can be controlled precisely [36]. They are
widely studied for optical image application in living systems
and are stable for months without degradation and alteration
[11]. Targeted ligands have been attached to QDs in order to
achieve specific targeting for tumor cell labeling [49]. Thus,
they are assured to be chosen as long-term, high-sensitivity
and multicontrast imaging agents applied for the detection
and diagnosis of cancer in vivo [36].

Now, many researchers focus on using quantum dots
as carriers for genes delivery to overcome the obstacles
of cell membranes. Klein and coworkers have developed
functionalized silicon quantum dots (SiQDs) to serve as
self-tracking transfection tool for ABCB1 siRNA [50]. Li et
al. investigated glutathione-mediated release of functional
plasmid DNA from positively charged CdTe quantum dots,
which suggested potential applications of these QDs in
selective unpacking of payload in living cells in a visible

manner [51]. The applicability of quantum dots for cancer
therapies based on the mechanisms of photosensitization
and radiosensitization has also been investigated. Possessing
electronic energy levels in the range of 1–5 eV, quantum
dots can perform as photosentizers applied in photodynamic
therapy (PDT), which has recently become an approved
treatment modality for some type of cancer. Due to high
atom and electron density, quantum dots could absorb high-
energy photons acting as radiosensitizers to cause localized
and targeted damages to cancer cells, which was reviewed in
details by Juzenas [52].

With the help of near-infrared (NIR) optical imaging
devices, QDs-based tumor imaging and treatment could
allow for application in deeper tissues and may offer optical
guide for surgery on organs. However, the toxicity of QDs
cannot be ignored for their applications in vivo, because they
are composed of hazardous heavy metals. Accordingly, it is
necessary to investigate their toxicity systematically to ensure
their security for further applications to human.

2.6. Nanofibers. Electrospinning has gained widespread
interest as a potential polymer processing technique to
produce ultrafine polymer fibers for drug delivery appli-
cations. It has been proven to be a relatively simple
and versatile method for producing polymeric fibers with
diameters ranging from tens of nanometers to microns [53].
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Figure 5: Structure of single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs), as well as drug loaded
carbon nanotubes (adapted from http://www-ibmc.u-strasbg.fr/ict/vectorisation/nanotubes eng.shtml and http://www-ibmc.u-strasbg
.fr/ict/vectorisation/vectorisation eng.shtml).
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Figure 6: Schematic of electrospinning process (adapted from
[56]).

Electrospinning process can be briefly described as follows.
A polymer solution is ejected from the capillary outlet of
a syringe by strong enough electrostatic forces, and finally
deposits as a nonwoven fabric mat on a grounded metal
screen (counter electrode). As this jet travels through the
air, the solvent evaporates, leaving behind ultrafine polymer
fibers [54, 55] (Figure 6). Accordingly, the properties of
nanofibers can be controlled easily by a number of processing
parameters, such as applied voltage, polymer flow rate,
capillary-collector distance, as well as the surface tension and
viscoelasticity of solution [53].

As a fibrous scaffold, nanofibers are able to entrap drugs
with a high loading capacity and high encapsulation effi-
ciency because of their low weight and inherent high surface-
to-volume ratio. They have been designed as promising
carriers for delivering anticancer drugs, especially in post-
operative local chemotherapy via surgical implantation of
the scaffold [57]. Xie and Wang develop electrospun PLGA-
based micro- and nanofibers as implants for the sustained

delivery of pacilitaxel to treat C6 glioma in vitro. With an
increased drug loading and prolonged release period, the
antitumor efficiency was comparable to commercial pacili-
taxel formulation Taxol [58]. Xu et al. developed implantable
BCNU-loaded poly (ethylene glycol)-poly (L-lactic acid)
(PEG-PLLA) diblock copolymer fibers for the controlled
release of 1, 3-bis (2-chloroethyl)-1-nitrosourea (BCNU)
for postoperative chemotherapy of cancers. Compared with
pristine BCUN, the BCNU released from the fiber retained
its efficacy for prolonged period and increased antitumor
activity against rat Glioma C6 cells [59]. Recently, they
prepared nanofibers entrapped both paclitaxel (PTX) and
doxorubicin hydrochloride (DOX) by means of “emulsion-
electrospinning,” providing a new approach for multidrug
delivery on combination therapy [60]. Although electrospun
nanofibers have been investigated greatly and show effective
antitumor activity as drug carriers for postoperative local
chemotherapy in vitro, further researches on the destiny
and antitumor activity of the nanofibers in vivo should be
investigated.

2.7. Others. Current nanotechnology platforms for cancer
therapeutics also include other nanomaterials. In addition
to polymeric nanoparticles, gold nanoparticles (GNPs)
and magnetic nanoparticles are being paid more attention
because their unique physical, chemical, and biological prop-
erties are quite different from the bulk of their counterparts
[7]. They can act as active medicine or drug additives for
detection and hyperthermia treatment of cancer after laser
irradiation [65, 66]. Nanoshells which consist of a silica
core and a thin gold shell are designed to apply in cancer
imaging and therapy. Because of the silica core and gold
shell, the most useful nanoshells can strongly absorb NIR
light and create intense heat that is lethal to cells for thermal
ablation therapy [67]. Recombinant adenovirus (Ad) can
produce a linear, double-stranded viral genome that does
not integrate with the genome of the host cell during the
replication but induces a DNA double-strand break repair
response in the host cell. There are many studies on the
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Table 2: Advantages of nanotechnology-based on drug delivery systems in cancer therapy.

Features Examples References

Solubilization effect
Self-assembled polymeric micelles with hydrophobic core can serve as a
potent nanocontainer for increasing the solubility of hydrophobic drugs.

[20]

Protective effect
Entrapment or conjugation of a drug to polymeric systems may protect the
drug from inactivation and help to store its activity for prolonged duration.

[61]

Passive targeting

The enhanced permeability and retention (EPR) effect allows for the
accumulation of drug carriers in the interstitial fluid of the diseased tissue.
The drug entrapped or conjugated to the carriers can be retained in the
tumor tissue for a longer time, whereas free drug with low-molecular
weight easily diffuse back out.

[62]

Active targeting
Active targeting can be achieved via specific recognition processes,
including ligand-receptor and antibody-antigen recognition by the surface
modification with various ligands, such as folate, mannose, and galactose.

[27, 63, 64]

Controlled release of drugs
The drug can be controlled release at diseased site when an appropriate
signal is offered, such as pH, temperature, ultrasound, or special enzymes.

[28, 29]

use of recombinant adenovirus particles as carriers for sen-
sitizers to enhance noninvasive cancer therapeutics, such as
radiation therapy, photodynamic therapy, and photothermal
therapy. They can also be fabricated to combine multiple
functions of targeting, imaging, and drug delivery together
to increase the sensitivity and specificity of cancer therapy
[68].

3. Summary

Nanotechnology-based drug carriers and materials have
yielded more medical benefits in the recent years, especially
the field of cancer therapy. Compared to conventional
formations, nanocarrier systems have many advantages. For
example, they can improve the solubility of poorly soluble
drugs [20], protect the recombinant of protein and genes
[61], circulate in blood stream for longer time without being
recognized by macrophages, as well as controlled release of
drugs at an expected rate in the desired area [28] (Table 2).
Due to their various advantages, the nanocarrier systems and
nanomaterials have demonstrated comparable or superior
anticancer efficiency to commercial formations and provided
new strategies to fight against cancer.

4. Problems and Future Perspective

The nanoscale platforms have made significant progress
in formulation preparations and achieved more precise
treatment at a molecular level. There are already novel
formations for cancer therapy available commercially, such
as Abraxane, Doxil, and Embosphere, et al. [69–71], and
they may offer great opportunities for personalized medicine.
Although drug delivery systems and nanomaterials are
mostly investigated in preclinical animal models, too few
studies are carried out to examine the cellular uptake of
delivery systems in human body, because (a) the data from
pre-clinical animals cannot exactly reflect its effect on human
body because of the complexity of tumor biology and
the differences between animal and human physiology, (b)
the development of new drug delivery systems is based

on the advancement of the carrier materials, but there are
only few types of materials approved by Food and Drug
Administration (FDA), and (c) the security and the long-
term effects of nanotechnology are unknown, which need
research strategies to evaluate the specific risks when used in
human body. With the development of cancer biology and
polymer chemistry, new nanotechnology-based tools and
therapeutic strategies will be designed and applied in the
fields of cancer precautiondiagnosis and treatment. Besides,
nanotechnology also plays an important part in delivery of
drugs for ocular therapy and in generation of scaffolds for
tissue engineering. However, the other major developments
will have to take place for them to be permanently established
not only in academia but also in industry. The basic theories
of drug release from nanocarriers and pharmacokinetic
models need to be developed and improved. The cytotoxicity
of nanomedicine or their degradation products remains
a serious problem, so more attention should be paid to
improve the biocompatibility in future investigations. Their
toxicity, long-term stability, and degradation pathways may
also influence the integrity of the environment. It will
not be of great benefit to clinical application and indus-
trial production of nanomedicine unless the problems are
solved.
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Garcı́a-Pérez, and M. Pinilla, “In vivo biodistribution of ery-
throcytes and polyethyleneglycol-phosphatidylethanolamine
micelles carrying the antitumour agent dequalinium,” Euro-
pean Journal of Pharmaceutics and Biopharmaceutics, vol. 56,
no. 2, pp. 153–157, 2003.

[24] A. M. Al-Abd, S. H. Lee, S. H. Kim, et al., “Penetration
and efficacy of VEGF siRNA using polyelectrolyte complex
micelles in a human solid tumor model in-vitro,” Journal of
Controlled Release, vol. 137, no. 2, pp. 130–135, 2009.

[25] N. Wiradharma, Y. W. Tong, and Y. -Y. Yang, “Self-assembled
oligopeptide nanostructures for co-delivery of drug and gene
with synergistic therapeutic effect,” Biomaterials, vol. 30, no.
17, pp. 3100–3109, 2009.

[26] L. B. Li and Y. B. Tan, “Preparation and properties of mixed
micelles made of Pluronic polymer and PEG-PE,” Journal of
Colloid and Interface Science, vol. 317, no. 1, pp. 326–331, 2008.

[27] A. S. Mikhail and C. Allen, “Block copolymer micelles for
delivery of cancer therapy: transport at the whole body, tissue
and cellular levels,” Journal of Controlled Release, vol. 138, no.
3, pp. 214–223, 2009.

[28] G. A. Husseini, N. Y. Rapoport, D. A. Christensen, J. D. Pruitt,
and W. G. Pitt, “Kinetics of ultrasonic release of doxorubicin
from pluronic P105 micelles,” Colloids and Surfaces B, vol. 24,
no. 3-4, pp. 253–264, 2002.

[29] N. Rapoport, “Physical stimuli-responsive polymeric micelles
for anti-cancer drug delivery,” Progress in Polymer Science, vol.
32, no. 8-9, pp. 962–990, 2007.

[30] M. Licciardi, G. Giammona, J. Du, S. P. Armes, Y. Tang, and
A. L. Lewis, “New folate-functionalized biocompatible block
copolymer micelles as potential anti-cancer drug delivery
systems,” Polymer, vol. 47, no. 9, pp. 2946–2955, 2006.

[31] J. Ko, K. Park, Y.-S. Kim, et al., “Tumoral acidic extracellular
pH targeting of pH-responsive MPEG-poly(β-amino ester)
block copolymer micelles for cancer therapy,” Journal of
Controlled Release, vol. 123, no. 2, pp. 109–115, 2007.

[32] M. Nakayama, T. Okano, T. Miyazaki, F. Kohori, K. Sakai, and
M. Yokoyama, “Molecular design of biodegradable polymeric
micelles for temperature-responsive drug release,” Journal of
Controlled Release, vol. 115, no. 1, pp. 46–56, 2006.

[33] X. Yang, Y. H. Chen, R. Yuan, et al., “Folate-encoded and
Fe3O4-loaded polymeric micelles for dual targeting of cancer
cells,” Polymer, vol. 49, no. 16, pp. 3477–3485, 2008.

[34] V. Torchilin, “Multifunctional and stimuli-sensitive pharma-
ceutical nanocarriers,” European Journal of Pharmaceutics and
Biopharmaceutics, vol. 71, no. 3, pp. 431–444, 2009.

[35] C. Chang, H. Wei, C.-Y. Quan, et al., “Fabrication of
thermosensitive PCL-PNIPAAm-PCL triblock copolymeric
micelles for drug delivery,” Journal of Polymer Science A, vol.
46, no. 9, pp. 3048–3057, 2008.



8 Journal of Nanomaterials

[36] K. J. Morrow Jr., R. Bawa, and C. Wei, “Recent advances in
basic and clinical nanomedicine,” Medical Clinics of North
America, vol. 91, no. 5, pp. 805–843, 2007.

[37] W. J. Yang, Y. Y. Cheng, T. W. Xu, X. Y. Wang, and L. P. Wen,
“Targeting cancer cells with biotine-dendrimer conjugates,”
European Journal of Medicinal Chemistry, vol. 44, no. 2, pp.
862–868, 2009.

[38] S. Svenson and D. A. Tomalia, “Dendrimers in biomedical
applications—reflections on the field,” Advanced Drug Deliv-
ery Reviews, vol. 57, no. 15, pp. 2106–2129, 2005.

[39] E. R. Gillies and J. M. J. Fréchet, “Dendrimers and dendritic
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High-intensity fluorescent nanoparticles, quantum dots (QDs), have been applied to a wide range of biological studies and
medical studies by taking advantage of their fluorescent properties. On the other hand, we have reported the specificity of JT-95
monoclonal IgM antibody, which recognizes the antigen of thyroid carcinomas. Here we show that the combination of QDs and
JT-95 monoclonal antibody was applicable to Western blotting analysis, ELISA-like system, and fluorescent microscopic analysis of
SW1736 thyroid carcinoma cell line. We have opened up the possibility that antibodies for higher specific recognition, even IgM,
are applicable to the detection system with QDs.

1. Introduction

Diagnosis of thyroid cancer involves methods such as
palpation, ultrasonography, fine-needle aspiration cytology
(FNAC), scintigraphy, and blood test. To achieve more
precise diagnosis and alleviate burdens of both patients and
doctors, however, we consider that the following 2 points
need to be improved.

The first point is the blood test. Although the blood
test is thought to be the simplest method without much
burden on patients, blood tests currently performed are not
well suited for screening tests to determine the existence
or nonexistence of cancer. In the blood tests, thyroglobulin
[1, 2] and calcitonin are considered to be most effective [3].
Thyroglobulin is known to exhibit high values with papillary
and follicular carcinomas of the classified thyroid cancers
as well as with other diseases including inflammation and
benignant tumors [2]. Although calcitonin is reported to be
a marker for medullary carcinoma [3], negative cases are
also reported [2]. Hence, the development of a new blood

test method which will replace these ones and increase the
precision is required.

The second point is the judgment of the degree of
malignancy of neoplasm in FNAC. The FNAC is known to
be extremely precise in classifying neoplasm and judging the
degree of malignancy [4, 5]. The follicular carcinoma which
has the second highest rate of occurrence in Japan [6], within
the classified thyroid cancers such as papillary carcinoma,
follicular carcinoma, poorly differentiated carcinoma, undif-
ferentiated carcinoma, and medullary carcinoma, however,
does not exhibit any nuclear atypicality. This fact makes it
difficult to judge from FNAC results whether a tumor is
benignant or malignant. When such a judgment is found to
be difficult before operation, surgical removal of follicular
lesions is preferably carried out. Recent studies showed that
in patients who had their follicular carcinoma removed only
15–20% of them were malignant, while more than 80% were
benignant [7, 8]. That is, more than 80% of patients have
supposedly undergone an operation to have their benignant
tumors removed without such a need. Hence, we think the
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availability of testing methods of high-precision is highly
beneficial.

We hereby propose new detection methods of thyroid
carcinoma antigen by combining the high-intensity fluores-
cent nanoparticles with antibodies for the specific recogni-
tion of thyroid cancer. In previous studies, we have been
developing monoclonal antibodies for the specific recog-
nition of thyroid cancer (JT-95) [9]. The JT-95 antibody
belongs to IgM group. IgM antibodies are often known to
have low affinity (dissociation constant (Kd) > 10−5 M) and
therefore they are usually neglected as tools [10]. However,
the result of histological stains using JT-95 and the enzyme-
labeled second antibody shows the possibility of distinguish-
ing cancer from benign lesions with precision [9]. Moreover,
we have shown using enzyme-linked immunosorbent assay
(ELISA) test that these antibodies react to the plasma samples
from patients with thyroid carcinoma.

On the other hand, we have been conducting researches
on biochemical applications of the quantum dots (QDs)
[11–17], which are the high-intensity fluorescent nanopar-
ticles [18]. We have developed a high-intensity detection
method for microbial toxins [19] or myeloperoxidase from
neutrophil [20] by binding QDs to antibodies, similar as the
applications in the report [21].

From these studies, we can expect that the combination
of the JT-95 antibody and QDs will further increase the
detection sensitivity of thyroid cancer, enabling the detection
with blood test and helping judge the degree of malignancy
of follicular carcinoma in the future.

In the present study, we tried to detect the anti-
gen of SW1736 thyroid cancer cell line in microscopic
analysis, Western blotting analysis, and ELISA-like system
with QDs. Moreover, in order to speculate the differ-
ences of reactivities between streptavidin-conjugated QDs
(streptavidin-QDs) and avidin-conjugated-horseradish per-
oxidase (avidin-HRP) or between IgM and IgG during
the immunoassays, we investigated the size distributions of
immunocomplexes.

2. Materials and Methods

2.1. Cell Line. SW1736 human thyroid carcinoma cell line
was used in this study. Previous study showed that the JT-
95 antibody recognized the sialic-acid-modified fibronectin
from the cells [22]. Pancreatic cell lines (10 cell lines:
KP4, KP4-1, KP4-2, IC3, 2C6, T3M4, Panc28 Puru, Panc28
DB2M, Panc-1, and MiaPaca2) were used as negative
control cells in Western blotting analysis. Green fluorescent
protein- (GFP-) expressed U937 human leukemic monocyte
lymphoma cell line was used as negative control cells in
fluorescent microscopy analysis.

2.2. Purification of JT-95 IgM Antibody and Normal Mouse
IgM Antibody. For the preparation of JT-95 antibody,
antibody-producing hybridoma was cultured in serum-free
medium (Cosmedium-001, CosmoBio Corporation, Tokyo,
Japan). Normal mouse IgM was prepared from mouse serum
(BALB/cA Jcl, Clea Japan, Tokyo, Japan). The JT-95 antibody

and normal mouse IgM were purified using an affinity IgM
column (HiTrap IgM purification HP column, GE Health-
care, Buckinghamshire, UK) and bound; the IgM antibody
was eluted with glycine buffer (0.2 M glycine, 0.15 M NaCl,
pH 2.8). Eluates were neutralized with a 1/10 volume of
1 M Tris buffer (tris hydroxymethyl aminomethane, pH
8.5), and the IgM concentrations were determined by a
spectrophotometer.

2.3. QDs Imaging of Cells and Observation under Microscopy.
The 4 × 104 cells of SW1736 cells were cocultured with the
4 × 104 cells of GFP-expressed U937 cells on collagen-coated
chamber slides (4-well) for 2 days. The co-cultured cells
were fixed with 4% (w/v) paraformaldehyde in Dulbecco’s
PBS (DPBS) for 20 minutes. The 9 μg of JT-95 or normal
mouse IgM in 300 μL Block Ace (Snow Brand Milk Products
Corporation, Tokyo, Japan) was added and incubated for
90 min. Then biotinylated anti-IgM antibody in Vectastain
ABC mouse IgM kit (Vector Laboratories, Inc., CA, USA)
was added as second antibody and incubated for 60 min.
After the incubation, the slides were washed and 20 nM of
streptavidin-Qdot 655 (Qdot 655 ITK streptavidin conju-
gation kit, Invitrogen Corporation, USA) or streptavidin-
PE (BioLegend, CA, USA) was added and incubated for
30 min. The cells were observed with BZ-9000 fluorescent
microscope (Keyence Corporation, Osaka, Japan). The slides
were washed with DPBS 3 times between all procedures.

2.4. Western Blotting Analysis. In order to evaluate the
immunoreactivity of the JT-95 with QDs, Western blotting
analysis was conducted. SW1736 cells were dispersed in
DPBS and lyed with supersonic on ice (3 seconds × 3 times).
The lysates were separated by 7.5% SDS-PAGE and trans-
ferred to a membrane (Hybond-P, Amersham Biosciences,
Habersham, UK) for 60 min. The membranes were blocked
with the Block ace overnight at 4◦C. The 7.5 μg of JT-95
or normal mouse IgM in 5 mL Block ace was added and
incubated for 90 min. Then biotinylated anti-IgM antibody
in the Vectastain ABC mouse IgM kit, was added as second
antibody and incubated for 60 min. After the incubation,
20 nM of streptavidin-Qdot 655, or complexes of Avidin DH
and Biotinylated Horseradish Peroxidase H (HRP) in the
kit was added and incubated for 30 min. After washing of
the membrane, fluorescence of the Qdot 655 was examined
under 365 nm UV light excitation. Antigen-binding activity
of JT-95 with Qdot 655 was confirmed by comparison to the
HRP reaction with DAB kit (Vector Laboratories, CA, USA).
The membranes were washed with PBS containing 0.05%
Tween 20 (PBST) 3 times between all procedures.

2.5. ELISA-Like Assay with QDs. In order to evaluate the
quantitative reactivity of the JT-95 with QDs, ELISA-like
system was conducted. The supernatant of SW1736 cells
culture media was plated on high-affinity plastic plates (96-
Well Clear Flat Bottom Polystyrene High Bind Microplate:
Corning, NY, USA) in 15–0.015 μg/100 μL PBS, and the
plates were incubated at 4◦C for 16 hours. The plate was
blocked with the 200 μL of Block ace 1 hour at 37◦C.
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Figure 1: Western blotting analysis with JT-95 monoclonal antibody for thyroid carcinoma antigen. (a) Reactivity of JT-95 antibody with
HRP-anti-IgM antibody against SW1736 thyroid carcinoma cell lines (lanes 1, 2) and lysates of pancreatic carcinoma cell lines as negative
controls (lanes 3-12). This membrane image was developed with ECL Plus Western Blotting Detection System (GE Health Care). Sup.:
supernatant in the culture media of SW1736 cells. (b) Reactivity of JT-95 antibody against the lysates of SW1736 cells with streptavidin-
Qdot 655 staining (a) and nickel-DAB staining (b) system. The membrane stained with QDs was excited with UV (365 nm). NIgM: normal
mouse IgM.
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Figure 2: ELISA-like assay with QDs for the antigen of SW1736 cells. The SW1736 antigens were serially diluted and reacted with JT-95,
biotinylated anti-IgM antibody, and streptavidin-Qdot 655 in immunoreaction enhancer solutions (Can Get Signal: Toyobo, Osaka, Japan).

The 1.13 μg of JT-95 or normal mouse IgM in 50 μL
immunoreaction enhancer solution 1 (Can Get Signal:
Toyobo, Osaka, Japan) was added and incubated for 2 hours.
Then the 1.25 μg of biotinylated anti-IgM antibody in the
50 μL enhancer solution 2 was added and incubated for
60 min. After the incubation, 5 nM of streptavidin-Qdot 655
in the 50 μL enhancer solution 2 was added and incubated
for 60 min. After 100 μL of PBS was added, the reacted QDs
were detected with a filter set of excitation 360 nm/emission
650 nm in DTX880 plate reader (Beckman Coulter, CA,
USA). The plates were washed with PBST 3 times between
all procedures.

2.6. Dynamic Light-Scattering Analysis. To investigate the
conformation changes of immunoglobulin complexes during
the process of immunoassays, we attempted to measure
the particle diameter of the complexes by dynamic light
scattering (DLS) with Zetasizer Nano (Malvern Instruments,
Worcestershire, UK). The 0.5 mg/mL of JT-95 antibody or
Mouse IgG1 antibody (Mouse IgG1 Isotype Control, R&D
Systems, MN, USA) in DPBS was incubated with 20 μL
of biotinylated anti-IgM antibody or biotinylated anti-IgG
antibody in the Vectastain ABC kit for 60 min, respectively.
After the incubation, the streptavidin-Qdot 655 was added
to the concentration of 200 nM, or 20 μL of the avidin-HRP
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Figure 3: Fluorescent microscopic analysis of SW1736 cells with JT-95 monoclonal antibody. (a) Streptavidin-Qdot 655 staining. (b)
Streptavidin-PE staining. NIgM: normal mouse IgM (Magnification: ×80).

complexes (Avidin DH and Biotinylated Horseradish Peroxi-
dase) was added.

3. Results and Discussion

In previous study, we showed that the JT-95 antibody
recognized antigen from SW1736 thyroid carcinomacell lines
as well as malignant lesions and serum from patients [9].
In order to reaffirm the specificity, we investigated the
affinities of JT-95 antibody against several carcinoma cell
lines (Figure 1(a)). Western blotting analysis with HRP-
enhanced chemiluminescent (ECL) system showed that the
JT-95 antibody recognized the supernatant in cultured
medium and whole lysate of SW1736, while the JT-95
antibody did not recognize10 kinds of pancreatic carcinoma
cell lines as negative controls.

Although the ECL system has high sensitivity, the system
needs development procedure in a dark room. For the
usability, we attempted Western blotting analysis using

streptavidin-QDs or nickel-diaminobenzidine (DAB) system
as concise methods. The results showed a band in the range of
100–250 kDa was detected in both the detection system using
QDs and the system using DAB (Figure 1(b)). In comparison
to DAB system, the visibility of the band is higher with
QDs. With normal mouse IgM as a negative control, bands
were found in 2 places. These can possibly be attributed to
nonspecific binds of IgM.

Quantitative reactivity was measured with ELISA-like
assay. The JT-95 bound to the SW1736 antigens in a
dose-dependent manner in the range of 0.15–3.75 μg/mL
(Figure 2). Previous report using peroxidase ELISA system
showed that the JT-95 bound to the membrane fraction of
papillary carcinoma in the range of 1–100 μg/mL [9]. Since
the range of QDs assay are sufficiently-lower than that of
previous ELISA system, our QDs system will be applicable
to antigen screening.

In order to investigate the possibility of usage in pathol-
ogy assessment, we applied QDs and JT-95 antibody to stain
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Figure 4: Size distributions of immunoglobulin and immunocomplexes in immunoassay procedures. The size distributions during reactions
of JT-95 antibody were shown in (a)-(d). JT-95 antibody in DPBS (a) was reacted with biotinylated anti-IgM antibody for 60 min (b). After
the reaction, the solution was incubated with avidin-HRP (c) or streptavidin-Qdot 655 (d) for 30 min. As a comparison, the size distributions
during reactions of normal mouse IgG1 were shown in (e)-(g). The IgG1 (e) was reacted with biotinylated anti-IgG antibody for 60 min
(f). After the reaction, the solution was incubated with avidin-HRP (g). On the other hand, aggregation occurred, in the solution which
incubated with streptavidin-Qdot 655 (data not shown). The size distribution of only streptavidin-Qdot 655 in DPBS (h).

SW1736 cells. Figure 3(a) shows the images where thyroid
cancer cell lines were stained with the combination. The JT-
95 antibody is known to recognize the mutant fibronectin
on cell membranes, which are also found to be strongly
stained in this study. The co-cultured U937 cells expressing
GFP are not stained with this system, denoting its specificity
of antigen staining. No QDs were detected using normal
mouse IgM. As a comparison with a conventional method,
we conducted phycoerythrin (PE) staining (Figure 3(b)).
The combination of PE and JT-95 antibody also stained
the membrane of SW1736 cells. However, the emission
from PE was detected not only in the Red channel but
also in the Green channel, since the fluorescence of PE has
broad emission band. When double staining was conducted
in pathological assessment, narrow-emission QDs may be
better suited.

There are problems to solve, however. It needed 3 seconds
to identify the fluorescence from QDs by a microscopic
observation, which is low in sensitivity when compared
to conventional detection systems which require less than
1 second. This may be possibly attributed to the high
molecular weights or large size of the combination of QDs
and IgM.

On the other hand, although we succeeded in construct-
ing an ELISA system with avidin-HRP and JT-95 antibody
in PBS, we failed to construct an ELISA-like assay with
streptavidin-QDs and JT-95 antibody in PBS. Therefore
we conducted the latter assay in immunoreaction enhancer
solution (see Materials and Methods section). In order to
speculate the difference of reactivity between avidin-HRP
and streptavidin-QDs, we measured the size distributions
of immunocomplexes in the immunoassay procedures by
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dynamic light scattering (Figure 4). The JT-95 antibody
showed the peak size of 32.7 nm in DPBS (Figure 4(a)). After
adding biotinylated anti-IgM antibody, the peak size was
32.7 nm as same (Figure 4(b)). Additionally, the new slight
peak appeared within 100–1,000 nm. When avidin-HRP
was added, the peak size moved to 50.7 nm (Figure 4(c)).
The complexes within 100–1,000 nm increased drastically
and the complexes over 1,000 nm increased slightly. While
adding streptavidin-QDs, the peak size moved to 78.7 nm
(Figure 4(d)). The complexes in 100–1,000 nm increased
similarly. Different from the avidin-HRP complexes, QDs
complexes within 2,300–4,800 nm were detected slightly.
These results suggested that the dispersed larger size com-
plexes over 1,000 nm, which was supposed to be constructed
from several biotin-avidin or -streptavidin complexes, deter-
mine the detection abilities.

As a comparison with another immunoglobulin reactiv-
ity, we conducted the similar experiment with normal mouse
IgG1 antibody. The IgG1 antibody showed the peak size
of 10.1 nm (Figure 4(e)). After adding biotinylated anti-IgG
antibody, the peak size was 10.1 nm as same (Figure 4(f)).
Drastically, the new peak of complexes appeared within 100–
2,000 nm. When avidin-HRP was added, the peak size moved
to 13.4 nm (Figure 4(g)). Different from the final JT-95 anti-
body complexes with avidin-HRP (Figure 4(c)), the second
highest peak of complexes appeared in 43.8 nm. Additionally,
complexes at the peak size of 1,110 nm increased. When
we added streptavidin-QDs with the IgG antibody and
biotinylated-anti-IgG antibody dispersion, the complexes
aggregated and precipitated (data not shown).

From these results, we revealed the ratio of IgG and
the biotinylated antibody was higher than that of IgM
case (Figure 4(b), (f)). For further detection ability, it may
require the conformation change from IgM to IgG, or
stronger binding ability of biotinylated anti-IgM antibody.
Additionally, as a reason for fail in the ELISA-like assay with
streptavidin-QDs, high molecular weight or aggregations
of QDs may affect an antigen-ELISA plate interaction.
The streptavidin-QDs have 5–10 streptavidins per one QD
label (manufacturer’s protocol). The complexes of JT-95
antibody and the biotinylated antibody were cross-linked
with streptavidin-QDs and may become higher-molecular
weight complexes or aggregation in near antigen area, since
the QDs, which were added with the IgG1 antibody and
biotinylated-anti-IgG antibody dispersion, aggregated and
precipitated. For the amelioration in the ELISA-like assay
with QDs, the JT-95 antibody may need direct labeling or
fragmentation for saving molecular weight.

In this study, we have succeeded in the detection
of thyroid carcinoma antigen using the Western blotting
analysis, ELISA-like assay, and staining thyroid cancer cell
lines with QDs using a microscopy. Thus, we have opened up
the possibility that antibodies for higher specific recognition,
even IgM, will be applicable to the detection system with
QDs.

In our previous study, the JT-95 antibodies in combi-
nation with the enzyme-labeled second antibody showed a
diagnostic accuracy of 95% in papillary carcinoma and 75%
in follicular carcinoma [9], when stained with sections of

thyroid cancer tissues. In the future it will be necessary to
compare the accuracies between the enzyme system and the
QDs system. Especially in the Western blotting system, the
visibility was higher and a stronger band was detected than
when stained with DAB in this study. As some cancer cells
express different sugar chains in differentiation or organs
[23], the higher sensitive detection of bands may be helpful
for judging the degree of malignancy.

4. Conclusion

We have succeeded in building new detection systems by
the combination QDs and JT-95 antibody for recognition
of thyroid carcinoma. These methods involved the use of
IgM antibody with QDs and that is academically mean-
ingful in the antibody detection methods where IgG is the
mainstream. Although these methods need amelioration for
clinical use, we are of the opinion that in the future this can
become a complementary technique to the existing methods
by applying to pathological assessment and blood test.
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We study the protein viability on Au nanoparticles during an electrospray and electrostatic-force-directed assembly process,
through which Au nanoparticle-antibody conjugates are assembled onto the surface of carbon nanotubes (CNTs) to fabricate
carbon nanotube field-effect transistor (CNTFET) biosensors. Enzyme-linked immunosorbent assay (ELISA) and field-effect
transistor (FET) measurements have been used to investigate the antibody activity after the nanoparticle assembly. Upon the
introduction of matching antigens, the colored reaction from the ELISA and the change in the electrical characteristic of the
CNTFET device confirm that the antibody activity is preserved during the assembly process.

1. Introduction

The protein viability has always been an issue in the biosen-
sor design and fabrication, and is a key factor for the function
of biosensing devices. In the past decade, carbon nanotubes
(CNTs) with all atoms on the surface have been demon-
strated for biomolecular sensing [1–3]; and in particular,
field effect transistors (FETs) based on semiconducting CNTs
have been used as biosensors [4–8]. The CNTFET devices
are sensitive to variations in the surrounding environment
because all the electrical current flows through the outermost
layer of the CNT. The electrochemical detection of protein
binding [9, 10] and DNA hybridization [11–14] using the
CNTFET have been reported and changes in the device
characteristics (e.g., drain current amplitude and threshold
voltage) are mainly attributed to the charge transfer
between proteins and CNTs. In these CNTFET devices
[10–12], the CNT surface is often directly or indirectly (e.g.,
through Au nanoparticles) labeled with probe proteins,
which function as binding sites for target proteins in the
sensing process. Therefore, the viability of proteins during
the assembly or labeling process is critical to the device
functionality.

Here we investigate the viability of proteins on Au
nanoparticles (Au NPs) during an assembly process for
the fabrication of CNTFET biosensors, in which Au NPs
labeled with anti-horseradish peroxidase (anti-HRP) were
assembled onto the external surface of CNTs by a simple
method that combines electrospray with electrostatic force
directed assembly (ESFDA) [15–17]. To study the viability
of antibodies on Au NPs, we first used the enzyme-linked
immunosorbent assay (ELISA) technique, which is mainly
used in immunology to detect the presence of antibodies and
antigens. For visualization of the antigen-antibody reaction,
an enzyme and a related substrate are often introduced,
which could offer a colored reaction that can be spectropho-
tometrically measured. In this study, the antigen-antibody
binding reaction was indicated by the color change (diimine
terminal oxidation product/yellow end product) from the
3, 3′, 5, 5′-tetramethyl benzidine (TMB) substrate in the
ELISA, in which horseradish peroxidase (HRP) functions as
the antigen and enzyme. To further confirm the viability
of antibodies, CNTFET devices containing the antibody-
conjugated Au NPs were fabricated and FET measurements
were obtained to detect the antigen-antibody binding events.
The amplitude change of the drain current was observed
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when HRPs were introduced in the sensor. The above two
independent approaches clearly show that the antibodies on
Au NPs are still active after the electrospray and electrostatic
force directed assembly process.

2. Experimental

2.1. Materials. Au nanoparticles (18 nm Colloidal Gold)
labeled with anti-HRP were purchased from Jackson
Immunoresearch and used without further purification.
HRP from human serum were ordered from Sigma-Aldrich.
A blocking agent bovine serum albumin (BSA), which was
used to block the nonspecific binding of proteins with the
sensing element, was purchased from Rockland. PBS (pH
7.4, ×1) (Fisher BioReagents) was used as the solvent for
HRP and BSA. TMB and HCL were purchased from Bio-Rad
Lab and VWR, respectively. All solutions were prepared with
distilled and deionized water (DI water) supplied by Cellgro.
Multiwalled CNTs (MWCNTs) with diameter of 20 nm and
lengths of several microns were purchased from Alfa Aesar.

2.2. Electrospray and Electrostatic Force Directed Assembly.
Figure 1 shows a schematic of Au nanoparticle-antibody
conjugates aerosolization by an electrospray process and
the subsequent assembly of the conjugates onto CNTs by
ESFDA. A commercial electrospray aerosol generator (EAG,
TSI Model 3480) was used to spray colloidal Au nanoparticle-
antibody conjugates. The colloidal conjugates applied with
a high dc voltage were extracted through a capillary tube
due to the capillary effect and the capillary inlet/outlet
pressure difference. The conjugates ejected from the capillary
were atomized to form charged fine droplets due to the
electrohydrodynamic break-up. Charged Au NP-antibody
conjugates were obtained after the solvent evaporation and
subsequently assembled onto the surface of CNTs in an
electric field. Since the electric field near the CNT was
significantly enhanced due to their small diameters, the
charged conjugates were attracted to the external surface
of CNTs via electrostatic force. In our case, CNTs on a
copper transmission electron microscopy (TEM) grid and Au
electrodes were used. The assembly time was on the order of
hours.

2.3. ELISA. 96-well polystyrene microplate (Sigma-Aldrich)
was used as the reaction chamber in this procedure. At
first, MWCNTs were dispersed on a copper TEM grid
(400 mesh, Ted Pella, Inc.), and then Au nanoparticle-
antibody conjugates were assembled onto the CNTs by elec-
trospray and ESFDA. Three samples with different antibody
concentrations on the CNTs were prepared by adjusting the
deposition time from one hour to three hours. The samples
were placed in a microplate and incubated with 200 μL BSA
(0.01 mg/mL) for two hours, and then washed with the PBS
buffer. After that, 100 μL of HRP (1.8E − 6 M, 0.08 mg/mL)
were pipetted into the microplate for the protein binding
for one hour, followed by wash and dry. Finally, 100 μL of
TMB substrates were pipetted into the microplate for the
colored reaction; after 30 minutes, 100 μL of 0.1 M HCL were

pipetted to stop the reaction and to turn the solution into
yellow which can be measured through the light absorption
using a microplate reader.

2.4. CNTFET Fabrication and Measurement. Gold inter-
digitated electrodes with both finger width and inter-
finger spacing (source-drain separation) of about 1 μm were
fabricated using an e-beam lithography process (Raith 150
lithography tool, 30 kV) on a Si wafer with a top layer
of thermally-formed SiO2 (thickness of 200 nm). Firstly,
MWCNTs were dispersed onto the electrodes and dried
under room temperature. The device was then annealed
in argon flow (1 lpm) for one hour at 200◦C to remove
residue solvents and to improve the contact between CNTs
and electrodes. After annealing, we found that the device
was very robust. CNTs were immobilized between two metal
electrodes and could not be washed away after several cycles
of washing and drying, which has been confirmed by the
SEM imaging. The device was then incubated with BSA for
two hours and washed with the PBS buffer to reduce the
possible nonspecific binding of HRP to CNTs and electrodes.
After that, 20 μL HRP was pipetted onto the device for
protein binding for one hour, followed by wash and dry. FET
measurements were carried out using a Keithley 2602 source
meter by recording the drain current response (Vd = 0.01 V)
when ramping the gate voltage Vg from −3.0 to 3.0 V (with
a step of 0.01 V). A Hitachi S-4800 UHR FE-SEM was used
for scanning electron microscopy (SEM) characterization
of the biosensing device at an acceleration voltage of
30 kV.

3. Results and Discussion

For the ELISA technique (Figure 2(a)), three samples with
increasing deposition time from one hour to three hours
were prepared. All the samples were performed in ELISA
with exactly the same procedure as described previously
in Experimental. BSA was used to reduce the possible
nonspecific binding of HRPs to the CNT, TEM grid and
the well wall. In our case, the HRP functions as an enzyme,
which converts the related substrate (TMB) to produce a
yellow product. After adding the TMB substrate and HCL,
the color of the solution turned yellow, which confirms the
presence of HRPs on the sample. Since BSA was introduced
to block the non-specific binding, HRPs could only bind with
anti-HRP on the CNT. Therefore, the color change of the
solution indicates that the antibody activity was preserved in
the electrospray and ESFDA process.

Figure 2(b) shows the light absorption measurements for
the three samples after the colored reaction. The absorption
intensity increased with the deposition time. By adjusting
the deposition time of electrospray and ESFDA, the con-
centration of Au NP-anti HRP conjugates on CNTs could
be controlled. With more antibodies on CNTs, more HRPs
can bind on the device, therefore leading to more converted
yellow product. The absorption results further confirm that
the anti-HRP activity is preserved and antigen-antibody
binding events occurred in the ELISA.
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Figure 1: Schematic of Au nanoparticle-antibody conjugates aerosolization by an electrospray process and their subsequent assembly onto
CNTs by ESFDA.

Au nanoparticle-antibody conjugates assembled on
CNTs could be used in a CNTFET biosensor, from which
the antibody activity could be studied by FET measurements.
To confirm the presence of Au NPs on the surface of the
CNT, SEM imaging was used to examine the CNTFET after
the electrospray of Au NP-antibody conjugates. Figure 3(a)
shows an SEM image of the Au interdigitated electrode
[18]. In this configuration, Au electrodes are used as metal
contacts for drain and source and the SiO2 layer is used
as the insulating material, through which a gate bias is
applied to the back silicon wafer during the FET measure-
ment.

Figure 3(b) shows the SEM image of a single CNT
coated with Au NP-anti HRP conjugates and spanning across
an electrode gap. After being electrosprayed with Au NP-
antibody conjugates, many Au NPs (light dots) are uniformly
distributed on the surface of the CNT, indicating the presence
of Au NPs in the CNTFET. Based on the SEM images, we
conclude that Au NPs have been successfully attached to the
CNTs likely through noncovalent binding [15, 17]. On the
other hand, anti-HRPs are covalently linked to the surface
of Au NPs and the bonding between antibody and Au NPs
is relatively strong. Therefore, it is reasonable to assume that
the antibodies are present in the CNTFET device after the
assembly process. From the SEM image, we also found that
the surface of the Au NPs was covered with a solvent layer,
which is from the colloidal solution. It is known that the
antibody is active for months when stored in buffer solution
at 2–8◦C. In our case, the antibody on the Au NPs are covered
with a solvent layer similar to the buffer solution, which
prevents the metamorphose of the antibody. We assume that
the antibodies are active in the sensor for probing antigens,

which has been confirmed by the sensing results presented as
follows.

Figure 4(a) shows the schematic illustration of the fab-
rication process of the CNTFET biosensor, in which the
anti-HRP is anchored to the CNT surface through Au NPs
and functions as the specific recognition group for HRP
binding. FET measurements of the device were performed
to study the antibody viability. Figure 4(b) shows the gate
voltage dependence of the normalized drain current Id (Id
is normalized by the drain current of the device at Vg =
−3.0 V) after the CNTFET was treated with Au NP-anti-HRP
conjugates, BSA and HRP. During the FET measurement,
a gate bias Vg ramped from −3.0 V to 3.0 V while a
constant bias of 0.01 V was held between the drain and
the source. Based on Figure 4(b), the device characteristics
resemble those of typical p-type semiconductors, in which
holes are the majority carriers and the conductivity of the
CNT depends on the mobility and density of holes. No
hysteresis was observed in all Vg-Id measurements. The type
of device did not change after the CNTs and Au NP-anti-
HRP conjugates were further treated with BSA and HRP;
however, the drain current Id decreased for both processes.
The decrease in the drain current Id after the BSA treatment
is possibly because BSA is negatively charged in the PBS
buffer and negative charges could transfer to CNTs or
electrons could transfer from the electron-rich group such
as secondary amine N–H in the BSA to CNTs, both of
which could lead to the decrease in the density of holes in
CNTs.

After the introduction of HRPs to the device, a significant
decrease of Id (about 36% at Vg = −3.0 V) was observed,
which is a direct evidence for antigen-antibody binding
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Figure 2: (a) Schematic illustration of ELISA. (b) Light absorption measurement from ELISA, in which HRP was added to three samples
with different Au NP-anti HRP conjugates deposition time (1 hr, 2 hrs, and 3 hrs) and thus concentrations.
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Figure 3: (a) SEM image of the Au interdigitated electrode. (b) SEM image of a single CNT coated with Au NP-anti HRP conjugates and
spanning across an electrode gap.

events. The antibody-antigen interaction may have two
effects on the CNT conductivity [5]. First, the antigen
(HRP) triggers various scattering centers across the CNT as
a result of binding events. Upon antigen-antibody binding,
geometric deformations occur and increase the scattering
centers across the tube; thereby reducing the mobility of
holes in the CNT and thus leading to the decrease of drain
current. As a possible second effect, the decrease of the drain
current involves the charge tunneling from HRPs to CNTs.
Charge tunneling from α-amino acid groups in HRPs to the
CNT through the solvent is possible in the buffer solution,
which reduces the carrier density in CNTs and thus leads
to the decrease in the drain current. The observed drain
current decrease could be the results of both the scattering

mechanism and the charge tunneling [10, 12]. To study the
solvent influence to the drain current, a control experiment
was performed by introducing only the PBS buffer to the
device and a very tiny response (5% decrease in Id) from the
device was observed, indicating that the sensor response is
mainly due to the binding of antigen to antibody. Figure 4(c)
shows the drain-source voltage dependence of drain current
Id for a CNTFET treated with HRP of concentrations ranging
from 4.5E−8 M to 4.5E−5 M. From the I-V characteristics,
we found that the drain current decreased monotonically
with the increase of the HRP concentration, and this could
only be explained by more antigens binding with antibodies,
more scattering centers created, and more charge tunneling
between CNTs and Au NPs.
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Figure 4: (a) Schematic illustration of the CNTFET biosensor fabrication process. (b) Gate voltage dependence of the normalized drain
current Id for a CNTFET treated with Au NP-anti-HRP conjugates, BSA and HRP (Vd = −0.01 V, HRP concentration = 4.5E − 5 M).
(c) Drain-source voltage dependence of drain current Id for a CNTFET treated with HRP of concentrations ranging from 4.5E − 8 M to
4.5E − 5 M.

Each antibody preferentially binds to a specific antigen,
an interaction similar to that of a lock and key. The antigen
(HRP) used in this study can only bind to the corresponding
antibody (anti-HRP); therefore, if the structure of the
antibody changes during the assembly process, there will be
no binding events in the sensing process and no significant
change in the drain current would have been observed.
Moreover, the drain current change was observed to increase
with the increasing HRP concentration. Based on the FET
sensing results and the ELISA results, we conclude that the
activity of antibodies on Au NPs is preserved during the
electrospray and ESFDA assembly process.

4. Conclusion

The viability of antibodies on Au nanoparticles during an
electrospray and electrostatic force directed assembly process

is studied using ELISA and FET biosensing measurements.
The activity of antibodies on Au nanoparticles is preserved
in the assembly process as confirmed by the colored reaction
in ELISA and the drain current change in FET measure-
ments. Since the same assembly technique could successfully
assemble Au nanoparticle-antibody conjugates onto carbon
nanotubes and many other nanostructures in a controlled
manner, the assembly method could be useful for protein
labeling in various biosensor fabrication processes.
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We demonstrate two approaches to prepare mesoporous metal oxide nanowires by surfactant assembly and nanoconfinement via
sol-gel or electrochemical deposition. For example, mesoporous Ta2O5 and zeolite nanowires are prepared by block copolymer
Pluronic 123-templated sol-gel method, and mesoporous ZnO nanowires are prepared by electrodeposition in presence of anionic
surfactant sodium dodecyl sulfate (SDS) surfactant, in porous membranes. The morphologies of porous nanowires are studied by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analyses.

1. Introduction

One-dimensional (1D) nanostructures have become the
focus of intensive research owing to their potential applica-
tions as building blocks for nanoelectronic and nanopho-
tonic devices [1, 2]. A lot of synthesis strategies have
been developed to fabricate 1D nanostructures with various
compositions, controlled morphologies, and complex archi-
tectures [3]. Template synthesis is one of the well-established
strategies where porous anodized aluminum oxide (AAO)
membranes are often used as alternative templates for
making nanowire arrays [4].

Mesostructured materials with well-defined pore struc-
tures and uniform pore sizes attract much attention [5–
8]. Surfactant templating strategy through cooperative self-
assembly of inorganic species and surfactant is a basic
synthetic powerful approach to fabricate ordered mesostruc-
tured materials. Recently, by confined self-assembly of
surfactant in cylindrical pore channels of AAO membranes,
hierarchically mesoporous silica nanowires or nanotubes
with different morphologies have been fabricated [9–21].
These hierarchical structures can be further used as hard
templates to host and guide the growth of aligned and
ordered metal and semiconductor 1D nanostructures [22,
23]. Those mesoporous nanowires are particular attractive
for sensor and catalyst applications because of their hierar-
chically organized structure, tunable pore size, and higher
surface area. However, only a few studies have been carried

out to directly confine the nonsilica mesoporous materials in
the cylindrical pore channels [24].

In this study, we will report that mesoporous metal oxide
nanowires can be prepared by surfactant confined in porous
membranes via sol-gel or electrodeposition approach. More
specifically, the overall diameter of nanowires is defined by
the cylindrical AAO pore channels. Surfactant nanoconfined
in AAO is used to generate mesoporosity and to control the
texture of nanowires. Here we use mesoporous Ta2O5 and
zeolite by sol-gel and ZnO nanowires by electrodeposition as
examples. Ta2O5 is a fascinating functional material that has
been used in applications such as dynamic random access
memory (DRAM) devices, antireflection coating layers, gas
sensors, photocatalysts, and capacitors owing to its high
dielectric constant, high refractive index, chemical stability,
and high temperature piezoelectric properties [25–27]. Zeo-
lite is commercially used as catalysts and separation media
[28–30]. Both of mesoporous Ta2O5 and zeolite nanowires
have not been reported so far. ZnO is a unique material that
exhibits semiconducting and piezoelectric dual properties
for wide applications in chemical sensors, laser diodes, solar
cell, photocatalyst, and piezoelectric transduction [8, 31–33].
This is the first surfactant templated growth of mesoporous
ZnO nanowires.

2. Experimental Procedures

Mesoporous Ta2O5 and zeolite nanowires were prepared
by surfactant templated sol-gel method. The solution
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for mesoporous Ta2O5 nanowires is similar to that
used for the preparation of meosporous Ta2O5 powder
[34]. Typically, 1 g of block copolymer Pluronic P-123
(HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H,
designed EO20PO70EO20) was dissolved in 5 g of ethanol,
then 0.5 g of TaCl5 was added, and the solution was stirred
for 0.5 h. For mesoporous zeolite, 0.4 g P-123 was dissolved
in 6 mL of H2O with 2 mL of 0.1 M HCl, followed by
3.5 ml of pure-silica zeolite MFI nanoparticle suspension;
the solution was then stirred for 1 hour. A pure-silica
zeolite MFI nanoparticle suspension was synthesized by
hydrothermal method from TEOS, TPAOH, ethanol, and
H2O (TEOS and TPAOH stand for tetraethylorthosilicate
and tetrapropylammonium hydroxide, resp.) as starting
materials. The molar composition of the synthesis solution
was 1 TPAOH/3 SiO2/25.1 EtOH/52.4 H2O [28, 29]. It
is noted that complete in situ hydrolysis of TEOS would
produce 11.2 mol of EtOH. TEOS, ethanol, and H2O were
first mixed together and stirred for 0.5 hour, TPAOH was
then added slowly into the solution. The clear solution thus
obtained was aged in a capped plastic vessel for 3 days at
room temperature followed by heating at 100◦C for another
7 days with stirring. The zeolite nanoparticle suspension
after cooling to room temperature was then centrifuged
at 5000 rpm for 20 minutes to remove big particles, and
then passed through 0.2 μm HT Tuffryn syringe filter. This
solution will be used to mix with P-123 to make mesoporous
zeolite nanowires.

Commercial AAO membranes with pore diameter of 20
or 100 nm and thickness of 60 μm thickness were immersed
in the above P-123 assembly sol-gel solutions for overnight.
Then the membranes were dry and calcined at 400◦C for 5
hours to remove P-123; nanowires were then dispersed in
ethanol after removing AAO membrane by 2 M NaOH and
cleaning by DI H2O.

Mesoporous ZnO nanowires were prepared by surfac-
tant templated electrodeposition. The electrodeposition was
performed in a standard three-electrode glass cell, which
was immersed in a water bath held at 65◦C. 100 nm
thick Au-coated porous polycarbonate membrane (50 nm
pore size and 6 μm thickness) or AAO (100 nm pore size
and 60 μm thickness) was used as the cathode while Pt
gauze as the anode and Ag/AgCl electrode as the reference
electrode (Ueq = 0.215 V standard hydrogen electrode, SHE).
ZnO was electrodeposited at −0.9 V versus Ag/AgCl from
0.05 M Zn(NO3)2. ZnO nanowires were electrodeposited
from 0, 0.5, 5, and 20 wt% SDS surfactant in 0.05 M
Zn(NO3)2 solutions. After electrodeposition, the nanowires
were stripped from the membrane templates by first dissolv-
ing Au by mercury, then dissolving polycarbonate membrane
with chloroform, or AAO membrane with 2 M NaOH,
and followed cleaning with distilled water and ethanol by
centrifugation with 4000 rpm for several times.

The X-ray diffraction (XRD) patterns were obtained
on Siemens D-500 diffractometer using Cu Kα radiation.
Scanning electron microscopy (SEM) images were obtained
on a HITACHI S4800 field emission microscope (FESEM) at
3 kV equipped with EDX. Transmission electron microscopy
(TEM) images and selected area electron diffraction (SAED)
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Figure 1: Low-angle and wide-angle XRD patterns for porous
zeolite films from self-assembly of silicate-1 zeolite MFI at 100◦C
for 7 days with P-123.

patterns were obtained on a JEOL 2010 TEM microscope
equipped with Oxford Link ISIS 6498 spectrometer for
energy dispersive X-ray (EDX) analysis and operated at
200 kV to determine the nanowire morphology and struc-
ture.

3. Results and Discussion

Before soaking the porous membranes in the solutions,
porous zeolite films were prepared from the same solution.
Figure 1 shows the low-angle and wide-angle XRD patterns
for films from spin-coating P-123 self-assembled zeolite MFI
solution on silicon substrates and heating at 400◦C for
2 hours. The low-angle shows typical hexagonal structure
with a strong (100) diffraction peak of a d-spacing of
7.2 nm, consistent with the surfactant P123 used, indicating
mesostructure preserves in the films, however, without long-
range order. The wide-angle XRD pattern shows crystalline
MFI zeolite formation where the degree of crystallinity can
be controlled by the solution aging and heating temperature
and time.
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Figure 2: TEM images for mesoporous Ta2O5 nanowires (a,b) and zeolite nanowires (c).

Mesoporous Ta2O5 and zeolite nanowires were obtained
by soaking the porous membrane in the surfactant self-
assembled sol-gel solution. The isolated nanowires were
obtained by removing surfactant P-123 via the calcination
and removing AAO membrane through dissolution. Figure 2
shows TEM images for mesoporous Ta2O5 and zeolite
nanowires. The porous nanowires with diameters of 80–
100 nm and lengths of tens of μm were clearly visible. Ta2O5

nanowires are amorphous, while zeolite shows crystalline
due to the longer heating time for the zeolite nanoparticle
suspension. In other words, by controlling the zeolite
nanoparticle suspension aging and heating conditions, the
amorphous or crystalline zeolite nanowires can be formed. It
is reported that amorphous mesoporous Ta2O5 powders were
obtained from block copolymer templated sol-gel method
[34]. With increasing heating temperature and time, the
oxides can go from amorphous to semicrystalline to crys-
talline, however, the pores in oxides may be collapse at higher
temperature. Here we use surfactant self-assembly nanocon-
fined in AAO membranes to demonstrate the formation of
mesoporous metal oxide nanowires. The nanowire diameter
is in consistent with the pore size of the AAO membranes,
and the length of nanowires is probably dependent on the
soaking time of the membranes in the solution. Surfactant
assembled structure nanoconfined within the pores is used
to generate porosity and to control the texture of nanowires.
Here the pores in the nanowires are from P-123 while the
pore size should be around 8–10 nm, in consistent with the
surfactant used. However, bigger pores were clearly observed
may be due to the merging of the individual pores.

Before making the mesoporous ZnO nanowires, we also
prepared mesoporous ZnO films. Figure 3(a) shows the low-
angle XRD patterns for the mesoporous ZnO films on ITO-
glass electrodeposited from 0.05 M Zn(NO3)2 with 0.5 and
5 wt% SDS. Without surfactant, no low-angle peaks were
observed. While adding SDS in the solution, low-angle
XRD pattern has two sets of evenly spaced 00l reflections,
which are unambiguously indexed as two different lamellar
phases, one with d001∗ = 3.18 nm and the other with
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Figure 3: Low-angle XRD patterns for porous ZnO film on
ITO-glass from 0.05 M Zn(NO3)2 with 0.5 and 5 wt% SDS via
electrodeposition and after soaking in water and ethanol for 2 days;
and (b) Wide-angle XRD patterns for ZnO films on ITO-glass from
0.05 M Zn(NO3)2 with 0, 0.5 and 5 wt% SDS surfactants.
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Figure 4: TEM images and SAED patterns for ZnO nanowires
from 0.05M Zn(NO3)2 without surfactant (a) and 5 wt% SDS in
Zn(NO3)2 (b).

d001∗ = 2.74 nm, implying well-defined long-range order
nanostructure preserved in the film. Identical d spacing
values are obtained by varying the concentration of SDS
from 0.5 and 5 wt% SDS in aqueous solutions, indicating
that the interfacial assembly pattern of surfactant-inorganic
intermediates does not depend on the bulk surfactant con-
centration. The formation of lamellar bi-phases suggests that
two different geometrical orientations of SDS-Zn2+ bilayers
are formed relative to the electrode surface [8]. After film
soaking in water and ethanol for 1 day, the former lamellar
structure peaks intensity decreases, after further soaking
for 2 days, the low-angle XRD pattern only has one family
lamellar mesostructure with d001∗ = 2.74 nm, indicating
that the former family lamellar with d001∗ = 3.18 nm may
not be stable and change to the latter lamellar phase with
stable geometrical orientations. Figure 3(b) shows the wide-
angle XRD patterns for ZnO films on ITO-glass from
0.05 M Zn(NO3)2 and mesoporous films from the solution
with 0.5 and 5 wt% SDS. For the pure ZnO film without
surfactant, wide-angle XRD indicates that highly crystalline
wurtzite hexagonal ZnO forms (JCPDS, no. 36-1451). For
mesostructured ZnO films, the film with 0.5 wt% SDS
still shows weak crystalline. However, with increasing SDS
amount to 5 wt%, except the substrate ITO-glass peaks,
we no longer see crystalline ZnO peaks, indicating, ZnO is
amorphous. This result suggests that under the influence of

3μm
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Figure 5: FESEM images for mesoporous ZnO nanowires from
0.05 M Zn(NO3)2 with 20 wt% SDS after dissolution of the alumina
template membrane.

an electrostatic potential, surfactant-inorganic species self-
assembly and electrodeposition occurs on the surface of
the ITO-glass cathod, amorphous ZnO films with lamellar
mesostructure can be produced.

Mesoporous ZnO nanowires were formed when self-
assembly of surfactants confined within cylindrical pore
channels via electrodeposition. Figure 4 shows TEM images
and SAED patterns for ZnO nanowires electrodeposited
from 0.05M Zn(NO3)2 with 0 and 5 wt% SDS surfactant.
The images clearly see nanowires formation with diameters
of 80–100 nm and lengths of up to 1μm. It is well known that
the nanowire diameter can be tuned by different pore size
membrane templates, and the wire length can be easily con-
trolled from nm to μm by electrodeposition time. However,
due to semiconducting behavior of ZnO, the nanowires are
not easily to grow as long as the porous membrane thickness
as metals or other conducting materials. EDX analysis shows
that the nanowires contain Zn and O. SDS surfactant can be
removed by thoroughly washing with water and ethanol, but
the nanowires may be broken by mechanical force such as
ultrasonication. Without surfactants in the electrolytes, the
crystalline ZnO nanowires can be electrodeposited. SAED
pattern shows the crystalline ZnO formation. With further
increasing SDS to 5 wt%, SAED pattern indicates that ZnO
is amorphous, and the images clearly exhibit the ordered
lamellar mesostructure with pore size of 2.5 nm, in consistent
with SDS surfactant size [8]. The amorphous nature of
the nanowires is in consistent with the amorphous films
determined by XRD in Figure 3(b).

Figure 5 shows FESEM images for the mesoporous ZnO
nanowires deposited from 20 wt% SDS in Zn(NO3)2 after
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dissolving the membranes. Highly ordered mesoporous
nanowire arrays were obtained with 200 nm in diamaters and
1-2μm in lengths and one can clearly see the porosity and
mesostructure from the nanowires (Figure 5(b)).

Confinement on the lamellar liquid crystal assembly
from block copolymers or silica-surfactant nanocompos-
ite in the nanoscale pores has been extensively studied
both theortically and experimentally [9–11]. These lamellar
mesostructure with the layers are parallel to the substrates;
nanoconfinement in nanoscale pores results in the coaxially
concentric multilayered cylindrical mesophase by curling the
layered structures to diminish the interfacial curvatures [9–
11]. However, different from the above lamellar mesophase,
upon the addition of the anionic surfactant SDS into an
inorganic electrolyte solutions Zn(NO3)2, the electrostatic
interaction results in the formation of an interface (S−I+),
comprised of metal cations and anionic headgroups of
surfactants. The metal cations adsorb on the electrode
surface, when applying a potential between a working and
counter electrodes, the interface will stack layer by layer and
the surfactants pack parallel to each other, perpendicular
to the substrate. Two-dimensional grazing-incidence small-
angle X-ray scattering (SAXS) technique proves the meso-
porous ZnO films with the layers stacked not parallel to the
substrate, different from the sol-gel self-assembly method
[8]. Thus mesostructured nanowires (not nanotubes) are
electrodeposited when the surface self-assembly is confined
in the nanoscale pores.

4. Conclusions

In conclusion, by combination of surfactant self-assembly,
nanoconfinement and sol-gel or electrodeposition, meso-
porous Ta2O5, zeolites and ZnO nanowires are produced.
These novel approaches could be extended to prepare some
other metal oxide porous nanowires. The controlled pore
size and morphology nanostructured nanowires may have
applications in optical and electric nanodevices.
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Initial experiments using differentially functionalized fullerenes, CD-C60, hexa-C60, and tris-C60, suggested a properties dependent
effect on cytotoxic and proliferative responses in human skin keratinocytes. In the present study we investigated the cytokine
secretion profile of dermal epithelial cells exposed to functionalized fullerenes. Keratinocyte-derived cytokines affect homing
and trafficking of normal and malignant epidermal immune as well as nonimmune cells in vivo. These cytokines are critical for
regulating activation, proliferation, and differentiation of epidermal cells. Our results indicate that tris-C60 (size range <100 nm)
significantly reduces inflammatory cytokine release in a dose- and time-dependent manner. In contrast CD-C60 demonstrated
a relatively pro-inflammatory cytokine response, while hexa-C60 did not significantly perturb cytokine responses. Physical and
chemical characterizations of these engineered nanomaterials suggest that the disparate biological responses observed may
potentially be a function of the aggregation properties of these fullerenes.

1. Introduction

Engineered nanomaterials have been wildly used for diagnos-
tic therapy and drug delivery based on their unique prop-
erties, such as size and charge [1, 2]. C60-derived fullerenes
are carbon allotropes whose physical and chemical properties
are easily manipulatable making them attractive targets for
clinical and industrial applications [3, 4]. However, unmod-
ified fullerenes tend to form large aggregates due to their
high aspect ratio and the strong van der Waals attraction
between them, resulting in limited solubility in aqueous
media thus restricting their applications. Consequently,
drug development platforms as well as other commercial
uses (e.g., for composites) have focused on derivatizing
native C60 fullerene molecules rendering it soluble. This
not only broadens the scope of applications but also makes
fullerenes more available to and interactive with biological
systems, raising concerns about the potential toxicity of these
materials. Also, the claimed mass production of fullerenes by
Frontier Carbon Corporation makes it a possible workplace
hazard.

In the current study we used three hydrophilic
fullerenes derivatives, hexa-dicarboxyl fullerene, tris-
dicarboxyl fullerene, and gamma (γ)-cyclodextrin caged
C60. Encapsulation of C60 by γ-cyclodextrin enhances the
solubility of C60 without impacting the physicochemical
properties of native C60, thus serving as an appropriate
control [5]. While chemical functionalization of C60 by the
addition of carboxyl groups on the surface renders normally
insoluble fullerenes soluble in aqueous media it also alters
the electronic and physical properties of fullerenes. The
physicochemical properties of the fullerene influence its
interactions with cells and biological molecules. Studies
have shown that nanomaterials can penetrate through skin
and induce localized or even systemic biological responses
[6]. In the present study human epidermal keratinocyte
(HEK) cells were utilized to simulate the primary route
of occupational dermal exposure and potential topical
applications of fullerene derivatives. Skin epidermis is a first
line of defense against pathogens and other environmental
insults. Keratinocytes are the major cell type in human
epidermis and are the primary responders to exogenous
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insults generating a variety of different cytokines greatly
influencing the inflammatory dermal response [7–9]. In
a previous study (manuscript submitted), we performed
a suite of cellular endpoint analysis to determine the
response of epidermal keratinocyte (HEK) to these
distinctly derivatized fullerenes. A comparative analysis
of the cellular responses elicited by these functionalized
fullerenes indicated that tris-C60 induced a differential
response in HEK cells relative to either CD-C60 or hexa C60

fullerenes. Furthermore, the results presented herein suggest
that engineered fullerene derivatives can dramatically
alter the apoptotic and proliferative responses of HEK
cells. Since cytokines influence viability, proliferation and
differentiation of keratinocytes in vivo and are pivotal in
the recruitment of immune cells [10] and the ensuing
inflammatory response, we further evaluate the cytokine
response of human epidermal keratinocyte (HEK) cells to
modified fullerenes.

2. Materials and Methods

2.1. Chemicals and Reagents. All reagents used in the study
were special grade commercial products purchased from
Invitrogen (Carlsbad, CA) and Sigma-Aldrich (Saint Louis,
MO), unless otherwise stated. The cytokine kits were pur-
chased from BD Biosciences (San Diego, CA) and Antigenix
America (Huntington Sta., NY). The cytokine array kit was
obtained from RayBiotech (Norcross, GA).

2.2. Preparation of Fullerene and Its Derivatives. The water-
soluble carboxyfullerenes C60 substituted with a total of 12
(hexa-C60) or 6 (tris-C60) carboxyl groups (see Supplement
1 available at doi: 10.1155/2010/41640) and γ-cyclodextrin-
C60 fullerene molecule (referred to as CD-C60) were synthe-
sized for this study as described in [11].

Preparation of fullerene derivative working solutions: tris
or hexa-C60 fullerene was added to sterilized distilled water
and pH adjusted to 7.0 to create a stock solution of 2 mg/mL.
The stock solutions were stored at 4◦C until use. Before the
experiment, the stock solutions were vortexed for 3 minutes,
then sonicated for 10 minutes to break up aggregates and
form a uniform suspension. From this stock, serial dilutions
of 25, 50, and 100 μg/mL in cell growth media were prepared
and used to treat the cells.

2.3. Cell Culture. Human epidermal keratinocyte (HEK)
cells (ATCC CRL-2404) were grown in defined ker-
atinocyte serum free medium (SFM) (Cat No. 10785,
Invitorgen, Carlsbad, CA) supplemented with 1 mL Defined
Keratinocyte-SFM growth supplement (Cat No. 10784, Invit-
rogen) in a 37◦C incubator with a humidified atmosphere
and 5% CO2. HEK cells were either cultured in flat-bottom
96-well (1.5 × 104 cells/well) or 6-well (2.0 × 105 cells/well)
cell culture plates depending on the end-point to be assayed.
Cells were treated with caged-C60 or carboxyfullerenes at
concentrations of 25 μg/mL, 50 μg/mL, and 100 μg/mL in
warm media for various time points. A control sample of
untreated cells was cultured, washed, and incubated for

the same time points for each experiment. The cells were
incubated at 37◦C with a humidified atmosphere and 5%
CO2 during exposure.

2.4. Apoptosis Assay. Apoptotic cell death was analyzed
by photometric enzyme-immunoassay kit (Cat. No.
11774425001, Roche Applied Science, Mannheim,
Germany). Briefly, HEK cells were plated at a population of
approximately 1.0×105 cells/well in 6-well cell culture plates.
The cells were exposed to caged-C60 and carboxyfullerenes
for 24 hours. Camptothecin (CAM, 1 μM) (Cat. No. 1039-1,
BioVision) was used as a positive control for apoptosis
induction. After treatment the cell culture plates were
centrifuged for 10 minutes at 200 × g. At the end of each
time point the cells were analyzed for apoptosis. The
sample absorbance was measured with an ELISA plate
reader Synergy 2 multimode microplate reader (BioTek
Instruments, Inc., Winooski, VT) at 405 nm and 490 nm.
To confirm the ELISA results, treated cells were dual labeled
with acridine orange/ethidium bromide (AO/EB) dyes to
visualize apoptotic cells. Equal volumes of 100 μg/mL AO
and EB in DPBS were mixed to stain the treated cells.
Stained cells were immediately analyzed using a fluorescence
microscope with 20 × objective (Zeiss Axiophot, Carl
Zeiss, Germany) and image-Pro Plus software (Ver. 6.2,
Media Cybernetics, Silver Spring, MD). Apoptotic cells
were delineated with orange nuclei, and live cells appear
uniformly green.

2.5. Cell Proliferation Assay. The cell proliferation reagent
WST-1 (a tetrazolium salt cleaved in viable cells) (Cat.
No. MK400, TaKaRa BIO Inc., Madison, WI) was used to
quantify cell proliferative activity. Briefly, HEK cells were
seeded at 5× 104 cells per well in 96-well plates and allowed
to reattach for 24 hours prior to exposure to fullerenes. After
24 hours, cells were washed twice. 10 μl WST-1 and 100 μl
fresh warm media were added to each well and incubated
for an additional 2 hours. Cell proliferation was assessed by
measuring the absorbance at 450 nm and 600 nm using a
microplate reader.

2.6. Cytokine Antibody Array. The levels of cytokines released
into cell culture media by functionalized fullerenes were
measured using RayBio Human Cytokine Antibody Array
III (Cat. No. AAH-CYT-3, RayBiotech). This antibody array
matrix can simultaneously detect 44 cytokines, chemokines
and growth factors (Figure 3). The samples were analyzed
according to the manufacturer’s instructions. Briefly, cell
culture medium from control and fullerene (50 μg/mL)
treated groups was collected after 4, 8, 12, and 24 hours. The
antibody array membranes were blocked using 2 mL of 1×
blocking buffer at room temperature for 30 minutes in an
8-well tray. Subsequently, 1 mL of cell culture medium was
added to each well, and then incubated at room temperature
for 2 hours. After incubation, the membrane was washed
three times with washing buffer I for 5 minutes each, and
then washed twice using washing buffer II for 5 minutes each.
The membranes were incubated with biotin-conjugated
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anticytokine antibodies for 2 hours, followed by HRP-labeled
strepavidin incubation for 2 hours at room temperature.
Cytokines were detected with supersignal west dura extended
duration substrate (Cat. No. 34–75, Thermo Scientific Pierce,
Rockford, IL) and visualized with ChemiDoc imaging system
(BioRad, Hercules, CA). The intensity level of each spot
was determined using Quality One Software (BioRad). The
positive controls on membrane were used to normalize the
signal intensity of individual cytokines.

2.7. Individual Cytokine Detection. HEK cells were seeded
in 6-well plates at a concentration of 2 × 104 cells/well and
treated with various concentrations of fullerene derivatives
for 2, 4, 8, 12, 24, and 48 hours. At the end of each time point,
cell supernatants were harvested for cytokine release analysis.
The concentration of human IL-1β, IL-6, IL-8, tumor
necrosis factor β (TNF-β), MCP-1 (Cat. No. 557953, 555220,
555244, 550995, and 555179, BD biosciences), GRO-β, GRO-
γ, and RANTES (Cat. No. RHF810CK, RHF820CK and
RHF520CKC, Antigenix America) levels in the media were
assessed by cytokine Enzyme-Linked Immunosorbent Assay
(ELISA) kits according to the manufacturer’s instructions.
Briefly, the 96-well plates (Nunc) were coated overnight at
4◦C with capture antibody diluted in coating buffer (BD
OptEIA reagent set B, Cat. No. 550534). Plates were washed
with freshly made wash buffer (PBS with 0.05% Tween-20),
and blocked with 200 μl assay dilute for 1 hour. Subsequently
wells were washed 3 times standard cytokines and test
samples were added to each well in triplicate (100 μL/well)
and incubated for 2 hours at room temperature. Bound
cytokines were detected after 1 hour with working detector
(100 μl, detection antibody + horseradish peroxidase con-
jugated streptavidin). Finally, color was developed using
substrate solution and stopping reagents. Absorbance was
measured at 450 nm, and the background noise was read at
570 nm. Cytokine concentrations were determined using the
standard curve in the same plate.

2.8. Statistical Analysis. Data were analyzed by Sigma Stat
software (Jandel Science, San Rafael, CA). The statistical
differences among groups were determined by one-way
analysis of variance (ANOVA) and/or Student’s t-test. A
Dunnett correction was used for multiple comparisons. The
values were expressed as mean ± SEM. A P-value < .05 was
considered a statistically significant difference.

3. Results and Discussion

3.1. Physicochemical Properties of Fullerenes. The physico-
chemical characteristics of engineered nanomaterials greatly
impact their properties eventually influencing their ability to
interact with biological systems. As we have shown in the
current study CD-C60, hexa-C60 and tris-C60 can induce dia-
metrically opposite cellular and molecular responses. Using
electrochemical characterization, UV-Vis spectra, dynamic
light scattering, and atomic force microscopy, we obtained
the following information about the physical and chemical
properties of these fullerenes: (1) reduction potential of

CD-C60, hexa-C60, and tris-C60 versus Ag/AgCl is −0.98,
−1.25, and −1.12 V, respectively, (2) both the hexa-C60 and
CD-C60 were highly polydisperse with a range of particles
from 20 nm to micron sized, and (3) tris-C60 is relatively
monodisperse with particle size from 100 to 160 nm. The
chemical modifications of fullerenes appeared to impact the
redox properties and aggregation properties of the fullerenes.

3.2. Functionalized Fullerene-Induced Apoptosis. The previ-
ous studies in our laboratory have shown that fullerenes
can regulate apoptosis in macrophage-like THP1 cells [11].
We therefore examined the ability of these fullerenes to
induce cellular apoptosis in HEK cells. Programmed cell
death was quantified after treatment with CD-C60, hexa-C60

and tris-C60 (25, 50, and 100 μg/mL) for 6 and 24 hours.
Cells were treated with camptothecin (CAM) as a positive
control. Using an ELISA assay, the amount of cytoplasmic
nucleosomes, an indicator of apoptosis, was measured in
each sample. Though all three fullerenes appeared to inhibit
basal apoptotic cell death, tris-C60 caused over a 50%
decrease in the number of apoptotic cells at all concentration
tested (Figure 1(a)). Moreover, unlike CD-C60, and hexa-
C60, tris-C60 protected the cells from camptothecin-induced
apoptotic cell death in a dose dependent manner, and
completely inhibiting apoptosis at 100 μg/mL (Figure 1(b)).
These results were confirmed morphologically using AO/EB
fluorescent staining (data not shown). Apoptosis plays a crit-
ical role in the development and maintenance of homeostasis
and in the maturation of organ systems [12]. Perturbation
of this naturally occurring physiological process has been
observed in several disease states. Dysregulation or failure of
normal apoptosis contributes to the transformation of cells
and provides a growth advantage to cancer cells [13]. The
observed antiapoptotic function of CD-C60 and hexa-C60,
and the ability of tris-C60 to inhibit apoptosis by extraneous
agents raise concerns about their safety. Conversely, tris-C60

could potentially be used to prevent premature neuronal
degeneration caused by apoptotic cell death as has been
previously suggested in [14].

3.3. Effect of Functionalized Fullerene on HEK Cell Prolifera-
tion. Further we examined the proliferative response of cells
on exposure to fullerenes. Cellular proliferation in HEK cells
was quantified using a nonradioactive WST-1 assay. This
tetrazolium salt is cleaved to a soluble formazan dye by the
succinate-tetrazolium reductase which is active only in viable
cells. The quantity of formazan dye is related directly to the
number of metabolically active cells. While no significant
changes were observed in the proliferation capacity of cells
treated with CD-C60 and hexa-C60, there was a significant
decrease in the percentage of proliferating cells in the tris-
C60 treated cells (Figure 2). These results indicate that not
only can tris-C60 perturb apoptotic mechanisms but it may
also inhibit cell cycle progression, preventing cell division.
Since cellular senescence is defined by the inability of cells to
proliferate and occasionally to be resistant to apoptosis one
can speculate that tris-C60 may potentially induce senescence
in HEK cells. Studies are ongoing to examine this response.
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Figure 1: Evaluation of apoptotic response in HEK cells. (a)
Cells were treated with fullerene and its derivatives for 24 hours.
Apoptotic cell death was quantified by photometric enzyme-
immunoassay. Media and 1 μM camptothecin (dash line) were
used as negative and positive controls, respectively. (b) Cells were
pretreated with fullerene and its derivatives for 2 hours, then
cotreated with 1 μM camptothecin for 24 hours. Relative change
in apoptosis was compared to untreated cells (Media, dash line),
and camptothecin (CAM). Values are presented as means ± SEM
of triplicate cultures from two individual samples in each treatment
group.

3.4. Fullerene-Mediated Cytokine Response. Insult mediated
release of immunoregulatory molecules or cytokines pri-
marily produced by keratinocytes are capable of initiating
an immune response in the epidermis [15]. IL-1, which
is constitutively produced and stored by keratinocytes, is
released on damage to these cells and in turn stimulates the
production of other cytokines such as, IL-6, IL-8, GM-CSF,
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Figure 2: Detection of HEK cell proliferation. Proliferation was
determined using the WST-1 proliferation assay. HEK cells were
treated with fullerene derivatives for 24 hours; cells cultured
with medium were used as control. Data are means ± SEM.
of quadruplicate cultures in each treatment group. Independent
experiments were performed in triplicate.

and TNF-α amongst others [16]. Therefore, keratinocytes
play a major role in the skin immune response. Moreover,
physiological responses including apoptosis and prolifer-
ation are mediated by these very cytokines and play a
deterministic role in the evolution and the integrity of
the epidermal layer. We examined the secretion profile
of cytokines in HEK cells exposed to the three different
fullerenes using a cytokine antibody array to measure 44
different cytokines (Figure 3). HEK cells were treated with
50 μg/mL fullerenes for 4, 8, 12 and 24 hours. Interestingly,
tris-C60 significantly suppressed the major proinflammatory
cytokines IL-6 and IL-8 and reduced TNF-β, RANTES, and
GRO release as well. However, a notable increase in IL-
1β levels was observed in a time-dependent manner. In
contrast, CD-C60 caused a significant increase in IL-6 and
IL-8 release, but reduced TNF-β levels. Unexpectedly, the
cytokine profiles for hexa-C60 treated groups were similar to
medium control.

3.5. Fullerene Derivatives Alter IL-1β, IL-6, and IL-8 Release
in HEK Cells. To determine the kinetics of the observed
cytokine response and to confirm the array results we utilized
single cytokine ELISA kits to assess extracellular cytokine
levels from 2 to 48 hours. The cytokine array results indicate
that functionalized fullerenes induce IL-1β release, but not
IL-1α. We quantified IL-1β levels after cells were treated with
fullerenes for 24 hours. A dose dependent induction of IL-1β
release was observed in tris-C60 treated cells. No significant
difference was noted in the CD-C60 and hexa-C60 treated
cells compared to medium control (Figure 4). It has been
well demonstrated that normal human epidermal cells can
produce interleukin-1 (IL-1) and TNF [17, 18]. Both these
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Figure 3: Cytokine array analysis in HEK cells treated with functionalized fullerene. (a) Antibody spotting map on the antibody array
membrane. Each cytokine is represented by duplicate spots. Pos: positive control; Neg: negative control. (b) Detection of cytokines on
membrane antibody array by chemiluminscence. HEK cells were treated with 50 μg/mL fullerenes for 4, 8, 12, and 24 hours. Images represent
cytokine array from 24 hours fullerene treated HEK cell culture media.

cytokines act synergistically to orchestrate inflammatory
responses and can also induce endothelial adhesion molecule
(ICAM) expression critical for the adhesion of immune
cells to the endothelial surface [14, 19]. In addition, these
keratinocyte-derived cytokines may enhance accumulation
of diverse cytotoxic effector cells for the destruction of ker-
atinocytes. Release of IL-1 by damaged keratinocytes induces
the production of proinflammatory cytokines, IL-6 and IL-8.
IL-6 is produced by keratinocytes in response to skin injuries
and can play a dominant role in dermal inflammatory
diseases [20]. IL-8 is a major neutrophil chemoattractant and
an important mediator of cutaneous inflammatory events,

involved in lymphocyte migration and infiltration in human
skin [21]. Conflictingly, in our array results, we observed
a decrease in both IL-6 and Il-8 in tris-C60 exposed cells.
These results were further confirmed by cytokine-specific
ELISAs, wherein, we saw a sharp decrease in the IL-6 levels
as early as 2 hours, continuing to decrease to 48 hours in tris-
C60 treated cells. In contrast, IL-6 release was significantly
increased in a dose dependent manner after 8 hours of
CD-C60 treatment in HEK cells. No significant differences
occurred between hexa-C60 treated and untreated media
control group (Figure 5(a)). Similar IL-8 responses were
noted (Figure 5(b)), where CD-C60 upregulates IL-8 release
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Figure 4: Effect of fullerene derivatives on IL-1β release in HEK
cells. HEK cells were treated with the different doses of fullerene
derivatives for 24 hours. Cytokine ELISA detection kits were used
to evaluate IL-1β cytokines. The concentration of released cytokines
was calculated by cytokine standard curve in the same measuring
plate. Data are means ± SEM. of quadruplicate cultures in each
treatment group.

and tris-C60 suppresses IL-8 release. Interestingly, release of
IL-8 was significantly decreased in a dose-dependent manner
after 2 hours of hexa-C60 treatment. CD-C60 induction of
proinflammatory cytokines IL-6 and IL-8 suggests that CD-
C60 may potentially induce an inflammatory response in
HEK cells [10, 22].

Interestingly, studies with mouse embryonic fibroblasts
undergoing senescence demonstrated an increase in the
expression and secretion of IL-1β and the involvement of
the IL-1β signaling pathway in activation of p38 linked
cellular senescence [23] implicating a role for IL-1β in
this phenomena. As discussed earlier, senescent cells are
often characterized by their resistance to apoptosis and their
inability to proliferate. Both of these responses were observed
in tris-C60 treated cells, accompanied with a simultaneous
enhancement in IL-1β levels. These responses were noted
in a background of attenuated levels of proinflammatory
cytokines IL-6 and IL-8, suggesting that tris-C60 may be
inducing senescence in these cells.

3.6. Fullerene Derivatives Alter TNF-β, GROβ, and RANTES
Release in HEK Cells. In the cytokine array study, TNF-α
was not affected by fullerene treatment. Interestingly, TNF-
β (lymphotoxin alpha) was inhibited on exposure to tris,
hexa and CD-C60, and this result was confirmed by a TNF-
β ELISA assay (Figure 6(a)). TNF-β is a potent mediator of
inflammatory and immune responses. Like TNF-α, TNF-β
is involved in the regulation of various biological processes
including cell proliferation, differentiation, apoptosis, lipid
metabolism, coagulation, and antiviral responses.
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Figure 5: Effect of fullerene derivatives on IL-6 and IL-8 release in
HEK cells. Cells were treated with fullerene derivatives for 2, 4, 8,
12, 24, and 48 hours. Cytokine ELISA detection kits were used to
evaluate cytokines in culture media. IL-6 (a) and IL-8 (b) releases
were significantly altered by fullerene derivatives. Data are means ±
SEM. of quadruplicate cultures in each treatment group.

GRO, also referred to as MGSA for melanoma growth-
stimulatory activity, stimulates keratinocyte proliferation
and migration, and angiogenesis in cutaneous wound heal-
ing [24]. Members of the GRO family, GROα, GROβ and
GROγ, exhibit some functional redundancy. A decrease
in total GRO levels was observed in tris-C60 treated cells
by the cytokine antibody array assay, but not GROα. We
further evaluated GROβ and GROγ levels using the ELISA
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Figure 6: Effect of fullerene derivatives on TNF-β, GROβ and RANTES release in HEK cells. Cells were treated with fullerene derivatives for
24 hours. Cytokine ELISA detection kits were used to evaluate cytokines. TNF-β (a), GROβ (b) and RANTES (c) release were significantly
altered by fullerene derivatives. Data are means ± SEM. of quadruplicate cultures in each treatment group.

construction kit. No changes in GROγ were noted with either
of the functionalized fullerenes (data not shown). However,
GROβ was suppressed by tris-C60 treatment (Figure 6(b)).
CD-C60 and hexa-C60 did not significantly affect GROβ
secretion.

RANTES, or Regulated on Activation Normal T Cell
Expressed and Secreted also called CCL5, is one of the
chemokines produced by epidermal keratinocytes that might
play an important role in the pathogenesis of cutaneous
inflammatory disorders [25, 26]. It is predominantly chemo-
tactic for T cells and is involved in the recruitment of
T lymphocytes, eosinophils, basophils, and leukocytes to
inflammatory sites [27]. Here again secretion of RANTES
was significantly downregulated by tris-C60 but was unal-
tered in CD-C60 and hexa-C60 treated cells suggesting that
CD-C60 and hexa-C60 do not induce an inflammatory
response (Figure 6(c)). However, tris-C60 appears to decrease

the basal levels of RANTES secretion in HEK cells suggesting
a downregulation of normal inflammatory responses and
potentially an immunosuppressive function.

3.7. Fullerene Derivatives Did Not Affect MCP-1 Release
in HEK Cells. Monocyte chemoattractant protein-I (MCP-
1) is a chemoattractant for monocytes, macrophages, and
basophils, but not neutrophils [28]. MCP-1 has been impli-
cated in regulating the expression of adhesion molecules
and of some cytokines [29]. It is an important mediator
in allergic inflammation [30]. The role of MCP-1 in both
inflammatory diseases and normal tissue homeostasis is not
clear. MCP-1 stimulates both chemotaxis of monocytes and
several cellular events associated with chemotaxis, including
Ca++ flux and expression of integrins [31–33]. As shown in
Figure 7, functionalized fullerenes did not alter MCP-1 levels
even after 24 hours treatment.
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Figure 7: Effect of fullerene derivatives on MCP-1 release in HEK
cells. Cells were treated with fullerene derivatives for 24 hours.
Cytokine ELISA detection kits were used to evaluate cytokines. Data
are means ± SEM. of quadruplicate cultures in each treatment
group.

4. Conclusions

The results of the cellular endpoint studies indicate that tris-
C60 can significantly reduce basal cell death and proliferation.
Since apoptosis plays a critical role in maintaining cellular
homeostasis, perturbation of this physiological response may
potentially impact cell population dynamics and conse-
quently organ-level responses [34]. A tris-C60 induced cell
resting state may potentially explain the overall unaltered
or reduction of inflammatory cytokine release such as, IL-
6, IL-8, GRO, TNF-β, RANTES, and MCP1. Our results
demonstrate that CD-C60, hexa-C60, and tris-C60 treatments
elicit differential cytokine responses in HEK cells suggestive
of a proinflammatory response by CD-C60 (enhances IL-
6 and IL-8 levels) and an antiinflammatory response by
tris-C60 (decreases all the inflammatory cytokines analyzed),
while hexa-C60 did not induce any significant changes in
cytokine levels except a reduction in IL-8. Collectively, the
antiapoptotic and antiproliferative function, the decrease
of key inflammatory and growth promoting cytokines
combined with the increase in senescent-inducing IL-1β
levels supports a prosenescent role for tris-C60. Keratinocytes
constitute about 95% of the epidermis and play a pivotal
role in the response of the dermal tissue to environmental
insults. Functional dysregulation of these cells or even
partial abolition of this population could have significant
ramifications in the response of the skin tissue to injuries and
microbial infections.

In summary, tris-C60 elicited different cellular responses
when compared to either CD-C60 or hexa-C60. In con-
trast, CD-C60 and hexa-C60 induced relatively similar cel-
lular responses. The observed difference in the biological
responses of HEK cells to the three fullerenes could be ten-
tatively attributed to the aggregation size of these particles.
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Several recent reports have demonstrated that nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit the growth of various
malignant cells suggesting their application as anticancer agents. In this study, we prepared six nanometer-sized prodrugs
(nanoprodrugs) of NSAIDs, ibuprofen, indomethacin, and naproxen through the spontaneous emulsification mechanism using
monomeric and dimeric derivatives of the NSAIDs. We evaluated their effect on the proliferation of U87-MG glioma cells by cell
counting, WST-1 cell proliferation reagent, and propidium iodide incorporation. The two ibuprofen nanoprodrugs inhibited
the cell growth more potently than the indomethacin nanoprodrugs, whereas the naproxen nanoprodrugs did not show any
significant effect. Remarkably, ibuprofen did not show any effect at an equimolar concentration. Approximately, 4.4% of the
ibuprofen nanoprodrugs was found in the cell, whereas no ibuprofen could be detected suggesting that the superior effect of the
nanoprodrugs can be attributed to the efficient cellular uptake of the nanoprodrugs.

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely
used in the treatment of pain, fever, and inflammation.
The major mechanism by which NSAIDs exert their anti-
inflammatory activity is the inhibition of cyclooxygenase
(COX)-derived prostaglandin synthesis. COX is the first
enzyme in the formation of prostaglandin (PG) and throm-
boxane (TX) from arachidonic acid at the site of inflam-
mation or after infection [1]. There are two types of COX
enzymes, namely COX-1 and COX-2. COX-1 is expressed
constitutively in many tissues, whereas COX-2 is expressed
only at the site of inflammation [2]. Recent studies have
shown that high COX-2 expression 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].

Human glioblastoma multiforme (GBM) is one of the
most common tumors of the central nervous system with
poor prognosis and high rate of recurrence. It is a highly
aggressive and recalcitrant brain tumor, and despite intensive
multimodal therapeutic interventions, only modest progress

has been achieved over the last several decades in improving
the treatment of patients with GBM [6]. Although the
molecular mechanisms involved in the development of GBM
are not yet fully understood, intensive studies have revealed
some important molecular events correlated to the progress
of malignant gliomas. The studies revealed that COX-2 have
been expressed in brain tumors [7–9] and high COX-2
expression in gliomas is associated with poor prognosis [10].

A number of studies, clinical trials, and animal studies
have demonstrated that NSAIDs may be effective in the
prevention and treatment of certain types of cancers [11–
14]. The molecular mechanisms by which NSAIDs exhibit
antineoplastic effects are poorly understood and under
intensive investigation. The chemopreventive and antitu-
morigenic effects of NSAIDs are partially attributed to the
induction of apoptosis followed by inhibition of COX-
2 [15–18]. Various studies have suggested that a COX-
2-independent mechanism may also be involved because
apoptosis induction by NSAIDs does not always correlate
with their ability to inhibit COX-2 [19–22].

Indomethacin, ibuprofen and naproxen belong to the
acidic NSAIDs which are widely used for the treatment
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Figure 1: Derivatives of NSAIDs and ALA. ALA: α-lipoic acid; Ind: indomethacin; Ibu: ibuprofen; Npx: naproxen; TEG: tetraethylene glycol;
TriEG: triethylene glycol.

of chronic inflammatory conditions. Ibuprofen is a potent
COX-1 and COX-2 inhibitor. Besides its widespread use in
the treatment of pain, fever, and inflammation, it has been
shown that ibuprofen may be effective in the treatment of
many cancers including prostate cancer [23], colon cancer
[24, 25], and bladder cancer [26].

The inhibition of COX-derived prostaglandin synthesis,
which is the major mechanism by which NSAIDs exert
their anti-inflammatory activity, is also responsible for the
adverse side effects, such as irritation and ulceration of the
gastrointestinal (GI) mucosa [27]. These side effects are
ascribed to the combined effect of the irritation caused
by the free carboxylic groups in NSAIDs and blockage of
prostaglandin biosynthesis in the GI tract [28]. In addition,
the acidic moiety of these NSAIDs also contributes to
the gastrointestinal side effect observed in response to
these drugs [29]. Therefore, various prodrugs have been
developed which attempt to alleviate the NSAID’s adverse
side effects as well as to improve their bioavailability by
masking the carboxylic acid groups through the formation
of bioreversible bonds [30–33].

In recent years, nanostructured biomaterials have
received significant attention from the pharmaceutical
industry, mainly because of their highly potential applica-
bility as drug delivery vehicles. One of the most remarkable
properties of nanostructured biomaterials is their improved
bioavailability which can be ascribed to the generation of
an enlarged surface area by transformation of bulk materials
into the nanometer-sized structures [34, 35]. The surface-to-
volume ratio increases with decreasing size of the nanostruc-
tures, which improves the bioavailability and enhances the

biological efficacy of the materials [36]. The other advantage
of nanostructures is that water-insoluble therapeutics can
be transported more efficiently in the aqueous physiological
environment when formed into stable nanostructures [37].

In an effort to combine the two concepts of nanomersized
biomaterials and prodrugs we have developed nanomer-
sized prodrugs (nanoprodrugs) of NSAIDs by spontaneous
emulsification of hydrophobic derivatives of NSAIDs and
demonstrated their antioxidant activity, oxidant responsive-
ness and enzymatic prodrug activation [38]. Despite the
highly hydrophobic nature of the derivatives, NSAIDs were
readily hydrolyzed enzymatically from the nanoprodrugs,
which is a prerequisite condition for the nanoprodrugs to
be used as a prodrug. Thus, the nanoprodrugs may have
potential as an anti-inflammatory prodrug and also as a
biodegradable anti-inflammatory drug delivery vehicle.

In this study, we demonstrated the anti-proliferative
effect of NSAID nanoprodrugs on U87GM glioma cells.

2. Materials and Methods

2.1. Preparation of NSAID Nanoprodrugs. The synthesis
and characterization of the monomeric NSAID deriva-
tives (Figure 1(a)) and the dimeric NSAID derivatives
(Figure 1(b)) were performed as described [38]. Nanopro-
drugs were prepared according to the method using sponta-
neous emulsification as described [38] with modifications.
Briefly, 25 mg of the NSAID derivatives and 5 mg of α-
tocopherol were dissolved in acetone (5 mL) containing
polysorbate 80 (0.1% w/v). The organic solution was poured
under moderate stirring on a magnetic plate into an aqueous
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phase prepared by dissolving 25 mg of Pluronic F68 in
10 mL distilled water (0.25% w/v). Following 15 minutes 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. As control,
nanospheres were prepared with 25 mg of α-tocopherol or
25 mg of ALA2TriEG (Figure 1(a)) in the absence of NSAID
derivatives using the same procedure as described above.
The α-lipopic acid-containing compound ALA2TriEG was
synthesized and characterized as described previously [39].

2.2. Size Measurements. The hydrodynamic size measure-
ment and size distribution of the nanoprodrugs were per-
formed by the dynamic light scattering (DLS) using a Coulter
N4-Plus Submicron Particle Sizer (Coulter Corporation,
Miami, FL, USA) as described [38, 39]. For each preparation
mean diameter and mean polydispersity index (P.I.) of three
determinations were calculated. The error bar (S.D.) was
calculated from triplicate determinations.

2.3. Stability of NSAID Nanoprodrugs during Long Term
Storage. The stability of the nanoprodrugs was assessed by
measuring the size and concentrations of prodrug molecules
of NSAIDs after a 3-month storage at 4◦C. The size
of the nanoprodrugs was measured as described above
(Section 2.2) and the changes were calculated as follows:

Size % of control =
(

Sizet=0

Sizet=3 mo

)
× 100, (1)

where Sizet=0 is the nanoprodrug size immediately after
dialysis and Sizet=3 mo is the size after 3-month storage at 4◦C.
The amount of intact NSAIDs 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 [38]. The recovery yield was calculated as
follows:

Recovery yield (%)

= Amount of prodrugs after incubation
Amount of prodrugs before incubation

× 100.

(2)

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

2.4. Enzymatic Hydrolysis of NSAID Nanoprodrugs. The
nanoprodrugs were suspended in phosphate buffered saline
(PBS, pH 7.4) to give the final concentration of 500 μM
NSAID derivatives. Esterase (porcine liver, Sigma, code
E3019) was added to the final concentration of 5 U/mL and
the mixture was incubated for 1 hour in a water bath at 37◦C.

To determine the amount of enzymatically hydrolyzed
NSAIDs, samples were centrifuged for 10 minutes at 20,000

× g and the supernatants were analyzed by RP-HPLC using a
C18 reversed phase column as described [38].

The error bar (S.D.) was calculated from triplicate
determinations.

2.5. Maintenance of Cell Line. The U87-MG human glioma
cell line was obtained from American Type Culture Col-
lection (ATCC, Bethesda, MD, USA). The cells were grown
and maintained in Minium Essential Medium (MEM,
Invitrogen) containing antibiotics penicillin (100 U/mL) and
streptomycin (100 μg/mL) and supplemented with 10% fetal
bovine serum (FBS, Invitrogen). Cells were grown at 37◦C at
an atmosphere of 5% CO2 in humidified air.

2.6. Cell Counting. The glioma cells were seeded at 105 cells
per well in 6-well plates and grown for 24 hours. The
cells were treated with NSAID nanoprodrugs for 3 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,

(3)

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 nanospheres
prepared from α-tocopherol or ALA2TriEG only. The error
bar (S.D.) was calculated from triplicate determinations.

2.7. Assessment of Cell Viability Using Regent WST-1. The
effect of the nanoprodrugs on the cell proliferation was
quantified using the cell proliferation reagent WST-1(water-
soluble tetrazolium salt) colorimetric assay (Boehringer
Mannheim) according to the manufacturer’s instructions.
Nanoprodrugs were prepared from the monomeric deriva-
tive Ibu2TEG or dimeric derivative Ibu-TEG-ALA (Figure 1).
Ibuprofen was prepared as a 100 mM solution in DMSO. The
human glioma cells were seeded on a 96-well microtiter plate
at 2 × 103 cells/well for 24 hours. The cells were treated with
drugs at a final concentration ranging from 10 to 100 μM
for nanoprodrugs and 50 to 400 μM for ibuprofen. After 72
hours of treatment, culture medium containing the drugs
was removed, cells were washed with 200 μL of PBS, and
90 μL of culture medium and 10 μL of WST-1 solution were
added to each well. Cells were incubated at 37◦C for 1–4
hours, and the absorbance was read by an ELISA plate reader
at 450 nm. The cell viability was calculated as follows:

Cell viability (%) =
(

Abss

Absc

)
× 100, (4)

where Abss is the absorbance of cells treated with drugs
and Absc is the absorbance of control cells incubated with
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Table 1: Size and polydispersity index (P.I.) of the nanoprodrugs (n = 3,±S.D.).

NSAIDs derivatives Size (nm) P.I.

ALA-TEG-Ind 149 ± 1 (253 ± 25)∗ 0.12 ± 0.02

ALA-TEG-Ibu 149 ± 15 (251 ± 13)∗ 0.09 ± 0.04

ALA-TEG-Npx 147 ± 6 (298 ± 6)∗ 0.11 ± 0.02

Ind2TEG 140 ± 8 (159 ± 10)∗ 0.11 ± 0.04

Ibu2TEG 141 ± 11 (186 ± 11)∗ 0.10 ± 0.02

Npx2TEG 148 ± 1 (259 ± 9)∗ 0.06 ± 0.02
∗Size of the nanoprodrugs in the absence of α-tocopherol [38]. ALA: α-lipoic acid; Ind: indomethacin; Ibu: ibuprofen; Npx: naproxen; TEG: tetraethylene
glycol.

cell culture medium only. The cells were also treated with
nanospheres prepared from α-tocopherol or ALA2TriEG
only. The error bar (S.D.) was calculated from triplicate
determinations.

2.8. Propidium Iodide Assay. The glioma cells were treated
with ibuprofen nanoprodrugs for 3 days. The cells were also
treated with free ibuprofen and nanospheres prepared from
α-tocopherol or ALA2TriEG only. After treatment, the cells
were incubated with 5 μM of propidium iodide (PI) (Sigma)
for 1 hour. PI fluorescence was excited at 515–600 nm using
an inverted microscope fitted with a standard rhodamine
filter. Images were taken using a digital camera connected to
the microscope.

2.9. Uptake of Ibu2TEG Nanoprodrug and Ibuprofen by
Glioma Cells. The glioma cells were plated in 75 cm2 culture
flasks containing 20 mL cell culture medium and grown up to
approximate 70% confluent density. Cells were treated with
100 μM of Ibu2TEG nanoprodrug suspension or ibuprofen
dissolved in DMSO for 24 hours. Treated cells were washed
three times with PBS to remove the drugs, and adherent cells
were trypsinized. The cells were collected by centrifugation
at 1,500× g and the recovered pellets were washed three
time with PBS by repeated resuspendeing and centrifugation.
In order to determine the content of ibuprofen, cells were
disrupted in 0.5 mL of lysis buffer (1% of Triton X-100,
10 mM Tris-HCl, pH 4.7) and cell debris was removed by
centrifugation for 10 minutes at 10,000× g and 25◦C. The
resulting supernatant was collected and frozen at −20◦C. In
order to determine the content of nanoprodrugs, 2 mL of
acetonitrile was added to the cell lysates and the cell debris
was removed by centrifugation for 10 minutes at 10,000× g
and 25◦C. The supernatant was collected for analysis.
The content of Ibu2TEG nanoprodrug and ibuprofen was
determined from the supernatants as described previously
using RP-HPLC [38].

2.10. Statistical Analysis. The results were analyzed and
expressed 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 NSAIDs. In order to
combine the concept of NSAIDs prodrug and nanos-
tructured drug/drug delivery system, we have developed
nanometer-sized prodrugs (nanoprodrugs) of NSAIDs [38].
Many favorable properties of nanostructured biomaterials
have been characterized in respect to their applicability
as a drug carrier. One of the most remarkable properties
is their improved bioavailability which is attributed to an
enlarged surface area by transformation of bulk materials
into the nanometer-sized structures, leading to an enhanced
biological efficacy of the materials [34, 40]. These properties
of nanostructured biomaterials have been especially crucial
for the development of nanoprodrugs based on the forma-
tion of nanostructures using the spontaneous emulsification
method. This is because only water-insoluble hydrophobic
prodrug molecules can be formed into nanometer-sized
structures which is stable for a prolonged period of time in an
aqueous biological environment, and in the other hand, the
enzymatic activation of the hydrophobic prodrugs would be
otherwise impossible due to the insolubility of the prodrugs
in aqueous media.

Thus, the formation into the nanoprodrugs with an
increased surface-to-volume ratio may improve the bioavail-
ability and biological efficacy of the hydrophobic prodrug
molecules by facilitating the interaction between hydrolytic
enzymes and prodrugs [34, 40].

The hydrophobic derivatives of NSAIDs (Figure 1(a)
and 1(b)) in organic solvents spontaneously formed into
nanoprodrugs upon the addition into an aqueous solution
containing hydrophilic surfactants by a spontaneous emulsi-
fication process [41–43].

The size and stability of nanoprodrugs depends on
multiple factors, such as the nature and concentration of the
compounds, the surfactants, and the ratio of organic solvent
to water [42–44]. In this study, formulation parameters were
kept the same as described [38] except for the addition of α-
tocopherol (Section 2.1).

The hydrodynamic size was within the range of 140 and
150 nm and highly reproducible (Table 1). The size of the
nanoprodrugs was significantly smaller when compared with
the size of nanoprodrugs prepared without the addition of α-
tocopherol [38].
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Figure 2: Long term stability of nanoprodrugs. Dimeric nanopro-
drugs: Ind2TEG, Npx2TEG and Ibu2TEG; Monomeric nanopro-
drugs: Ind-TEG-ALA, Npx-TEG-ALA, and Ibu-TEG-ALA.

Moreover, practically no differences in the size were obs-
erved between the nanoprodrugs of different NSAIDs when
supplemented with α-tocopherol. This is especially impor-
tant when the therapeutic efficiacy of different nanoprodrugs
are compared. When the compositons of the nanoprodrugs
are the same except for the active drug compounds and the
size varies within a close range, the observed differences in
the efficacy can be attributed directly to the different prodrug
molecules involved.

The stability of the nanoprodrugs was assessed by mea-
suring the size and contents of the intact prodrug molecules
of NSAIDs after a 3-month storage at 4◦C. In this study,
the size of all the nanoprodrugs remained almost unchanged
(Figure 2) and also no decreases were observed in the amount
of the available prodrug molecules after the 3-month storage
(data not shown). The observed chemical and physical
stability of the nanoprodrugs may be ascribed to the strong
assembly of the hydrophobic prodrug molecules and α-
tocopherol which further reduces the interaction with water
and increases the structural integrity of the nanoprodrugs.

3.2. Enzymatic Hydrolysis of Nanoprodrugs. In order to assess
the differences in the rates of prodrug activation from the
NSAID nanoprodrugs, the rate of enzymatic reconversion
of the prodrugs into the parent drugs was investigated
in vitro with porcine liver esterase. According to the
molecular design based on ester bonds, the NSAID prodrug
molecules were expected to be degraded by enzymatic ester
hydrolysis. As shown in our previous investigation at room
temperature [38], a different rate of enzymatic hydroly-
sis were observed, which was attributed to the different
structures of the prodrug molecules. It has been shown
that the indomethacin nanoprodrugs were more stable
compared with the naproxen and ibuprofen nanoprodrugs,
and the nanoprodrugs from dimeric Ind2TEG, Npx2TEG
and Ibu2TEG were more stable when compared with the
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Figure 3: Enymatic hydrolysis of NSAID nanoprodrugs at 37◦C.

nanoprodrugs from monomeric Ind-TEG-ALA, Npx-TEG-
ALA and Ibu-TEG-ALA. As shown in Figure 3, at an elevated
temperature of 37◦C, the differences in the hydrolysis rates
between the monomeric and dimeric nanoprodrugs were
completely disappeared (naproxen), drastically diminished
(ibuprofen) or retained (indomethacin). Notably, after a-1
hour incubation at 37◦C, approximately 65% of drug was
released from the nanoprodrug of Ind-TEG-ALA compared
with 39% at room temperature [38], whereas only 6% was
released from the nanoprodrug of Ind2TEG, presumably due
to the effect of the bulkier indomethacin and the replacement
of one indomethacin with ALA on the enymatic hydrolysis
rate [38].

3.3. Effect of NSAID Nanoprodrugs on Growth of Glioma
Cells. In order to evaluate the effect of NSAID nanoprodrugs
on tumor cell growth, we studied the effect of the NSAID
nanoprodrugs on the cell growth of U87-MG glioma cells.
Glioma cells were treated with six nanoprodrugs (10, 25,
50 and 100 μM) for three days (Section 2.6). Cells were also
treated with nanospheres prepared from α-tocopherol or
ALA2TriEG only by exposing to an equimolar concentration
of α-tocopherol or ALA unit.

As shown in Figure 4, the nanoprodrugs of ibuprofen
were more potent at reducing the cell proliferation in
comparison with the nanoprodrugs of indomethacin or
naproxen. The concentration of 25 and 50 μM nanoprodrugs
of Ibu2TEG and Ibu-TEG-ALA, respectively, were sufficient
to inhibit growth of the glioma cells. In addition, com-
paring the two ibuprofen nanoprodrugs, the nanoprodrug
of dimeric Ibu2TEG was more potent (Figure 4(a)). In
Section 3.2, we showed that more than 80% of prodrugs were
hydrolyzed from the nanoprodrugs of Ibu2TEG and Ibu-
TEG-ALA (Figure 3), suggesting that the observed difference
may not be due to the slightly different rate of enzymatic
prodrug activation. On the other hand, the indomethacin
nanoprodrugs were able to cause a significant effect only in
the concentration of 100 μM or higher (Figure 4(c)). The
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Figure 4: Effect of NSAID nanoprodrugs on glioma cell proliferation.

treatment with naproxen nanoprodrugs did not show any
significant effect on cell proliferation (Figure 4(b)).

It is interesting to note that the nanoprodrug of
the monomeric Ind-TEG-ALA was more potent than the
nanoprodrug of dimeric Ind2TEG (P < .05 at 100 μM each)
(Figure 4(c)), which is in contrast to the ibuprofen nanopro-
drugs. Considering the rate of the enzymatic hydrolysis of
Ind-TEG-ALA and Ind2TEG (Section 3.2), the more potent
antiproliferative effect of the nanoprodrug Ind-TEG-ALA
can be attributed to the more efficient prodrug activation.
The treatment with control nanoprodrugs prepared from α-
tocopherol or ALA2TriEG only did not show any effect on the
cell proliferation (data not shown).

3.4. Effect of Ibuprofen Nanoprodrug on Cell Viability. The
WST-1 assay is based on the formation a water-soluble
formazan crystal, which directly correlates to the number

of viable cells with active mitochondrial dehydrogenases.
In order to evaluate the effect of ibuprofen nanoprodrugs
on tumor cell viability, U87-MG glioma cells were treated
with the ibuprofen nanoprodrugs (10, 25, 50, and 100 μM)
for three days (Section 2.7). Cells were also treated with
nanospheres prepared from α-tocopherol or ALA2TriEG only
by exposing to an equimolar concentration of α-tocopherol
or ALA unit. Similar to the results from Section 3.3, the
nanoprodrug from the dimeric Ibu2TEG were more potent
than the nanoprodrug from Ibu-TEG-ALA (Figure 5(a)).
The IC50 values were 25 and 47 μM for the Ibu2TEG and
Ibu-TEG-ALA nanoprodrugs, respectively. In Section 3.2, we
showed that more than 80% of prodrugs were hydrolyzed
from the nanoprodrugs of Ibu2TEG and Ibu-TEG-ALA after
1 hour incubation at 37◦C, suggesting that the observed
difference may not be due to the slightly different rate of
enzymatic prodrug activation.
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Figure 5: Effect of ibuprofen nanoprodrugs (a) and ibuprofen (b)
on the viability of glioma cells.

Obviously, the more potent effect of the dimeric nano-
produg can be ascribed to the higher parent drug concen-
tration wherein the total amount of ibuprofen available
from the nanoprodrug of Ibu2TEG is twice as much as that
available from the Ibu-TEG-ALA nanoprodrug. Again, the
nanoprodrugs prepared from α-tocopherol or ALA2TriEG
only did not show any effect on the cell viability (data not
shown). More notably, the treatment with free ibuprofen did
not show any significant effect on the cell proliferation even
with a higher concentration of 400 μM (Figure 5(b)).

3.5. Cytotoxic Effect of Ibuprofen Nanoprodrug on Glioma
Cells. In order to demonstrate that the NSAID nanopro-
drugs induce cell death, glioma cells were treated for three
days with ibuprofen nanoprodrugs which were found to
have a potent effect on growth inhibition (Sections 3.3
and 3.4) and incubated with propidium iodide (PI). PI
incorporated into the dead cells, binds to DNA and becomes
fluorescent [45]. Figure 6 shows representative images of
U87-MG glioma cells treated with 50 μM (c) and 100 μM
(d) of Ibu2TEG nanoprodrgs, 100 μM of Ibu-TEG-ALA
nanoprodrugs and 200 μM of ibuprofen (f). The treatment
of the glioma cells with the nanoprodrugs resulted in a

(a)
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Figure 6: Effect of nanoprodrugs on cell death in U87-MG glioma
cells by propium iodide incorporation. Representative pictures
of: control cultures (a); cells treated with control nanoprodrug
from α-tocopherol (b); cells treated with 50 μM (c) and 100 μM
(d) nanoprodrug from Ibu2TEG; cells were treated with 100 μM
nanoprodrug from Ibu-TEG-ALA (e); cells treated with 200 μM
ibuprofen (f). Panels above (a), (b), (c), (d), (e), and (f) are
correspondent contrast phase photomicrographs.
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significant reduction in the cell number and induced cell
death with significant PI incorporation, whereas ibuprofen
did not show any effect.

3.6. Cellular Accumulation of Ibu2TEG Nanoprodrug. In
order to investigate the relationship between the cytotoxicity
and the drug concentration in cell, the cellular uptake of
Ibu2TEG nanoprodrug and free ibuprofen were determined
in U87-MG glioma cells after a 24-hour exposure to equimo-
lar concentration of ibuprofen and Ibu2TEG nanoprodrug
(100 μM) corresponding to a total amount of 2 μmol of
ibuprofen or Ibu2TEG nanoprodrug per flask containing
20 mL of cell culture medium (Section 2.9). Cell lysate was
prepared from the cells harvested from one 75 cm2-flask
which contained 5 × 106–6 × 106 cells/flask. The content of
Ibu2TEG found in the cell lysate was 88 nmol approximately
corresponding to 4.4% of the initially added nanoprodrugs.
No ibuprofen was detected in the cell lysates. These findings
confirmed the previous assumption that the availability of
parent drugs may be the crucial factor for the efficacy
of the nanoprodrugs. The higher intracellular parent drug
concentration can be achieved by a combination of efficient
cellular uptake of the nanoprodrugs and prodrugs activation
from the nanoprodrugs. The underlying mechanisms of the
cellular uptake of the nanoprodrugs are under investigation.

As demonstrated in this study, water-insoluble drug
compounds can be transformed into stable nanostructures
obviating the need to dissolve the compounds in excessive
amount of cosolvents and thus eliminating the interference
of toxic side effects caused by cosolvents [46, 47]. The forma-
tion into the compact nanostructures confers an additional
advantage of higher drug loading per volume, which is of
crucial importance when high dosing is required. Probably,
the most important advantage of the nanostructures in
anticancer therapy is their increased accumulation within the
tumor tissues, which is attributed to a phenomenon char-
acterized as the enhanced permeability and retention (EPR)
effect. The EPR effect was first described by Matsumura and
Maeda [48] as a result of differences in tumor neovasculature
compared to that of normal tissues. This includes leaky
blood vessels and poor lymphatic drainage system. The
leaky blood vessels allow the nanostructures penetrate more
easily ino the tumor tissues than into the normal tissues.
Because of the dysfunctional lymphatic drainage system,
the penetrated nanostructures are retained and accumulated
in tumors, which allows them to diffuse into the vicinity
of the tumor cells. Studies have shown that particles with
diameters <200 nm are more effective accumulated in the
tumor tissues [49–52]. In this study, we showed that the
NSAID nanoprodrugs could be prepared reproduciably in
the size range of <150 nm and accumulated in the glioma
cells to the amount sufficient to inhibit cell growth and elicit
cell death.

4. Conclusion

In this study, nanoprodrugs of NSAIDs were prepared by
spontaneous emulsification of hydrophobic prodrugs of
NSAIDs and their antiproliferative effect was demonstrated

using U87-MG glioma cells. Among the tested three NSAIDs,
the nanoprodrugs of ibuprofen inhibited the cell growth
most significantly and induced cell death. In contrast to
the ibuprofen nanoprodrugs, free ibuprofen did not show
any effect on cell growth and viability. In addition, no
accumulated ibuprofen was found in the cells, whereas
approximately 4.4% of ibuprofen nanoprodrug was recov-
ered from the treated glioma cells suggesting that the
superior antiproliferative effect of the nanoprodrugs can be
attributed to the enhanced uptake by the cells. We are further
investigating the mechanisms of the cellular uptake and the
molecular events underlying the antiproliferative effect of the
ibuprofen nanoprodrugs.
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New copolyesters derived from poly(β,L-malic acid) have been designed to serve as nanoconjugate platforms in drug delivery.
25% and 50% methylated derivatives (coPMLA-Me25H75 and coPMLA-Me50H50) with absolute molecular weights of 32 600 Da
and 33 100 Da, hydrodynamic diameters of 3.0 nm and 5.2 nm and zeta potential of −15 mV and −8.25 mV, respectively, were
found to destabilize membranes of liposomes at pH 5.0 and pH 7.5 at concentrations above 0.05 mg/mL. The copolymers were
soluble in PBS (half life of 40 hours) and in human plasma (half life of 15 hours) but they showed tendency to aggregate at high
levels of methylation. Fluorescence-labeled copolymers were internalized into MDA-MB-231 breast cancer cells with increased
efficiency for the higher methylated copolymer. Viability of cultured brain and breast cancer cell lines indicated moderate toxicity
that increased with methylation. The conclusion of the present work is that partially methylated poly(β,L-malic acid) copolyesters
are suitable as nanoconjugate platforms for drug delivery.

1. Introduction

Biodegradable polymers are suitable materials for the man-
ufacture of various devices which, because of their biocom-
patibility, are widely applied in medicine and pharmacology.
Examples are poly(lactic acid) and (PLA), poly(glycolic acid)
and their copolymers, with a successful 30 years history in
surgical settings [1].

The relatively new biopolymer, poly (β,L-malic acid)
(PMLA), is a carboxylic-functionalized polyester that can be
produced by either chemical synthesis or biological fermen-
tation from the slime mold Physarum polycephalum. Both
α- and β-structures, either racemic or optically pure, may
be obtained by chemical methods whereas microorganisms
exclusively generate PMLA of extremely high optical purity
[2, and references therein]. The attractive properties in
nanobiotechnology and biomedicine are the lack of in vitro

and in vivo toxicity and non-immunogenicity. PMLA is
a completely biodegradable polymer that is metabolized
to water and carbon dioxide in the citric acid cycle. It is
biocompatible with regard to its limited stability in the
bloodstream thus prohibiting physiologically adverse host
responses after injection. It is chemically convenient to
handle due to its solubility in water and certain organic
solvents and to the reactivity of its pendant carboxylic groups
[2–9].

So far, the most advanced application reported for
PMLA, is the development of “Polycefin”, a nanoconjugate
prototype vehicle for the cellular delivery of antisense
oligonucleotides. It consists of PMLA that harbors antisense
morpholino oligonucleotides and several biochemically
functional units which are chemically conjugated with the
carboxyl groups. These functional units are tumor-specific
antibodies that promote receptor-mediated endosomal
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uptake by the tumor cells, a unit that allows the vehicle
to escape from the endosomal vesicles into the cytoplasm
and another unit that, after cleavage, releases free oligonu-
cleotides. This nanoconjugate can carry several antisense
oligonucleotides or other drugs at the same time and also
simultaneously several antibodies, which can bind specifi-
cally to cell surface antigens during drug delivery [5–9].

Both synthetic and biosynthetic polymalic acids are
spontaneously or enzymatically degraded in aqueous envi-
ronment (see review [2]). Regardless chirality, degradation is
moderate at physiological pH and proceeds rapidly in acidic
(pH < 5) and basic (pH > 9) solutions [2] by random scission
of the main chain ester bonds to yield malic acid as the
final degradation product [10]. By chemical blocking of the
pendant carboxylic groups, the properties of PMLA could
be changed to slow down its hydrolysis rate. Methylation
with diazomethane has proven to be an efficient method
that produced poly(α-methyl β,L-malic acid) (PMLA-Me)
without significant cleavage of the polyester backbone [11,
12]. While low degrees of methylation resulted in water sol-
uble products, 75% methylation of pendant carboxyl groups
allowed formulation of stable, water insoluble nanoparticles
that could be loaded with proteins for delivery applications
[13].

The soluble PMLA methyl esters containing 25% and
50% of methylated carboxylic side groups (coPMLA-
Me25H75 and coPMLA-Me50H50) are characterized here by
investigating their light scattering properties, their degra-
dation in human plasma and their cytotoxicity for several
human cancer cell lines to be used as nanoplatforms for drug
delivery.

2. Materials and Methods

2.1. PMLA Production. PMLA of microbial origin was used
in this work. It was obtained by cultivation of Physarum
polycephalum and subsequent purification as described in
detail elsewhere [14]. The polyacid of NMR purity had
a Mw = 34 300 Da and a polydispersity Mw/Mn = 1.1.
All chemicals of highest purity, including human plasma,
were bought from Merck (Germany) and Sigma-Aldrich
(Germany). Organic solvents were of analytical grade and
used without further purification. Water used for buffer
preparation was double distilled and deionized in a “Milli-
Q” system.

2.2. Esterification. Partial esterification of PMLA was per-
formed as described recently by Portilla-Arias et al. [11]. In
brief, a solution of diazomethane in ether (12.5 meq) was
added to a solution of PMLA in dry acetone (4.3 meq with
regard to malic acid units) in different ratios according to
the esterification degree to be obtained, and the mixture
was left under stirring at room temperature for 1 hour.
The reaction mixture was then evaporated under vacuum
and the residue was dissolved in a small amount of N-
methyl-2-pyrrolidone and precipitated with cold diethyl
ether. The copolymer was recovered by filtration as a white
powder. Yields for coPMLA-Me25H75 and coPMLA-Me50H50

were 97% and 92%, respectively. The 1H NMR analysis
in deuterated water revealed that the conversion actually
attained in the copolyesters was 20.2, 46.5, which are pretty
close to the nominal values.

2.3. Absolute Molecular Weight, Hydrodynamic Diameter and
Zeta Potential Measurements. The copolymers were charac-
terized with respect to their absolute molecular weight (Mw),
size and ζ potential using a Malvern Zetasizer Nano (Malvern
Instruments, UK). Absolute weight average molecular weight
was calculated with a modification of the Rayleigh equation
that can be used to generate a Debye plot, which is a linear
fit of KC/Rθ versus concentration according to the equation
Kc/ Rθ = 1/Mw + 2A2cRθ is the Rayleigh ratio of scattered to
incident light intensity, K is a constant defined by the solvent
and analyte dependent refractive index increment (dn/dc =
0.169 mL/g for PMLA), Avogadro’s number and the solvent
refractive index. c is the particle concentration and A2 is the
second virial coefficient [15]. The intercept obtained from
the Debye plot is equal to the inverse of the molecular weight
and the slope is twice the second virial coefficient.

The size was calculated on the basis of noninvasive back-
scattering (NIBS) measurements using the Stokes-Einstein
equation, d(H) = kT/3πηD. d(H) is the hydrodynamic diam-
eter, D the translational diffusion coefficient, k Boltzmann’s
constant, T absolute temperature and η the viscosity. The
diameter that is measured in DLS (Dynamic Light Scattering)
refers to the particle diffusion within a fluid and is referred
to as the hydrodynamic diameter corresponding to the
diameter of a sphere that has the same translational diffusion
coefficient as the particle [16]. The ζ potential was calculated
from the electrophoretic mobility based on the Helmholtz-
Smoluchowski formula, using electrophoresis M3-PALS. All
calculations were carried out by the Zetasizer 6.0 software.
For the molecular weight determination, 5 solutions of the
copolymers in phosphate buffered saline (PBS, pH 7.4) were
generated by serial dilution starting with 4 mg/mL. For the
measurement of the ζ potential, the concentration of the
sample was 2 mg/mL dissolved in water containing 10 mM
NaCl, and the voltage applied was 150 V. For the particle
size measurements, the solutions were prepared in PBS
at a concentration of 2 mg/mL, filtered through a 0.2 μm
pore membrane. All the copolymer solutions were prepared
immediately before analysis at 25◦C. Data represent the
mean ± standard deviation obtained for three measure-
ments.

2.4. Copolyesters Stability in PBS and Human Plasma. The
degradation essays in human plasma were carried out at
37◦C with a polymer concentration of 1 mg/mL. The sample
vials were sealed to avoid evaporation and stored at 37◦C in
an incubator. For the isolation from the plasma, aliquots of
1 mL were extracted with 5 mL of chloroform/ethyl acetate
(1 : 1 v/v). The copolyester contained in the organic phase
was dried and redissolved in PBS and the Mw measured by
sec-HPLC (Calibrated with polystyrene sulphonate-sodium
salt standards). Sample preparation with the polymers of
known Mw verified that the isolation had no effect on
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Figure 1: Chemical structure of copolyesters studied in the present
work with indication of their contents in methylated and free-
carboxyl malic units.

molecular weights. For comparison, the degradation study
was performed in PBS (pH 7.4) at a concentration of
1 mg/mL for each copolymer. Chromatography was per-
formed on a Hitachi analytical Elite LaChrom HPLC-
UV system and size exclusion column BioSep-SEC-S 3000
column (300 × 7.80 mm) following the elution at 220 nm
wavelength. Molecular weights Mw(t) were plotted as a
function of degradation time with reference to Mw(t = 0) at
zero incubation time.

2.5. Cell Lines and Culture Conditions. Primary glioma cell
lines—U-87 MG and T98G—and invasive breast carci-
noma cell lines—MDA-MB-231 and MDA-MB-468—were
obtained from American Type Culture Collection (ATCC)
USA. U-87 MG and T98G cells were cultured in MEM
supplemented with the following ingredients (final concen-
trations): 10% fetal bovine serum, 1% MEM NEAA, 1 mM
sodium pyruvate and 2 mM L-glutamine. For MDA-MB-231
and MDA-MB-468, Leibovitz’s L-15 medium with 10% final
concentration fetal bovine serum was used. Cells were seeded
at 10,000 cells per well (0.1 mL) in 96-well flat-bottomed
plates and incubated overnight at 37◦C in humid atmosphere
with 5% CO2 (breast cancer cell lines MDA-MB-231 and
MDA-MB-468 were incubated without CO2).

2.6. Cytotoxicity Test. The copolymers (1 mg/mL and serial
dilutions) were dissolved in culture media and incubated
with cells for 24 hours. Cell viability was measured using the
CellTiter 96 Aqueous One Solution Cell Proliferation Assay
kit (Promega Corporation, Cat. No.PR-G3580). Yellow [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (MTS) is
bioreduced by cells into formazan that is soluble in the tissue
culture medium. The absorbance reading at 490 nm from
the 96-well plates was directly proportional to the number
of living cells [17]. The viability of the untreated cells was
referenced as 100%. The results shown are the means and
deviations standard of three independent measurements,
calculated with the statistical software GraphPad PRISM 3.0.

2.7. Liposome Leakage Assay. The capability of the copoly-
mers to escape from endosome was measured by the
liposome leakage assay. This method generally assumed to
represent main features of the endosome membrane and

Table 1: Physical properties of copolymers.

coPMLA-Me25 coPMLA-Me50

H75 H50

Methylation(a) (%) 20.2 46.5

Mw
(b) 32,600 33,100

Mn
(b) 26,100 24,300

Tm (c) (◦C) 174 172

Td (d) (◦C) 186 198

Microstructure(e)

Contiguous patches nf Me 3.9 11.8

Contiguous patches ng COOH 11.5 14.5

R 0.3 0.2
(a)Copolymer composition determined by 1H NMR; (b)Weight- and
number-average molecular weight measured by sec-HPLC; (c)Melting tem-
perature measured by differential scanning calorimetry; (d)Onset decom-
position temperature measured at 5% of loss of initial weight; (e)n f and
ng refer to averaged numbers of methylated and free carboxyl group
within homogeneous sequences, respectively, and (R) refers the randomness
determined by 13C NMR analysis [11].
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Figure 2: Degradation at 37◦C in PBS (pH 7.4) and human plasma
for PMLA and the copolyesters.

gives similar results as the red blood cell lysis method,
because it is less biased by adverse effects of proteins con-
tained in erythrocytes/membranes. Liposome suspensions
were prepared by the extrusion method. Briefly, the mixture
of egg phosphatidylcholine and cholesterol (molar ratio 2 : 1)
dissolved in CHCl3/MeOH (v/v, 2 : 1) was dried under a
stream of nitrogen. The lipid mixture was hydrated with HBS
buffer (5 mM HEPES, 150 mM NaCl, pH 7.4) containing
90 mM calcein, followed by 19 extrusions through 0.1 μm
polycarbonate membrane using mini-extruder (Avanti Polar
Lipids). Serial dilutions were carried out using 95 μL of two
buffers of different pH, 137 mM HEPES buffer pH 7.4 and
137 mM citrate buffer pH 5.0. Liposome 5 μL (lipid concen-
tration 200 μM) was added to each sample and the plate was
incubated at room temperature for 1 hour. Complete leakage
of calcein (100% reference) was achieved with the addition
of 0.25% (v/v) Triton-X100 solution of respective buffers.
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Figure 3: Elution profiles obtained by sec-HPLC for coPMLA-
Me50H50 at time zero (a) and after 24 hours of incubation
(b) in human plasma at 37◦C. Samples were extracted with
chloroform/ethylacetate before chromatography (see Section 2).

Fluorescence of released calcein release was measured using
excitation wavelength 488 nm and an emission wavelength
535 nm. The results shown are the means and deviations
standard of three independent measurements, calculated
with the statistical software GraphPad PRISM 3.0.

2.8. Method of Fluorescence Labeling. The copolymers were
fluorescence labeled with rhodamine as follows: Pendant
carboxyl groups of copolymer (1 mmol malyl residues) in
1 mL of dimethyl formamide (DMF) were activated with
a mixture of N-hydroxysuccinimide (NHS, 1 mmol) and
dicyclohexylcarbodiimide (DCC, 1 mmol) dissolved in 2 ml
of DMF at room temperature for 3-4 hours under vigorous
stirring. 2-Mercapto-1-ethylamine (0.1 mmol) and 0.1 mmol
of dithiothreitol (DTT). were added and the reaction was
completed in 30–40 minutes. After 30 minutes of stirring
in 6 mL of water at room temperature, the mixture was
centrifuged and the clear supernatant passed over Sephadex
G10 columns in water. The product containing fractions
were freeze dryed yielding a white powder. Rhodamine Red
C2 maleimide (40 μL of 1 mg/mL solution in DMF) was
added to 2 mg of activated copolymer dissolved in 2 mL of
PBS of pH 5.5 and stirred for 3 hours at room temperature.
The fluorescent polymers were purified over Sephadex PD-
10 columns pre-equilibrated with PBS (pH 7.4).

2.9. Fluorescence Microscopy. MDA-MB-231 cells were
seeded into the microscopic chamber slide. For fluorescence
microscopy study, cells were incubated with rhodamine-
labeled-polymer (1 mg/mL) in fetal bovine serum (FBS) free
medium for 3 hours. The stained cells were washed with PBS
and fixed in 4% paraformaldehyde (PFA) for 15 minutes.
Then the cells were counterstaining with DAPI to visualize
the nuclei and observed under a DM6000 Leica fluorescence
microscope (Wetzlar, Germany). The amount of polymer
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Figure 4: Liposome leakage at pH 5.0 and 7.5 and 37◦C. 100%
leakage is obtained after the addition of 0.25% Triton X100.

uptake was calculated from the rhodamine fluorescence
intensity, with subtracted background and divided by the
area of the cell under study using the Image J1.43c software
from NIH (values averaged over >50 cells). The experiment
was done by triplicate, with three independent preparations
of cells. Mean and deviation standard were calculated with
the statistical software GraphPad PRISM 3.0.

3. Results and Discussion

3.1. Chemical Characterization. Partially methylated poly(β-
l-malic acid) copolymers were synthesized in high yield and
purity by the diazomethane in acetone method. The two
products are denoted as coPMLA-Me25H75 and coPMLA-
Me50H50, their chemical formulae are depicted in Figure 1
and their properties are shown in Table 1. The degree of
methylation attained in the two cases (20.2 and 46.5%) in
the reaction was close to the input ratio of diazomethane
to total carboxylic acid (25 and 50%). Molecular weights
of Mw (weight-average) = 32,600 Da and 33,100 Da with
polydispersity indexes (Mw/Mn) of 1.3 and 1.1, respectively,
were determined by sec-HPLC for the two copolyesters which
are values comparable to those measured for the original
polymalic acid (Mw = 34 300, Mw/Mn = 1.1). The slightly
decrease in Mw and increase in polydispersity observed after
methylation suggest partial cleavage during the chemical syn-
thesis. The 13C-NMR analysis revealed that the distribution
of methyl groups along the copolyesters chain is not random.
The average number of contiguous methylated carboxylic
groups indicated hydrophobic patches as opposed to regions
with contiguous free carboxyl groups and interdispersed
free/methylated carboxyl groups. As expected, the length of
hydrophobic sequences was larger for the polymer with the
higher degree of methylation.

3.2. Absolute Molecular Weight, Hydrodynamic Diameter and
Zeta Potential. The values for absolute weight averaged
molecular weight, particle size and zeta potential of the
resulting copolyesters together with PMLA are shown in
Table 2. The values of molecular weight and polydispersity
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Table 2: Light scattering and zeta potential measurements.

PMLA coPMLA-Me25H75 coPMLA-Me50H50

Molecular weight (Da) 34,200 30,100 31,900

Polydispersity index 1.1 1.22 1.41

2nd virial coefficient A2 (mL ·mol/g2) 6.50E-05 2.85E-05 3.50E-08

Hydrodynamic diameter (nm) 3.4 (±0.1) 3.0 (±0.1) 5.2 (±0.1)

Zeta potential (mV) −22.9 (±1.7) −15 (±1.1) −8.25 (±1.3)
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Figure 5: Cell viability of cultured cells after 24 hours incubation at 37◦C for different cell lines in the presence of the indicated polyesters.

found by DLS are similar to those obtained by GPC (see
Table 1) and corroborate the notion that some cleavage
occurred during synthesis. While the hydrodynamic diam-
eter does not follow a clear trend upon methylation, the
second virial coefficient A2 and the ζ-potential correlate well
with the degree of methylation. The second virial coefficient
is a parameter describing the interaction strength between
the molecule and the solvent [16]. The relatively high values
obtained for PMLA and coPMLA-Me25H75 indicate the
ability of these polymers to stay in solution, whereas the
much lower value obtained for coPMLA-Me50H50 indicates
that this copolymer has some tendency for aggregation. The
conclusion is corroborated by the progressive decrease of
negative ζ-potential observed for increasing methylation,
that is, less repulsion and thus higher tendency for aggrega-
tion.

The effects of esterification on solubility are both an
increase in hydrophobicity and a decrease in electrostatic
mutual repulsion between polymers at higher degrees of

methylation. The blocky microstructure of the copolymer
harboring highly hydrophobic domains of contiguously
methylated units could contribute to aggregation by favoring
intermolecular hydrophobic contacts. The polyacid is highly
soluble in water and acetone, coPMLA-Me50H50 is less
soluble in water than coPMLA-Me25H75, and coPMLA-
Me75H25 (not studied here) has been reported to be water
insoluble [11].

3.3. Copolyesters Degradation in PBS and Human Plasma.
Copolyester degradation was followed by measuring molecu-
lar weightsMw by sec-HPLC as a function of incubation time
(Figure 2). During incubation in PBS (pH 7.4) at 37◦C the
polymers were slowly degraded as indicated by an increase in
the retention time [11]. The measurements for degradation
in serum at 37◦C were complicated by the presence of
proteins which co-eluted and interfered with the polymers
in sec-HPLC, rendering polymer detection impossible. The
degraded polyesters except PMLA could be separated from
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proteins by extraction of the plasma mixture with chloro-
form/ethyl acetate. As an example the chromatograms of
coPMLA-Me50H50 incubated in serum at time zero (a) and
after incubation (b) are compared in Figure 3. This case
once more demonstrates the degradability of PMLA and
its derivatives in physiological conditions. Specific PMLA
hydrolases have been reported for microorganisms [18, 19].
As in the case of degradation in PBS (not shown), the elution
profile indicated a single peak. This suggested cleavage
from the ends and not fragmentation at internal cleavage
sites.

Comparison of kinetics in Figure 2 revealed that (i)
degradation in human plasma was faster than in PBS with
half lives of 13 h in plasma for coPMLA-Me25H75 and 20
hours for coPMLA-Me50H50 compared with 45 hours and
50 hours in PBS, respectively and (ii) Half life was lowest
for PMLA and increased with higher levels of methylation in
agreement with the notion that alkylation of the α-carboxyl
group stabilized the main chain ester bond. Hydrolysis was
significantly enhanced by constituents of human plasma,
either by general catalysis or by hydrolytic enzymes, most
likely esterases, such as plasma lipases or cholinesterases [20].

3.4. Membrane Disruption. The membrane disruption activ-
ity of coPMLA-Me25H75 and coPMLA-Me50H50 was mea-
sured by the phosphatidylcholine liposome leakage assay.
The liposomes are filled with calcein, which leaks out if
the liposome becomes destabilized or disrupted. Leakage
was measured at pH 7.5, resembling physiological pH, and
at pH 5.0, resembling pH of late endosomes/lysosomes.
While coPMLA-Me25H75 did not show leakage activity,
coPMLA-Me50H50 was active at concentrations above 0.1
mg/mL and the activity was pH independent (Figure 4).
The finding suggested that membrane leakage was inferred
by methylation of pendant carboxyl groups that increased
hydrophobicity and neutralized negative charges (decrease
in ζ-potential, Table 2). The absence of effect of pH change
indicated that the carboxylic groups of the methylated PMLA
did not protonate in this pH range, or if they did, they had
no effect on the leakage activity.

The role of hydrophobicity together with charge neutral-
ization has been considered in drug delivery to be the mech-
anism for membrane disruption by a variety of molecular
devices [21–25]. In the case of our methylated PMLA we
think that the methylation dependent leakage refers mainly
to the formation of the contiguous, electrically neutral
hydrophobic patches (Table 2) which are prone to intrude
into the lipid bilayer and cause the membrane damage. The
membrane disruption activity especially coPMLA-Me50H50

is thought to be useful in the design of nanoconjugates that
can deliver drugs to intracellular targets.

3.5. Cytotoxicity. Partially methylated PMLA contains car-
boxylic groups that can be conjugated to several prodrugs
and in addition to a variety of biologically active units such as
antibodies for targeting or PEG for protection against enzy-
matic degradation and resorption by the reticuloendothelial
system (RES). The pro-drug is activated within the targeted

cell compartment and only then unfolds its cytotoxic or any
other activity.

It is desirable to know whether methylated PMLA as the
platform is itself not toxic. To this end, the in vitro toxicity
of the copolymers was tested. Figure 5 shows the viability
of cultured brain and breast cancer cells: T98G, U-87 MG,
MDA-MB-231 and MDA-MB-468 cells after 24 hours of
incubation as a function of copolymer concentrations.

While PMLA only marginally decreased cell viability, the
copolymers showed toxicity that increased with the degree
of methylation, but the decrease in percentage cell viability
was moderate and above 50% at concentrations ≤1 mg/mL.
Effects on cell viability depended also on the type of cell line,
glioma U-87 MG cells, and breast cancer MDA-MB-231 cells
being more affected than glioma T98G cells and breast cancer
MDA-MB-468 cells.

There are two main toxicity mechanisms commonly
considered: (i) toxicity due to physical damage such as
destabilization of membranes and (ii) toxicity resulting from
the degradation products after intracellular uptake. The
possibility of physical damage due to membrane disrupture
of the kind as seen by the liposome leakage assay (Figure 5)
may not be significant since the effect of copolymers on cell
viability is not manifested in the time scale of minutes or a
few hours (results not shown). It is highly likely that toxicity
was the result of methanol formation during degradation. It
is known that degradation in pure deuterated water generates
as main products methanol and L-malic acid [11]. While
l-malic acid is converted into water and carbon dioxide
in the tricarboxylic acid cycle, methanol is known to be
toxic for living cells. In the same line it has been reported
that benzylesters of PMLA were toxic due to release of
free benzylalcohol during degradation [26]. However, for
consideration of the copolymer application in drug delivery,
the short residence times of only a few hours before complete
clearance through the renal system relatives their toxicity in
vivo.

3.6. Cellular Uptake Study. Since we have found that
the copolymers coPMLA-Me25H75 and coPMLA-Me50H50

contained hydrophobic patches that could be active in
membrane disruption, it was important to test whether
the polymers could enter cells in vitro. Rhodamine labeled
copolymers were incubated with MDA-MB-231 cells for
3 hours. The cell’s uptake of the fluorescent polymers
was seen under the fluorescence microscope (Figure 6).
Rhodamine alone did not stain the cells (picture not
shown). The distribution of copolymers-rhodamine in all
cells, appeared to be homogeneous and probably involved
nuclei. The fluorescence intensity was semi quantitatively
measured by triplicate in >50 cells, and appeared to be
1.8 (Standard Deviation= ±0.3) folds more intensive for
coPMLA-Me50H50 than for coPMLA-Me25H75 accordingly
to the Image J1.43c software, thus correlating with the
higher degree of hydrophobicity of the higher methylated
polymer. The results are evidences that the copolymers
are highly versatile materials and suitable for various
applications.
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Figure 6: Localization of rhodamine tagged copolymers in MDA-MB-231 cells. Panels (a) and (b) separated copolymer-rhodamine uptake
and DAPI staining. Panel (c) The copolymers are indicated by red fluorescence co-localizing with nuclei stained in blue with DAPI.

4. Conclusion

New designs of nanoconjugate drug delivery systems are
introduced here. The systems involve a polymer platform
containing pendant chemically reactive groups to be con-
jugated with molecular units that function in pro-drug
attachment, cell recognition, membrane penetration and
protection. The copolymers coPMLA-Me25H75 and coPMLA-
Me50H50 are biodegradable and biocompatible and its half-
life is limited, so they may minimize adverse host’s responses
and development of liver storage diseases. The copolymers
are endowed with membrane disrupting/penetrating activi-
ties which allow them to deliver drugs directly to intracellular
targets by passing the plasma membrane. By raising the
degree of methylation above 50%, the copolymers become
insoluble and can be used as drug delivering nanoparticles.
These results support the fact that poly (β,L-malic acid) is
a highly versatile material and can be used for the design
of a variety of nanoconjugate platforms for drug delivery
systems.
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Formation of drug/polymer complexes through ionic interactions has proven to be very effective for the controlled release of drugs.
The stability of such drug/polymer ionic complexes can be greatly influenced by solution pH and ionic strength. The aim of the
current work was to evaluate the potential of γ-polyglutamic acid (γ-PGA) as a carrier for the anticancer drug, Doxorubicin (DOX).
We investigated the formation of ionic complexes between γ-PGA and DOX using scanning electron microscopy, spectroscopy,
thermal analysis, and X-ray diffraction. Our studies demonstrate that DOX specifically interacts with γ-PGA forming random
colloidal aggregates and results in almost 100% complexation efficiency. In vitro drug release studies illustrated that these
complexes were relatively stable at neutral pH but dissociates slowly under acidic pH environments, facilitating a pH-triggered
release of DOX from the complex. Hydrolytic degradation of γ-PGA and DOX/γ-PGA complex was also evaluated in physiological
buffer. In conclusion, these studies clearly showed the feasibility of γ-PGA to associate cationic drug such as DOX and that is may
serve as a new drug carrier for the controlled release of DOX in malignant tissues.

1. Introduction

The efficacy of cancer chemotherapy is limited by its toxicity
to healthy tissues. This is partially attributed to the lack
of specificity of anticancer agents for cancerous tissues,
and partially to the poor biopharmaceutical properties
of the drug [1]. Both these factors together dictate the
success of chemotherapy. Most of the anticancer agents
are administered as intravenous injections/infusions which
lead to an initial burst release and subsequent decay of
drug concentrations, below therapeutic levels in blood. The
success of controlled or sustained release drug formulations
has proved that long-term exposure of ailing tissues to
moderate drug concentrations is more beneficial than a
pulsed supply of the drug at higher concentrations [1, 2].
The limitations associated with conventional anticancer drug
formulations have led to numerous attempts in developing
more effective formulations for chemotherapy [1–3].

Doxorubicin (DOX), an anthracycline antibiotic, is a
widely used antineoplastic agent; however, its therapeutic
efficacy is limited because of the dose-dependent cardiotoxi-

city, myelosuppression [4, 5], and development of multidrug
resistance [6]. Such adverse side effects associated with
conventional formulations of DOX have led researchers
to investigate alternative forms of administering DOX, for
example, prodrug approach or binding/encapsulation in
particulate carriers [7–10].

DOX association to nanoparticulate carriers such as
liposomes [11], nanoparticles [12], or micelles [13] has
led to its controlled release over extended periods of time,
thereby increasing its efficacy and reducing toxic side effects.
The majority of attempts to associate DOX to polymeric
nanoparticles have used either anionic or neutral polymers,
such as polyacrylates [14] or pullulan [15], respectively.
Anionic polymers exploit the charge interactions with
cationic DOX to achieve high association or complexation
efficiencies. Despite of such high association, the DOX-
loaded nanoparticles exhibit negative zeta potential, which
impedes their adhesion to cell membranes and hence their
cell uptake. To overcome this limitation, the negatively
charged nanoparticles are coated with a cationic poly-
mer/lipid layer [16]. In an alternate approach, Janes et al.
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Figure 1: Chemical structures of (a) γ-Polyglutamic Acid
and (b) Doxorubicin. In (b), ∗Deprotonable functional group,
∗∗Protonable functional group.

[7] illustrated the ionic complexation of DOX to a positively
charged polymeric carrier, chitosan. Although DOX binding
to chitosan was very low (1.4% w/w), the DOX-loaded
chitosan nanoparticles entered the cell via endocytosis,
releasing DOX intracellularly.

Carboxyl groups have the ability to form strong ionic
interactions with desired drug candidates because they are
excellent hydrogen bond donors [17]. Anionic polymers,
owing to their high negative-charge density can bind sub-
stantial amounts of cationic drugs. Such an association
based on ionic/electrostatic interactions is termed as poly-
mer/drug complexation, and the complex formed is termed
as polyelectrolyte complexes. The activity, solubility, cell
permeability, and stability of drugs can be manipulated
by using polymers with different chemical and physical
properties. For instance, pH-induced degradation of basic
drug procaine was markedly improved by ion pairing it
with acidic polyelectrolyte, carbomer, thereby improving its
aqueous chemical stability [18]. Guo et al. [19] demonstrated
the controlled release of coenzyme A from pH-sensitive ionic
complexes of chitosan/carboxymethyl chitosan. Recently, low
molecular weight γ-PGA was used as an excipient to form
complex with a bitter tasting drug, diphenhydramine. The
complex not only improved the drug stability and masked its
bitter taste, but also facilitated its sustained drug release [20].

Gamma-polyglutamic acid (γ-PGA) is a homopolyamide
of glutamic acid monomers, connected by amide linkages
between α-amino and γ-carboxyl groups (Figure 1(a)). The
presence of a free α-carboxylate anion per glutamic acid
monomer imparts a high anionic character to γ-PGA,
making it a potential candidate to achieve high association
efficiencies with cationic drugs. These side-chain carboxyl
groups also offer attachment points for the conjugation of
chemotherapeutic agents to the polymeric carrier [21]. γ-
PGA is produced as a capsular material or slime by several
Bacillus species and is a water-soluble, biodegradable, and
biocompatible polymer. γ-PGA is nontoxic and nonim-
munogenic and can be easily assimilated in vivo, rendering it
a potential biomaterial for various drug delivery applications,
such as nanoparticulate drug/gene carriers, hydrogels, and
tissue scaffolds [3, 22, 23].

The aim of this work was to investigate the use of
carboxyl-group-containing polymer, γ-PGA, to form ionic
complexes with a cationic anticancer drug, DOX. The specific
interactions between γ-PGA and DOX to form stable ionic
complexes were investigated. The pH-controlled release of
DOX from DOX/γ-PGA complex and hydrolytic degradation
of polymer and drug/polymer complex were also investigated
in vitro.

2. Materials and Methods

2.1. Materials. Gamma-polyglutamic acid (HM-form;
125 kDa by GPC) was a gift from Natto Biosciences (Mon-
treal, Canada). Doxorubicin hydrochloride was obtained as
a 2 mg/mL solution (pH 3.0) in 0.9% (w/v) sodium chloride
from Novopharm (Toronto, Canada). Unless otherwise
mentioned, all other chemicals were reagent grade and
purchased from Sigma Aldrich (Toronto, Canada). All
the glasswares used were pre-treated with SylonCT (5%
dimethyldichlorosilane in toluene; Sigma Aldrich, Toronto,
Canada).

2.2. Formation of DOX/γ-PGA Complex. Predetermined
amounts of DOX were added to aqueous solutions of
γ-PGA (10 mg/mL; pH 7, nonbuffered) to obtain six
different DOX : γ-PGA weight ratios (1 : 200, 1 : 100, 1 : 10,
1 : 1, 2 : 1, and 3 : 1). The DOX/γ-PGA mixtures were left
under magnetic stirring at room temperature for 24 hours,
dialyzed against deionized water (500 mL) for 24 hours
(Spectrapor membrane tubing; MWCO 6–8 kDa, Spectrum
Labs, CA, USA), and then freeze-dried overnight. DOX/γ-
PGA complexes that showed instantaneous precipitation
were collected by centrifugation (11,000× g for 10 minutes),
washed twice with deionized water, and then freeze-dried.

All the procedures were performed in triplicates. Pho-
todegradation of DOX was prevented by conducting all
experiments in dark.

2.3. Evaluation of DOX Complexation with γ-PGA. DOX/γ-
PGA complexation efficiency was determined by analyz-
ing the unbound DOX in the dialysate, supernatant, and
sample washes using HPLC, as described previously [24].



Journal of Nanomaterials 3

The samples were eluted through Zorbax C18 (250 mm
× 4.6 mm, 5 μm) column (Agilent Technologies, Missis-
sauga ON), attached to fluorescence detector. The emission
and excitation wavelengths were set at 480 and 560 nm,
respectively. The mobile phase composition was 70 : 30
water/acetonitrile with 0.1% triethylamine; pH was adjusted
to 3.0 with phosphoric acid. The samples were eluted under
isocratic conditions at flow rate 1.2 mL/min and column
temperature 35◦C.

DOX/γ-PGA complexation efficiency was calculated as
follows:

Dox Encapsulation Efficiency (%)

= Total DOX− Free DOX
Total DOX

× 100.

(1)

2.4. Physical Characterization of DOX/γ-PGA Complex

2.4.1. Spectrophotometric Analysis. Doxorubicin concentra-
tion was maintained constant at 40 μg/mL, and spectra of
DOX in the absence and presence of γ-PGA were recorded
from 190 to 600 nm using UV-Visible spectrophotometer
(Cary 50 Conc, Varian, USA) with a 2 nm slit width and a
1 cm path length at intervals of 1 nm, using water as the
baseline reference.

2.4.2. Size and Surface Characteristics of DOX/γ-PGA Com-
plexes. The surface morphology of DOX/γ-PGA complexes
was examined using a scanning electron microscope (SEM;
Hitachi S-3400N, Toronto, ON). A current of 99 μA, voltage
of 15 kV, and a working distance of 9.3 mm were applied.
The samples were prepared by placing 5–10 μL of precipitates
(diluted 50–100×) on formvar grids and allowed to air-dry
overnight under vacuum. All samples were sputtered with
Au/Pd (10–12 nm thickness) and consecutive magnifications
(1500×, 2000×, and 5000×) were used to view the morphol-
ogy of formed DOX/γ-PGA complexes.

Particle size and zeta potential measurements of the
precipitates were performed by photon correlation spec-
troscopy (90Plus/BI-MAS) and ZetaPALS Zeta potential
analyzer (Brookhaven Instruments, NY), respectively. For
size measurements, samples were diluted in MiliQ water
and measured for at least 120 seconds. For zeta potential
measurements, samples were diluted in 10 mM KNO3. All
the measurements were performed in triplicate.

2.4.3. Thermal Analysis. The differential scanning calorime-
try (DSC) thermogram of DOX/γ-PGA complex was
recorded uisng DSC 822e (Mettler Toledo, Columbus, OH)
and compared with the thermograms of pure DOX and γ-
PGA. The scanning rate was controlled at 10◦C/min; the
starting and ending temperature were 25 and 500◦C, respec-
tively. Thermogravimetric analysis (TGA) was performed
using TGA/SDTA 851e (Mettler Toledo, Columbus, OH)
with a starting and ending temperatures of 25 and 500◦C,
respectively.

2.4.4. X-Ray Diffraction Crystallography. The X-ray crystal-
lographic patterns of DOX, γ-PGA, and DOX/γ-PGA com-
plexes were studied using an X-ray diffractometer (Rigaku,
Tokyo, Japan). Samples were pressed into circular form on a
quartz sample holder, and scanned from 0 to 60◦. A Bragg
angle of 2θ was recorded at a scan rate of 1.0◦/min.

2.4.5. Evaluation of In Vitro DOX Release from DOX/γ-
PGA Complex. Effect of ionic strength and pH on drug
release was studied in different buffers. DOX/γ-PGA complex
(1 : 1 w/w) was placed in dialysis membrane (Spectrapor
membrane tubing; MWCO 6–8 kDa, Spectrum Labs, CA,
USA) and immersed in 100 mL of different buffers of
varying pHs (154 mM sodium chloride, pH 2.2; 100 mM
acetate buffers pH 4.0 and 6.0; 100 mM phosphate buffer
saline, pH 7.4), and ionic strengths (77, 154 and 308 mM
phosphate buffered saline, pH 7.4). All flasks were incubated
at room temperature under mild agitation. Samples were
collected at different time intervals. Buffers in all the flasks
were replaced every 24 hour. The free DOX released into
the dialysate was estimated using fluorescence HPLC and
plotted as a function of time to determine drug release
kinetics.

2.4.6. Hydrolytic Degradation Studies. A predetermined
amounts of γ-PGA and DOX/γ-PGA ionic complex (1 : 10
w/w) were dissolved in 154 mM phosphate buffer saline,
pH 7.4. At specified time intervals, samples were collected
and molecular weights were measured by gel permeation
chromatography (GPC). The GPC system comprised of
Agilent 1200 HPLC system, equipped with two Waters
Ultrahydrogel Linear columns in series, a refractive index
detector, a UV detector (210 nm), and a column thermostat
maintained at 30◦C. Phosphate buffer (100 mM, pH 7.4) was
used as a mobile phase at a flow rate of 0.8 mL/min. The
injection volume of all the samples was maintained constant
at 25 μL. Molecular weight calibration was performed with
polyethylene glycol/poly (ethylene oxide) standard kit (Mp

500–2,740,000) from Sigma-Aldrich, Canada.
The weight average molecular weight (Mw) of polymer

was plotted as a function of time to estimate the polymer
degradation kinetics.

3. Results and Discussion

The main aim of this work was to develop γ-PGA-based
colloidal carrier for anticancer drug, DOX. Because of high
negative charge density of γ-PGA, we expected a fairly high
association of DOX owing to electrostatic attraction between
the polymer and drug.

DOX is predominantly positively charged amphoteric
drug, containing protonable amino group in the sugar moi-
ety and two deprotonable phenolic groups in the aglycone
part of the molecule (Figure 1(b)). To begin, we tested the
extent of DOX : γ-PGA association by incubating DOX and
γ-PGA aqueous solutions in different drug/polymer weight
ratios, then dialyzing the drug/polymer solution to remove
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(a) (b) (c)

Figure 2: SEM images of DOX/γ-PGA complexes at different DOX : PGA weight ratios: (a) 1 : 100 w/w (12000×;); (b) 1 : 10 w/w (7000×);
(c) 1 : 1 w/w (10000×).
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Figure 3: Visible spectra of DOX solution, γ-PGA solution, and
DOX/γ-PGA complex.

nonassociated DOX, and lyophilizing to promote polymer-
drug interactions. For all the DOX : γ-PGA weight ratios
tested, all of the DOX that was added formed complex
with γ-PGA, giving the complexation efficiency of almost
100% (Table 1). However, a marked difference in the aqueous
solubility of various DOX/γ-PGA complexes was observed.
At lower DOX : γ-PGA weight ratios, no precipitation was
observed during the 24-hour reaction time, and the freeze-
dried complex was easily dissolved in water. For DOX : γ-
PGA 1 : 1, mild precipitation was observed at the beginning
of the reaction; after 24 hours, the complex was collected
as a precipitate. The freeze dried 1 : 1 complex was soluble
in water after stirring overnight. In case of 2 : 1 and 3 : 1
DOX/γ-PGA complexes, water insoluble precipitates were
formed.

Table 1: Complexation efficiencies for DOX/γ-PGA complexes
formed by mixing DOX and PGA in different weight ratios (n =
3).

DOX : γ-PGA ratio
(w/w)

Complexation efficiency
(%)

Aqueous
solubility

1 : 100 99 ± 0.89 Soluble

1 : 50 99.3 ± 1.2 Soluble

1 : 10 99.7 ± 2.65 Soluble

1 : 1 99.1 ± 0.6 Precipitate

2 : 1 95.4 ± 4.1 Precipitate

3 : 1 96 ± 6.5 Precipitate

3.1. Size and Surface Characteristics of DOX/γ-PGA Com-
plexes. SEM micrographs revealed that the formed com-
plexes are submicron-sized random-shaped structures, rang-
ing from elongated needles (Figure 2(a)) to colloidal aggre-
gates (Figures 2(b) and 2(c)). Table 2 shows the size and
surface characteristics of various DOX/γ-PGA complexes,
as measured by particle size and zeta potential analyzer.
The average particle size of the precipitates was found to
be ∼80 μm. Various DOX/γ-PGA ionic complexes exhibited
significantly high negative zeta potential values, and zeta
potential of complex decreased with the increase in DOX
ratio w.r.t. γ-PGA. As mentioned above, previous studies
have shown that nanoparticles with negative zeta potential
are most likely rejected by cells owing to charge repulsions
between negatively charged cell membranes and particles
with negative surface charges. We would like to clarify
that DOX/γ-PGA complexes are not our final intended
formulation.

More studies are underway to overcome the negative zeta
potential by formulating the DOX/γ-PGA ionic complexes
into polymeric nanoparticles of 100–200 nm diameter.
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Table 2: Size and surface characteristics of different DOX/γ-PGA
ionic complexes (n = 3).

DOX : γ-PGA
ratio (w/w)

Particle size
(μm)

Polydispersity Zeta potential
(mV)

1 : 200 83 ± 14 0.45 ± 0.13 −30.6 ± 3.1

1 : 100 82.5 ± 28 0.45 ± 0.14 −39 ± 3.5

1 : 10 81 ± 11 0.39 ± 0.1 −47.7 ± 2.8

1 : 1 80 ± 37 0.53 ± 0.14 −53.7 ± 1.1
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Figure 4: DSC thermograms of freeze dried Doxorubicin, γ-PGA
and DOX/γ-PGA (1 : 1 w/w) complex.

3.2. Specific Interaction between DOX and γ-PGA. The inter-
action of DOX with γ-PGA was investigated spectropho-
tometrically by comparing the visible spectra of DOX/γ-
PGA complex with that of pure γ-PGA and pure DOX.
As shown in Figure 3, DOX has a characteristic λmax at
480 nm; no detectable absorbance was noted for γ-PGA
over the chosen wavelength range at the concentrations
tested. In case of DOX/γ-PGA complex, spectral changes
in DOX peak maxima were observed. The λmax of complex
appeared at 495 nm, suggesting that addition of γ-PGA to
DOX induces red-shift of 15 nm. Moreover, the intensity of
DOX peak at 480 nm was reduced by ∼23% which suggest
that a complex was formed between γ-PGA and DOX. No
significant difference in pH was observed upon mixing γ-
PGA and DOX solutions.

As stated above, γ-PGA exhibits high negative character
because of the presence of one carboxylate anion per
monomer (Figure 1(a)). The pKa of γ-PGA is 2.6 (as
calculated by acid-base titration), thus in slightly acidic to
neutral environment, the α-carboxyl groups remain unpro-
tonated. Doxorubicin is an amphoteric drug containing
protonable amino group and deprotonable phenolic groups;
thus a continuous equilibrium exists between the positively
charged, negatively charged, neutral and zwitter ionic species
of DOX. In the pH range of 0–6, the amine group in
DOX is protonated and exists in the form of NH+

3 . Thus,
it is most likely that the electrostatic interactions between
negatively charged γ-PGA and positively charged DOX lead
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Figure 5: TGA thermograms of DOX, γ-PGA, and DOX/γ-PGA
(1 : 1 w/w) complex.

to the formation of DOX/γ-PGA complex. In a similar
study, Agresti et al. [20] reported the formation of an ionic
complex between PGA and diphenhydramine (DPH) under
acidic conditions (pH 3.0). The DPH/PGA complex was
formed by pH-induced transition in PGA conformation
from random coil to α-helix. DPH was released from the
complex under weakly acidic or neutral conditions, resulting
in the reversal of PGA conformation from α-helix to random
coil. In the present work, when aqueous γ-PGA (pH 7,
nonbuffered; random coil conformation) was mixed with
DOX (pH 3.0, as supplied), the pH of the mixture was
∼6. As expected, we did not observe any change in γ-
PGA conformation as confirmed by CD spectral analysis
of γ-PGA and DOX/γ-PGA complex at pH 6 and 7 (data
not shown). Hence, it can be concluded that electrostatic
interaction is the predominant force between DOX and
γ-PGA. However, one cannot rule out the possibility of
other factors such as hydrophilic/hydrophobic interactions,
resonance effect, and so forth, which might play a role in
DOX complexation with γ-PGA. To further elucidate the
type of interaction between DOX and γ-PGA, DOX/γ-PGA
complexes were characterized by thermal analysis and X-ray
powder diffraction.

3.3. Characterization of DOX/γ-PGA Complexes

3.3.1. Differential Scanning Calorimetry (DSC). DSC mea-
surements were done to (a) exclude the possibility of pure
DOX being precipitated during DOX/γ-PGA complexation
and (b) to confirm the specific interactions between DOX
and γ-PGA to form stable complexes. The DSC thermo-
grams were plotted simultaneously to compare the thermal
properties of newly formed DOX/γ-PGA complexes with
those of pure DOX and pure γ-PGA. As illustrated in
Figure 4, γ-PGA exhibited two endothermic peaks at 82 and
218◦C, and an exothermic peak at 320◦C. γ-PGA obtained
from different sources has a varying molecular weight and
associated physico-chemical properties such as viscosity,
thermal characteristics, and so forth. Very few reports are
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available on the glass transition (Tg) and melting (Tm), or
decomposition (Td) temperatures of γ-PGA. Khachatoorian
et al. [25] reported the Tg and Tm of γ-PGA to be around
110◦C and 397◦C; however, the source and molecular
weight of γ-PGA used in their study was not mentioned.
Ho et al. [26] reported the thermal decomposition of γ-
PGA H-form (M.W.: 2 ×106 Da) obtained from B. subtilis
(natto): Tm (206◦C) and Td (209.8◦C) [26]. Since γ-PGA
used in this study was obtained from natto gum (M.W:
∼127 kDa, GPC), thus the first endothermic peak at 82◦C
most likely corresponds to the Tg of γ-PGA, while the sharp
endothermic peak at 218◦C is the melting endotherm (Tm or
Td) of γ-PGA.

For DSC of pure drug, DOX from the injection vial was
first freeze-dried to obtain a dry powder. Three endotherm
peaks appeared at 54, 195, and 355◦C. The sharp endother-
mic peak at 54◦C is most likely because of residual moisture
left after freeze drying. The peak at 195◦C corresponds to the
melting endotherm of DOX (Tm = 218◦C) [12].

In case of DOX/γ-PGA complex, a broad endotherm
peak appeared at 68◦C which could possibly be the Tg of the
complex, since association with DOX may have altered the
Tg of pure γ-PGA. The absence of a characteristic melting
peak of DOX between 150 and 260◦C confirms that no pure
DOX was precipitated during DOX/γ-PGA complexation
and that the entire added drug was bound to the polymer.
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This also strongly indicates the formation of stable DOX/γ-
PGA complex. An endothermic peak at 360◦C most likely
represents the decomposition of DOX/γ-PGA complex.

3.3.2. Thermogravimetric Analysis (TGA). To further eval-
uate the stability of DOX/γ-PGA complex, pure polymer,
pure drug, and the polymer/drug complex were analyzed
by thermogravimetry. As shown in Figure 5, a total of
10% weight loss of pure DOX was observed in the tested
temperature range from 25 to 600◦C, suggesting that most
of the DOX did not decompose to vapor state, and was
collected as char in the crucible. The temperature range of
175–220◦C accounted for up to 4% loss in DOX weight.
This thermal decomposition range matches with the DOX
melting peak at 195◦C, as determined by DSC. Thermal
degradation of pure γ-PGA started at 210◦C, which is the
Tm of γ-PGA as noted from DSC. Around 60% of γ-
PGA were decomposed as the temperature reached up to
600◦C. In case of DOX/γ-PGA complex, around 60% of
the complex remained undecomposed when heated from
25 to 600◦C, suggesting that DOX is strongly associated to
γ-PGA. The observed weight loss in DOX/γ-PGA complex
is most likely attributed to thermal decomposition of γ-
PGA. The TGA curve of DOX/γ-PGA complex reflects the
heterogeneous nature of the interaction between DOX and γ-
PGA. Therefore, it might be suggested that in addition to the
possible electrostatic interactions between the amino group
of DOX and the carboxyl groups in γ-PGA, the anthracycline
ring of DOX might also be participating in DOX/γ-PGA
complexation by interacting with the hydrophobic domains
on γ-PGA backbone.

3.3.3. X-Ray Powder Diffraction Analysis. To further eluci-
date the interaction between DOX and γ-PGA, the crystal
characteristics of the DOX/γ-PGA complex were examined
using wide angle X-ray powder diffraction (Figure 6). For
DOX, clear peaks are visible in the diffractogram indicating
the presence of crystalline phase in the native form, whereas
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γ-PGA showed a typical amorphous pattern. The appearance
of identical peaks in the diffractogram of DOX/γ-PGA
complex confirms the association of DOX with γ-PGA and
that the formed complexes are crystalline in nature.

3.3.4. Drug Release from DOX/γ-PGA Complexes. Of all the
water-soluble DOX/ γ-PGA complexes that were formed,
the one with maximum DOX amount (1 : 1 w/w DOX : γ-
PGA) was chosen for drug release studies. We simulated
“sink” conditions by placing the DOX/γ-PGA complex in a
dialysis bag (MWCO: 6–8 kDa), and regularly replacing the
dialysate buffer every 24 hour. A control experiment with
free DOX (Figure 7) confirmed that the high MWCO (6–
8 kDa) of dialysis membrane selected ensured unrestricted
diffusion of the released drug; the time interval between
dialyzate replacement was in excess for reaching the complete
equilibration of DOX solutions on either sides of dialysis
membrane (5 hours). The highest concentration of drug in
the dialyzate was 1.2 μg/mL; a value much below 10% of
drug’s aqueous solubility, which is a requirement for the
fulfillment of “sink” conditions.

Because of predominantly ionic nature of DOX/γ-PGA
complex, it was expected that changing the pH and/or ionic
strength of the release medium may cause dissociation of
DOX/γ-PGA complex.

Effect of Ionic Strength on DOX Release from DOX/γ-PGA
Ionic Complexes. The in vitro DOX release profiles from
ionic complex (1 : 1 w/w) suspended in phosphate buffered
saline (pH 7.4) at different ionic strengths namely; 77 mM,
154 mM, and 308 mM are presented in Figure 8. Increasing
the ionic strength of the release medium did not have a
significant effect on the DOX release rate. At higher ionic
strength (308 mM PBS), a maximum of 14% of total DOX
was dissociated from the complex over 10-hour period,
then DOX concentration decreases, probably due to its
degradation in presence of high salt concentration. In case
of low ionic strength buffer, only 8% of total drug were
dissociated; however, under physiological buffer conditions
(154 mM PBS, pH 7.4), DOX release was linear, releasing
upto 15% of total DOX over 30-hour period. Since the initial
binding of drug to the polymer is predominantly based on
electrostatic complementarity, increased ionic strength, to
some extent, helps in mitigating the electrostatic attraction,
resulting in less effective binding and hence relatively faster
dissociation of drug from drug/polymer complex.

3.4. pH-Triggered Release of DOX from DOX/γ-PGA Ionic
Complexes. The in vitro DOX release from DOX/γ-PGA
complex at varying pH is shown in Figure 9. At pH 2.2,
burst release of DOX was observed, releasing 40% of drug
in the first 8 hours, followed by slow release over a week.
No such burst release was observed at pH higher than 2.2.
There could be several reasons for such a burst release of
DOX in low pH environment. One possibility is that at pH
2.2, most of the carboxyl groups in γ-PGA (pKa = 2.6)
are protonated, and so is the amine group in DOX (NH+

3 ).
Thus, the interaction between γ-PGA and DOX is weakened
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because of electrostatic repulsion between both the positively
charged drug and the polymer, thereby dissociating the drug.

Another possible reason could be the precipitation of γ-
PGA under acidic conditions. At pH 2.2, a small fraction of
γ-PGA precipitates out of the complex (visual observation),
leaving behind the dissociated DOX in the dialysis bag, which
then rapidly diffuses out into the release medium.

Based on these observations, one might assume a 100%
release of DOX at pH 2.2; however, DOX dissociation slows
down after several hours. The possible explanation of such a
phenomenon could be derived from thermal analysis of the
complex. The DSC and TGA thermograms show that DOX
association with γ-PGA is quite strong, which suggests the
involvement of additional interactions between DOX and γ-
PGA, apart from electrostatic forces. As a result, only a part of
DOX/γ-PGA ionic complex responded to pH change, leaving
the rest of the complex undissociated, which dissociates at a
much slower rate.
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On the other hand, at higher pHs (4 to 7.4), γ-PGA
remains soluble, thus the only possible way that DOX can
be released is by pH-induced dissociation, thus no burst
release effect is observed at any of the higher pHs studied.
Nevertheless, in the pH range of 4–7.4, the carboxyl groups
in γ-PGA are unprotonated; thus higher the pH, more the
number of un-protonated carboxyl groups, and stronger the
polymer/drug interaction. Therefore, increasing the medium
pH reduced the DOX dissociation, hence release rate. Up
to 15% of total drug were released at the physiological pH
as opposed to 50% and 30% at pH 4 and 6, respectively.
From clinical perspective, it is desirable to achieve slow or
minimal drug release from targeted drug delivery system at
physiological pH in blood circulation thus reducing the drug
loss until the intended target is reached. In all cases, the
drug release from the complex was linear as observed over
a week. It is thus concluded that pH-triggered DOX/γ-PGA
complexes facilitate sustained release of DOX over a long
period of time.

3.5. Degradation of DOX/γ-PGA Ionic Complex. The bio-
degradability of γ-PGA and DOX/γ-PGA complex was esti-
mated following hydrolysis under physiological condition. As
illustrated in Figure 10, the molecular weight of both γ-PGA
and DOX/γ-PGA ionic complex decreased exponentially
from 170 kDa to 40 and ∼10 kDa, respectively, over a
period of 3 weeks. Since the molecular weight cut off of
kidney is ∼70 kDa, thus both, the DOX-free γ-PGA and the
undissociated DOX/γ-PGA complex, can be excreted out by
kidney within 2-3 weeks. However, detailed in vivo studies
need to be performed to confirm the polymer degradation
and renal clearance.

4. Conclusions

In this paper, we describe the feasibility of using γ-PGA
as a carrier for the delivery of small, cationic anthracycline
drug, DOX. We have demonstrated that DOX can interact
with γ-PGA to form stable complexes with almost 100%
complexation of DOX with γ-PGA. The polymer/drug com-
plexation approach binds the drug tightly to the polymer; as
a result, the formed complexes demonstrated pH-dependent
slow release of Doxorubicin, in vitro. More studies need to be
done to prove the exact mechanism of interaction between
DOX and γ-PGA. A detailed in vitro cytotoxicity studies are
ongoing to determine the bioactivity of release of DOX and
the effect of plasma proteins on DOX release from the ionic
complex.
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carrier: lipophilic drug-loaded polyglutamate/ polyelectrolyte
nanocontainers,” Langmuir, vol. 24, pp. 383–389, 2008.

[17] P. Vishweshwar, J. A. McMahon, J. A. Bis, and M. J. Zaworotko,
“Pharmaceutical co-crystals,” Journal of Pharmaceutical Sci-
ences, vol. 95, pp. 499–516, 2006.

[18] A. Jimenez-Kairuz, D. A. Allemandi, and R. H. Manzo, “The
improvement of aqueous chemical stability of a model basic
drug by ion pairing with acid groups of polyelectrolytes,”
International Journal of Pharmaceutics, vol. 269, pp. 149–156,
2004.

[19] B. Guo, J. Yuan, and Q. Gao, “pH and ionic sensitive
chitosan/carboxymethyl chitosan IPN complex films for the
controlled release of coenzyme A,” Colloid and Polymer
Science, vol. 286, pp. 175–181, 2008.

[20] C. Agresti, Z. Tu, C. Ng, Y. Yang, and J. F. Liang, “Spe-
cific interactions between diphenhydramine and α-helical
poly(glutamic acid)—a new ion-pairing complex for taste
masking and pH-controlled diphenhydramine release,” Euro-
pean Journal of Pharmaceutics and Biopharmaceutics, vol. 70,
pp. 226–233, 2008.

[21] C. Li, “Poly(L-glutamic acid)—anticancer drug conjugates,”
Advanced Drug Delivery Reviews, vol. 54, pp. 695–713, 2002.

[22] J. M. Buescher and A. Margaritis, “Microbial biosynthesis
of polyglutamic acid biopolymer and applications in the
biopharmaceutical, biomedical and food industries,” Critical
Reviews in Biotechnology, vol. 27, pp. 1–19, 2007.

[23] B. Manocha and A. Margaritis, “A novel method for the
selective recovery and purification of γ-polyglutamic acid
from Bacillus licheniformis fermentation broth,” Biotechnology
Progress, vol. 26, no. 3, 2010.

[24] S. R. Urva, B. S. Shin, V. C. Yang, and J. P. Balthasar,
“Sensitive high performance liquid chromatographic assay for
assessment of doxorubicin pharmacokinetics in mouse plasma
and tissues,” Journal of Chromatography B, vol. 877, pp. 837–
841, 2009.

[25] R. Khachatoorian, I. G. Petrisor, and T. F. Yen, “Prediction
of plugging effect of biopolymers using their glass transition
temperatures,” Journal of Petroleum Science and Engineering,
vol. 41, pp. 243–251, 2004.

[26] G. Ho, T. Ho, K. Hsieh, et al., “γ-Polyglutamic acid produced
by Bacillus subtilis (natto): structural characteristics, chemical
properties and biological functionalities,” Journal of the Chi-
nese Chemical Society, vol. 53, pp. 1363–1384, 2006.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2010, Article ID 287082, 8 pages
doi:10.1155/2010/287082

Research Article

Preparation, Mechanical, and Thermal Properties of
Biodegradable Polyesters/Poly(Lactic Acid) Blends

Peng Zhao,1, 2 Wanqiang Liu,3 Qingsheng Wu,1, 2 and Jie Ren1, 3, 4

1 The Institute for Advanced Materials and Nano Biomedicine, Tongji University, Shanghai 200092, China
2 Department of Chemistry, Tongji University, Shanghai 200092, China
3 Institute of Nano and Bio-Polymeric Materials, School of Material Science and Engineering, Tongji University,
Shanghai 200092, China

4 Key Laboratory Advanced Civil Engineering Materials, Tongji University, Ministry of Education, Shanghai 200092, China

Correspondence should be addressed to Jie Ren, renjie.tongji@gmail.com

Received 30 September 2009; Accepted 27 November 2009

Academic Editor: Huisheng Peng

Copyright © 2010 Peng Zhao 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.

Series of biodegradable polyesters poly(butylene adipate) (PBA), poly(butylene succinate) (PBS), and poly(butylene adipate-
co-butylene terephthalate) (PBAT) were synthesized successfully by melt polycondensation. The polyesters were characterized
by Fourier transform infrared spectroscopy (FTIR),

1
H-NMR, differential scanning calorimetry (DSC), and gel permeation

chromatography (GPC), respectively. The blends of poly(lactic acid) (PLA) and biodegradable polyester were prepared using a
twin screw extruder. PBAT, PBS, or PBA can be homogenously dispersed in PLA matrix at a low content (5–20 wt%), yielding
the blends with much higher elongation at break than homo-PLA. DSC analysis shows that the isothermal and nonisothermal
crystallizabilities of PLA component are promoted in the presence of a small amount of PBAT.

1. Introduction

In recent years, considerable interest has been focused on
biodegradable polymers due to their obvious environment-
friendly property comparing to conventional nondegradable
or slowly degradable synthetic petrochemical-based poly-
meric materials [1, 2]. Biodegradable polymers degrade
in a physiological environment by macromolecular chain
scission into smaller fragments, and ultimately into simple
stable end-products [3]. The degradation may occur via
different pathway, such as catalysis of aerobic or anaerobic
microorganisms, biologically active processes (e.g., enzyme
reactions), and hydrolytic cleavage [4]. Poly(lactic acid)
(PLA) is the most important plastic derived from renewable
resources [5]. PLA-based products (e.g., NatureWork) have
been extensively used for their application in biomedical field
[6]. However, disadvantages of PLA are inherent brittleness
and low toughness despite high tensile modulus and strength
[7]. The flexibility, toughness and melt stability of PLA can
be improved by some approaches, such as copolymerization
[8, 9], blending [10], and plasticizers addition [11, 12]. Gen-
erally, blending is a relatively simple and easy way compared

to other approaches. Therefore, in recent years the blends of
PLA and biocompatible and biodegradable polymers, such
as poly(ε-caprolactone) (PCL) [13], poly(ethylene glycol)
(PEG) [14, 15], poly(hydroxy butyrate) (PHB) [16], starch
[17], poly(propylene carbonate) (PPC) [18], collagen [19],
and PBS [20], have been widely studied for application
in drug delivery and tissue engineering. PLA is approved
for human use by the US Food and Drug Administration.
Biodegradable polymeric nanoparticles (NPs) can be for-
mulated to encapsulate various types of therapeutic agents
including low-molecular-weight drugs, and macromolecules
such as proteins or plasmid DNA. The NPs not only
target the drug to its site of action but also maintain the
drug concentrations at therapeutically relevant levels for a
sustained period of time [21–23].

In this study, series of biodegradable polyesters, that is
aliphatic homopolyesters PBA, PBS, and aliphatic-aromatic
copolyester PBAT were synthesized by melt polycondensa-
tion. The blends of PLA and these biodegradable polyesters
were prepared using a twin screw extruder. The mechan-
ical and thermal properties of the blends were investi-
gated.
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Figure 1: FTIR spectra of PBS, PBAT, and PBA.

2. Experimental

2.1. Materials. 1,4-butanediol, adipic acid and succinic acid
(BASF, Germany), dimethyl-terephthalate (DMT, Merck),
and tetrabutylorthotitanate (TBOT, Aldrich) were used
without further purification. Pellets of PLA (Mw =
130, 000 g/mol) were purchased from Tongjieliang Biomate-
rials Co., Ltd., Shanghai, China. Other solvents used were
purchased from the Shanghai Chemical Reagent Company,
China Medicine (Group).

2.2. Synthesis of Biodegradable Polyesters. The homo- and
copolyesters were synthesized by melt polycondensation of
1,4-butanediol, adipic acid and succinic acid, and DMT with
TBOT as the catalyst.

The homopolyesters were prepared via a two-step pro-
cess, that is, esterification first and subsequent polyconden-
sation. Amount of adipic acid or succinic acid and 1,4-
butanediol with designed mole ratio (1 : 1.2) were added
into a 36 L stainless steel reactor under N2 atmosphere.
The temperature of reactants was raised to 160◦C with
stirring, and the water formed during this reaction was
removed by distillation. After reaction for 1–2 hours, a
certain amount of TBOT was added to the reaction mixture
under N2 atmosphere. Then the reaction temperature was
raised from 160◦C to 230◦C within 5 hours under vacuum.
After distillation of excess 1,4-butanediol, the reaction
was carried out for another 20 hours under high vacuum
(<50 Pa).

The procedure of synthesis of copolyester PBAT was
as follows: amount of adipic acid and 1,4-butanediol with
designed mole ratio (1 : 1.2) were added into a 36 L
stainless steel reactor under N2 atmosphere. The temperature
of reactants was raised to 160◦C with stirring, and the water
formed during this reaction was removed by distillation.
After reaction for 1–2 hours, TBOT was added to the reaction
mixture under N2 atmosphere. The reaction temperature
was raised to 180◦C for 4 hours under vacuum. DMT, 1,4-
butanediol, and TBOT with designed mole ratio (1 : 1.2)
were added to the reaction mixture under N2 atmosphere.
The reaction temperature was maintained at 180◦C for 2
hours, and was then raised to 230◦C within 4 hours under

vacuum. The reaction carried out for another 20 hours under
high vacuum (<50 Pa).

2.3. Preparation of Polyesters/PLA Blends. PLA and PBAT
(PBS or PBA) were dried under a vacuum at 45◦C for 12
hours to ensure that they were moisture free before being
used. Blending of PLA and PBAT/PBS/PBA was performed
using a corotating twin screw extruder (Leistritz ZSE-18)
equipped with a volumetric feeder and a strand pelletizer.
A screw with diameter of 27 mm and an L/D ratio of 40
were employed. The two polymers were weighed, manually
tumbled to premix the pellets, and then fed into the
extruder for melt blending. The extrusion temperature was
independently controlled in eight zones along the extruder
barrel and a strand die to achieve a temperature profile
ranging from 150◦C to 180◦C. A 150 rpm screw speed was
used for all extrusions. The blends obtained were cut into
small pieces and dried at 60◦C for 12 hours under vacuum
before injection molding. The weight ratios of PLA/PBAT
(PBS or PBA) were 95/5, 90/10, 85/15, 80/20, and 75/25.

2.4. Characterization. 1HNMR spectra were recorded on
a Varian MERCURYPLUS400 Spectrometer with a CDCl3
signal as a standard. The thermal properties of the polymers
were measured with a TA MDSC-Q100 differential scanning
calorimeter with a heating rate of 10◦C/minute. FTIR spectra
in the range of 4000–400 cm−1 were recorded on KBr pellet
samples, with a Nicolet NEXUS-912A Spectrometer with a
resolution of 1 cm−1. The molecular weight and the distribu-
tion of the polymers were measured by GPC (Waters150C).
Tetrahydrofuran (THF) is used as the mobile phase at a
flow rate of 1.0 mL/minute. Calibration is performed with
polystyrene standards to determine the weight-average and
number-average molecular weights (Mw and Mn). Field
emission-scanning electronic microscopy (FE-SEM) images
of the multiblock copolymer samples were recorded on a
FEI Quanta 200 FEG at an accelerated voltage of 15 kV. The
samples were sputter coated with a thin layer of gold before
observation.

Tensile tests and flexural tests were performed using an
autograph tensile testing apparatus DXLL-5000 (Jiedeng Co.,
Ltd., China). The dumbbell-shaped specimens for tensile
tests were prepared from compression molded samples
according to the standard method for testing the tensile
properties of rigid plastics (GB/T1040-1992). Span length
was 50 mm, and the testing speed was 5 mm/minute. Spec-
imens for flexural tests were also prepared from compression
molded samples according to the standard of plastics (GB/T
9341-2000). Izod impact tests were carried out according to
GB/T 16420-1996 standard, with a standard impact tester
XCJ-50 (Chende Co., Ltd, China). Five composite specimens
were tested for each sample, and the mean values and
standard deviation were calculated.

3. Results and Discussion

3.1. FTIR, 1H NMR and GPC. Figure 1 shows FTIR spectra
of PBS, PBAT, and PBA. The spectra show characteristic
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Figure 2: 1H NMR spectra of synthesized polyester.

ester absorption peaks at 1690, 1670, and 1725 cm−1 for
the stretching vibration of the –COO– and at 1100 ∼
1300 cm−1 for the stretching vibration of the C-O-C. In
the FTIR spectrum of PBAT, the absorption bands at
1018, 1456, 1495.65, and 1573.91 cm−1 are characteristic
group stretching of phenylene group. The red shift of ester
absorption peak in PBAT is caused by conjugative effect
between phenylene and carboxyl group.

Figure 2 shows 1H NMR spectra of these polyesters and
corresponding proton resonance signals, respectively. The
signals occurring at 4.077, 2.314, 1.682, and 1.643 ppm can
be assigned to the methylene protons H2, H3, H5, and H4.
The ratio of integrated peak area of H2 : H3 : ( H5 +
H4) is 1 : 1 : 2, corresponding to those of BA unit
in equimolar ratio. No COOH resonance signal can be
detected due to instrumental detection limit. These data
indiate that synthesized linear PBA chains are terminated by
hydroxyl functional end groups. In 1H NMR spectrum of
PBAT, the signal of aromatic protons appearing at 8.10 ppm
(H,

4) indicates phenylene structure in the polymer’s chain.
The signal of CH2 proton groups of BA unit appears at
δ 4.149 4.091 ppm, and 2.239 ppm (H2, H3) as a multiple
peak; the ratio of the integrated peak intensities of H2 :
H3 is 1 : 1 corresponding to the molar ratio of hydrogen
atoms (4 : 4). The chemical shifts at δ4.436, 4.379 ppm
for –OCH2–(H′

2), and δ8.097 ppm for proton adjacent to
aromatic carbon (H′

4) are attributed to those of BT unit. The
ratio of the integrated peak intensities of H3 protons and
H′

4 protons is 1.34 : 1, indicating that the content of BA
unit is 57.3 mol%. The 1H NMR data are consistent with
the proposed molecular structure of the polyesters. 1HNMR

Table 1: GPC and thermal characteristics of synthesized PBAT, PBS,
and PBA.

Sample Mw Mn PI Tg(
◦C) Tm( ◦C))

PBAT 135000 59730 2.26 −28 114

PBS 98240 54270 1.81 −36 114

PBA 105000 57600 1.82 −68 55

spectrum of PBS shows three proton signals of BS unit, that is
δ4.077 for the proton of H6, δ1.673 ppm for H7, δ2.583 ppm
for H8. The molar ratio of structures H6 : H7 : H8 is
approximately equal to 1 : 1 : 1. All above data indicate
that biodegradable polyesters of PBS, PBAT and PBA were
synthesized successfully.

GPC results and thermal characteristics of PBAT, PBS
and PBA are summarized in Table 1. Mw of PBAT, PBS
and PBA are 135000, 98240 and 105000, respectively, and
Mn of PBAT, PBS and PBA are 59730, 54270 and 57600,
respectively. PDI are in the range of 1.81–2.26.

3.2. Mechanical Properties

3.2.1. Tensile Properties. The tensile properties of PLA/PBS
and PLA/PBA as well as PLA/PBAT blends are shown
in Figure 3. The tensile strength and tensile modulus of
PLA/PBAT (PBS, PBA) blends follow approximately the rule
of mixtures over the whole composition range. Moreover,
the PLA/PBAT blends showed much higher elongation at
break than those of pure PLA and PLA/PBS and PLA/PBA
blends over the whole composition range. Tensile strength
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Figure 3: Tensile properties of PLA/PBAT and PLA/PBS, PLA/PBA
blends: (a) tensile strength, (b) tensile modulus, and (c) elongation
at break.
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and Young’s modulus of blends decreased with increasing
polyester content, but elongation at break showed the peak
values at 15 wt% of polyester content. Elongation at break
(Figure 3(c)) increased with the increasing polyester content
as expected. Small amount of polyester significantly alters the
elongation. This is consistent with the tensile strength results.
Addition of polyester to the PLA system resulted in a decrease
in tensile strength and an increase in the elongation at break.
The tensile strength of the blend did not significantly change
with PBAT (PBS or PBA) content in the range from 5% to
15% but decreased rapidly when PBAT (PBS or PBA) content
was increased to more than 25%. The elongation at break
(Figure 3(c)) increased at higher polyester contents with the
maximum value (>600%) occurring at a PBAT content of
15%. Interestingly, there is no dramatic decrease of tensile
strength and modulus of the blends when polyester content



Journal of Nanomaterials 5

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

H
ea

t
fl

ow
(W

/g
)

−50 0 50 100 150 200

Temperature (◦C)

PLA

PBAT5
PBAT10

PBAT15

PBAT20

PBAT25

Figure 6: The DSC traces of PLA/PBAT blends.

was decreased to less than 20%. An increase of the polyester
content to 15% does not lead to a significant decrease of the
tensile strength and tensile modulus of the PLA/PBS (PBAT)
blends. A decrease by 30% was observed for the PLA/PBA
system.

It can be concluded from above analysis that the PLA/
PBAT blends have the most outstanding properties. So the
PLA/PBAT system was used for further investigation.

Figure 4 shows typical stress-strain curves for pure PLA
and PLA/PBAT blends with different PBAT content. After a
yield point, necking was observed. The necking continued
until failure. Besides, strain hardening occurred after the
yield point, and continued until failure. Fracture behavior
of the specimen in the tensile tests changes from brittle
fracture of plain PLA to ductile fracture of the blends. This is
demonstrated in the tensile stress-extension curves as shown
in Figure 4. Plain PLA shows a distinct break point before
yielding and its strain at break is only about 7.7%. On the
contrary, all the blends show distinct yielding and stable
necking in cold drawing. Notably, when 5% PBAT was added,
the elongation of the blend is tremendously increased by
200%.

3.2.2. Impact Property. The correlation between the notched
impact strength and the composition of the PLA/PBAT,
PLA/PBS and PLA/PBA blends are shown in Figure 5.
Figure 5 shows that notched impact strength of plain PLA
is 5.1 KJ/m2 but increased to 15.3 KJ/m2 when the content
of PBAT is 15 wt%, and the notched impact strength can be
37.3 KJ/m2 when the content of PBAT is 20 wt%. Therefore,
it can be concluded that the addition of PBAT into PLA
can remarkably improve the toughness of PLA. It can also
be seen from Figure 4 that there is a sharp increase in the
toughness of PLA/PBAT blends when the content of PBAT is
up to 20 wt%, which is a sign of brittle-to-tough transition.
Impact toughness is also increased from 5.1 KJ/m2 for pure
PLA to 12.6 KJ/m2 for PLA-15%PBA as shown in Figure 4.
Moreover, the notched impact strength of PLA/PBA blends

is too high to break when the content of PBA is higher than
20 wt%. Notched impact strength of PLA/PBS blends has
similar trends as PLA/PBAT blends with a little difference.

3.2.3. Toughening Mechanism. SEM micrographs of tensile
section and impact section are shown in Figures 7 and 8.
Neat PLA which had no necking in the tensile test showed
a smooth longitudinal fracture surface without visible plas-
tic deformation. PLA/PBAT (15%) blend had the highest
elongation at break, and its matrix underwent tremendous
plastic deformation in the stress direction (Figure 7(d)). In
the two-phase system, PBAT evenly dispersed in PLA matrix
(Figure 8(b)). Normally, debonding of the round PBAT
particles from the PLA matrix under tensile stress may cause
oval cavities and these cavities were formed at the interface
between the PLA matrix and PBAT inclusions during tension
when the stress was higher than the bonding strength.. PBAT
debound from the PLA matrix at the interface, so cavities
arose. Since PBAT has different elastic properties compared
to PLA matrix, its particles served as stress concentrators
under tensile stress. The voids caused by debonding altered
the stress state in the PLA matrix surrounding the voids,
and triaxial tension was locally released and shear yielding
was allowed. In the debonding progress, PLA matrix strands
between PBAT particles deformed more easily to achieve
the shear yielding. This toughening mechanism is consistent
with other systems [24, 25].

3.3. Thermal Properties of PLA /PBAT Blends. The thermal
properties of PLA/PBAT blends were investigated by DSC.
The second heating curves for melt-quenched samples were
chosen in order to remove previous thermal history and
to make Tg more clear and obvious. The determined data
are listed in Table 2 and the typical DSC curves are shown
in Figure 6. At the same time, Tg and Tm of the blends
with different compositions were observed. There are glass
transition platforms at 50–60 ◦C corresponding to Tg of
PLA component on all the curves. (DSC traces are not
presented for Tg of PBAT component at −40◦C, because the
exothermic heat flow is too slow to be detected during the
test process.) Additionally, Tg of blends did not change with
PBAT contents in blends. This trend suggests that the PLA
and PBAT are not thermodynamic compatible, especially
with higher PBAT content. If they are compatible, both Tgs
of PLA and PBAT will move to combine with each other, and
Tg peaks should be weaker and wider after they are extruded.

As shown in Figure 6, the addition of PBAT to the PLA
matrix resulted in weaker and wider crystallization peak
(about 110◦C), which was present at a lower temperature.
This suggests that blending of PBAT with PLA has an
influence on crystallizability of PLA. Moreover, Tms of blends
(about 150◦C) are same with Tm of pure PLA, indicating that
addition of PBAT into PLA has no effect on Tm of PLA.

With the increase of PBAT content in blends, � Hc

and � Hm of blends increase firstly, reach the highest value
when the PBAT content is 15 wt%, and then decrease. It has
been frequently practiced that the degree of crystallinity of
thermoplastic is determined by dividing an observed heat of
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Table 2: Composition and thermal characteristics of the samples.

Sample PLA/PBATa(wt%) Tb
g ( ◦C) Tb

c ( ◦C) Tb
m( ◦C) ΔHb

c (Jg−1) ΔHb
m(Jg−1) Xc

c (%)

PLA 100/0 58.36 124.70 148.64 10.337 11.00 12.76

PBAT5 95/5 58.40 122.65 149.46 11.28 13.12 13.92

PBAT10 90/10 58.27 116.19 149.79 11.83 15.10 14.61

PBAT15 85/15 58.07 120.73 151.39 14.42 18.67 17.80

PBAT20 80/20 58.60 110.02 147.59 12.09 17.36 14.93

PBAT25 75/25 58.00 111.88 147.39 10.24 16.74 12.64
aWeight ratio of the blends.
b The glass transition temperatures (Tg ), the crystallization temperatures (Tc), the melting temperatures (Tm), crystallization enthalpies (ΔHc), melting
enthalpies (ΔHm) were registered by DSC at a heating/cooling rate of 10 ◦C/min.
cThe degree of relative crystallinity (Xc) was calculated by dividing the observed ΔHm from the first heating trace by the theoretical value (81 Jg−1) for a 100%
crystalline PLA. Xc = ΔHc/ΔH∗c ΔH∗c = 81J · g−1.
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Figure 7: Tensile section SEM images of PLA/PBAT blends.
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Figure 8: Impact section SEM images of PLA/PBAT blends.



Journal of Nanomaterials 7

fusion from the first heating trace by the theoretical value
for a 100% crystalline polymer [26]. The theoretical ΔHm

value for PLA was 81 Jg−1. The data of Xc are listed in
Table 2. The trend of Xc with the increase of PBAT content
is the same as that of ΔHm. Therefore, the thermal properties
of PLA, especially Tg and Tm, are slightly affected by the
addition of PBAT. However, the addition of tough polyester
to PLA matrix can influence the crystallizability of PLA
matrix evidently.

4. Conclusion

Biodegradable polyesters, that is, poly(butylene adipate)
(PBA), poly(butylene succinate) (PBS), and poly(butylene
adipate-co-butylene terephthalate) (PBAT), were successfully
synthesized by melt polycondensation. These polyesters/PLA
blends show considerably higher elongation at break than
pure PLA with an acceptable loss of strength. The elongation
at break increases at the higher polyester contents with the
maximum value (>600%) occurring at a PBAT content of
15%. Addition of PBAT into PLA may improve the toughness
of PLA. Moreover, the crystallizability of PLA component of
blends can be increased by the addition of a small amount of
PBAT.
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A series of poly(L-lactide-co-ε-caprolactone)/polyethylene oxide/hydroxyapaite (PLCL/PEO/HA) composite fibrous membranes
were prepared by elecrospinning technology for guided bone regeneration. The morphology, water permeability and mechanical
properties of the membranes were investigated. The HA nanocrystals can be well distributed in the PLCL/PEO matrix. And the
diameter of composite nanofiber is larger than that of pure PLCL. The fibers with uniform size and large diameter were obtained
when the contents of PEO and HA were 0.4% and 0.03%, respectively. In this condition, the obtained membrane presents the best
water permeability. Furthermore, the nanofibrous membrane with largest tensile strength was obtained when the contents of PEO
and HA were 0.5% and 0.03%, respectively.

1. Introduction

Guided bone regeneration membranes (GBRMs) are able
to promote bone repair for their physical barrier function,
separating defects with surrounding tissues and creating
necessary growth spaces to bone. Therefore, consider-
able attention has been paid on GBRMs for the appli-
cations in biomedical field [1–3]. The common materi-
als of GBRMs are non-bioabsorbable materials such as
expanded-polytetrafloroethylene [4, 5], and bioabsorbable
materials such as collagen [6–10]. However, the non-
bioabsorbable GBRMs have to be removed by secondary
surgical procedures after new bone regeneration. In contrast,
the bioabsorbable GBRMs are more and more widely
researched and applied for avoiding secondary surgery
to alleviate patients’ sufferings and limit risks of tis-
sue infection [11–14]. However, the natural bioabsorbable
GBRMs are usually lack excellent mechanical performance
and degraded rapidly which hinder bone recovery. There-
fore, developing of new GBRMs composed of synthetic

polymeric materials, such as polyester, or their compos-
ites with inorganic materials which have good osteocon-
ductivity, is attracting more and more attention [15–
18].

Different methods also have been developed to pre-
pare GBRMs [19–21]. And the main technologies are
solvent-casting, phase inversion, and electrospinning [22–
25]. Among them, nanofibrous membranes prepared by
electrospinning have large specific surface area and porosity
to mimic natural extracellular matrix (ECM). The thickness
and pore size also can be adjusted by the control of
electrospinning parameter [26–28].

In this paper, PLCL/PEO/HA composites were used to
fabricate nanofibrous GBRMs by electrospinning because
of their proper biodegradation rate, good biocompati-
bility, mechanical performance, and hydrophilic proper-
ties. The morphology, porosity, water permeability, and
mechanical properties of the membranes were investigated
by SEM, contact angle measurement system, and tensile
tester.
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Figure 1: Schematic of the general electrospinning setup.

2. Materials and Methods

2.1. Materials. ε-Caprolactone (CL) was obtained from
Acros Organics. L-Lactide (L-LA) was purified by recrys-
tallization with ethyl acetate. PEO was used as received
(Changchun Dadi Fine Chemical Co., Ltd, P. R. China).
Nano-HA [29] and random copolymer of PLCL [30] [L-
LA/ε-CL=6 : 4 (mol/mol)] (Mw = 240,000 g/mol) were pro-
duced by ourselves. Dichloromethane, chloroform, and N,
N-dimethylformamide were used without further purifica-
tion.

2.2. Solvents and Electrospinning. PLCL solutions were pre-
pared by dissolving 1.2 g of PLCL in 20 mL of chloro-
form/dichloromethane/DMF (5/3/2, v/v/v) mixed solvent
and stirred for 6 hours. Then typically 0.08 g of PEO and
0.006 g of HA were mixed into PLCL solution sequentially.
The mixed solutions were stirred for additional 12 hours
and finally vibrated by supersonic oscillator for 10 minutes.
The 20 mL of solution were loaded into a 20 mL syringe
(the needle diameter was 0.9 mm) and injected into the
Al collector under a high field strength (12 kV/18 cm) at
an injection rate of 3 mL/h. The schematic of the general
electrospinning setup was shown in Figure 1.

2.3. Composite Nanofiber Morphology. The morphology of
PLCL/PEO/HA fibers was observed with an S-2360N scan-
ning electron microscope (SEM) (Hitachi, Japan) at an
accelerating voltage of 20 kV and H-600 TEM (Hitachi,
Japan) at an accelerating voltage of 75 kV. Electrospun fibers
were sputter-coated with gold prior to SEM analysis. TEM
samples were loaded on copper grids. The average diameter
of electrospun fibers was determined by measuring the
diameters of nanofibers at 70 different points.

2.4. Surface Tension of the Solution and Surface Contact
Angle of Membrane. Surface tension of the solution and
surface contact angle of the membrane were measured by
a contact angle measurement system (OCA, Dataphysics,

Table 1: The contents of PLCL, PEO, and HA in electrospun
solutions, respectively, and the surface tension of these solutions
and the average diameter of composite fiber.

Sample
PLCL/PEO/HA
concentration

(%, g/mL)

Average fiber
diameter (μm)∗

Surface tension
(mN/m)∗∗

1 6/0/0 0.90 ± 0.25 32.42 ± 0.50

2 6/0.2/0.03 1.28 ± 0.29 31.75 ± 0.75

3 6/0.3/0.03 1.35 ± 0.43 31.52 ± 0.38

4 6/0.4/0.03 2.09 ± 0.28 31.47 ± 0.45

5 6/0.5/0.03 1.45 ± 0.71 31.46 ± 0.50

6 6/0.6/0.03 1.46 ± 0.22 26.55 ± 0.71

7 6/0.4/0.01 1.19 ± 0.22 —

8 6/0.4/0.05 1.04 ± 0.14 —

9 6/0.4/0.07 0.85 ± 0.19 —

10 6/0.4/0.1 1.53 ± 0.22 —
∗The data are representative of seventy samples and expressed as mean ±
SD (n = 70).
∗∗The data are representative of five samples and expressed as mean ± SD
(n = 5).

Germany). A single drop of distilled water was dropped on
the membrane samples.

2.5. Mechanical Properties of Membrane. Mechanical prop-
erties of electrospun PLCL/PEO/HA membranes were mea-
sured using a CMT6104 tensile tester (TUV, Germany) at
a cross-head speed of 10 mm/min at room temperature.
All samples were 80 × 10 mm2 with a thickness of 50–
120 μm. The tensile strength and elongation at break were
both averaged over three samples.

3. Results and Discussion

3.1. Morphology of Composite Nanofibers. A series of
PLCL/PEO/HA composite fibrous membranes were pre-
pared by electrospinning technology for investigating the
effects of PEO and HA contents on the performance of
the composite membrane. The concentrations of PEO or
HA are shown in Table 1. The morphology of nanofibers is
shown by SEM images in Figures 2 and 3. And the inserted
images show the diameter distributions of composite fiber.
Continuous nanofibers were successfully obtained when
the PEO content was varied from 0.2 to 0.6% and the
contents of PLCL and HA were 6% and 0.03%, respectively.
The fibers containing 0.4% of PEO were more uniform
than other fibers. The average fiber diameter was 2.09 ±
0.28 μm (Table 1 and Figure 4(a)). It is known that fiber
morphology was influenced by solution properties [31,
32] such as viscosity, surface tension and conductivity,
and electrospinning parameters. In this investigation, the
conductivity of solution would not change largely because
of the nonconducting solution and the electrospinning
parameters were the same. So this is due to the variety
of viscosity and surface tension of electrospun solution
with different PEO concentration. The surface tension also
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Figure 2: SEM images of PLCL/PEO/HA nanofibers: (a) pure PLCL; (b)–(f) PLCL and HA contents were fixed at 6% and 0.03%, respectively,
(b) 0.2% PEO; (c) 0.3% PEO; (d) 0.4% PEO; (e) 0.5% PEO; (f) 0.6% PEO. The insets show the fiber size distributions

changed slightly (Table 1) while viscosity increased obviously
with the increase of PEO concentration. Generally, proper
PEO can improve the spinnability [33]. However, excess PEO
may result in the excessive entanglement of PLCL and PEO
which has negative effect on forming fibers. Obviously, the
optimal concentrations of PLCL and PEO are 6% and 0.4%,
respectively, in the range of this investigation.

So the contents of PLCL and PEO were fixed at 6%
and 0.4%, respectively, while the HA content was varied

from 0.01 to 0.1%. These fibers were all uniform (Figure 3).
HA with nanoscale (0.01–0.1%) did not have obvious an
effect on fiber diameter (Figure 4 (b)) and morphology of
membrane. With the decrease of HA and PEO contents, the
dispersion of HA was improved as shown in Figure 5 (the
dark areas). Low HA content can reduce the aggregation
of HA nanoparticles and less PEO content can reduce the
viscosity of the solution which are both beneficial for the
dispersion of HA.
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Figure 3: SEM images of PLCL/PEO/HA nanofibers: (a)–(e) PLCL and PEO contents were fixed at 6% and 0.4%, respectively, (a) 0.01%
HA; (b) 0.03% HA; (c) 0.05% HA; (d) 0.07% HA; (e) 0.1% HA. The insets show the fiber size distributions.

3.2. Water Permeability. Good hydrophilicity is beneficial for
the biocompatibility and flowing of nutrition liquid in vivo.
PEO is a kind of hydrophilic polymer, so the membranes
containing PEO exhibit better hydrophilicity than pure PLCL
membrane (Table 2 and Figure 6). Generally, larger fibers
result in larger pore size membrane. So a membrane with
0.4% PEO and 0.03% HA has the better water permeabil-
ity than others because of its larger and more uniform
fibers.

3.3. Mechanical Properties. The relationship between tensile
properties and PEO or HA content in PLCL/PEO/HA
nanofibrous membranes is shown in Table 2, Figures 7
and 8. The elongation at break increased below 0.3%
of PEO content, which may be attributed to the good
toughness of PEO, and decreased afterwards, which may
be because the excess PEO has negative effects on fiber
arrangement and bonding as shown in Figure 2. So the
toughness of nanofibrous membranes is reduced with excess
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Figure 4: The effect of PEO and HA contents on average fiber diameter. (a) The effect of PEO content on average fiber diameter; (b) the
effect of HA content on average fiber diameter.
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Figure 5: TEM images of the electrospun PLCL/PEO/HA nanocomposite fibers. (a) PLCL/PEO/HA: 6/0.4/0.01; (b) PLCL/PEO/HA:
6/0.4/0.03; (c) PLCL/PEO/HA: 6/0.4/0.07; (d) PLCL/PEO/HA: 6/0.2/0.03; (e) PLCL/PEO/HA: 6/0.6/0.03.

Figure 6: The change of contact angles of the PLCL/PEO/HA (6/0.4/0.03) composite fibrous.
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Table 2: Mechanical properties and contact angles of the PLCL/PEO/HA composite fibrous membranes.

Materails and their
concentration (g/mL)

Tensile strength
(MPa)∗

Elongation at break
(%)∗

Contact angle in 5 minutes
(◦C)

Contact angle in 5 seconds
(◦C)

PLCL (6) 9.88 ± 0.64 1.85 ± 0.43 130.0 —

PLCL/PEO/HA
(6/0.3/0.03)

10.64 ± 0.38 3.53 ± 0.35 60.9 —

PLCL/PEO/HA
(6/0.4/0.03)

13.97 ± 0.74 2.61 ± 0.12 0 0

PLCL/PEO/HA
(6/0.5/0.03)

17.19 ± 0.32 2.79 ± 1.20 0 73.5

PLCL/PEO/HA
(6/0.6/0.03)

10.47 ± 1.24 2.21 ± 0.46 32.9 —

PLCL/PEO/HA
(6/0.4/0.01)

8.83 ± 0.28 2.08 ± 0.02 0 37.5

PLCL/PEO/HA
(6/0.4/0.03)

13.97 ± 0.74 2.61 ± 0.12 0 0

PLCL/PEO/HA
(6/0.4/0.05)

12.50 ± 1.03 2.00 ± 0.15 0 109.1

PLCL/PEO/HA
(6/0.4/0.1)

8.22 ± 1.01 2.24 ± 0.22 129.2 —

∗The data are representative of three samples and expressed as mean ± SD (n = 3).
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Figure 7: The effect of PEO content on mechanical properties of
composite fibrous membranes.

PEO. Moreover, the tensile strength increases when the
content of HA is below 0.03% and increased afterwards.
Obviously, the presence of HA with suitable content can
improve the mechanical properties of the membrane. How-
ever, excess HA hinders the formation of fibers because
of their agglomerate in some extent and produce defects
in fibers which lead to the decrease of tensile strength
(Figure 5).

4. Conclusion

PLCL/PEO/HA nanofibrous membranes were prepared by
electrospinning. Addition of PEO and HA with suitable con-
tent to PLCL solution can improve the GBRMS’s hydrophilic
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Figure 8: The effect of HA content on mechanical properties of
composite fibrous membranes.

and mechanical properties effectively. According to the
SEM images, more uniform fibers and larger average fiber
diameter were obtained when the contents of PEO and
HA were 0.4% and 0.03%, respectively. So the composite
membrane in this constitute had the best water permeability.
Furthermore, the mechanical properties of membrane were
improved by adding HA nanocrystals. And the largest tensile
strength of nanofibrous membrane can be obtained with
0.5% content of PEO and 0.03% content of HA.
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Ce(IV) doped anatase TiO2 nanoparticles (CDTs) were prepared and the underlying mechanism by which CDT nanoparticle
enters into cell and its cytotoxicity were investigated in a human hepatocellular line L02 cell. The results showed that CDTs can
enter into cytoplasm of L02 cell via endocytosis and nonendocytic ways. Large aggregation of CDTs went into cell by endocytosis
and finally formed an endocytic vesicle with membrane boundary. Tiny aggregation of CDTs entered into cell cytoplasm via
channels similar to that for lung-blood substance exchange in the alveolar-airway barrier. In addition, tiny aggregation of CDTs
was observed in nucleus, and maybe CDTs could pass through the nucleus envelope via the channels provided by nuclear pore
complexes (NPCs). Results from MTT assay, fluorescence microscope, and TEM observations showed that the cell viability, cell
morphology, cell growth, and cell division periods could not be obviously impaired when cells were exposed to CDTs of different
concentration from 30 to 150 μg mL−1 without UV irradiation. However, large vacuoles containing CDTs were found in cytoplasm,
some structure changes were observed in mitochondria, and smooth envelope around the nucleus was shrank and deformed.

1. Introduction

TiO2 was previously classified as biologically inert and has
been widely used in the cosmetics, pharmaceutical, paint,
and paper industries. However, the cytotoxicity of nanosized
TiO2 has caused wide concerns by scientists and engineers in
the last decades.

Several studies [1–4] have shown that the cytotoxicity
of nanosized TiO2 was very low or negligible as compared
with other nanoparticles. The size was not the effective
factor of cytotoxicity [4]. Without UV irradiation, nanosized
TiO2 showed no inflammatory effect or genotoxicity in
rats [5] and induced no DNA damages in human cells
[6]. In contrast, several studies [7–16] showed the cell
cytotoxicity of nano-TiO2 in vitro. For example, Oberdörster
et al. [7] reported that chronic pulmonary inflammation
in the rat could be induced by nanosized TiO2 required
the presence of alveolar macrophages. De Virgilio et al. [8]
concluded that the presence of TiO2 nanoparticle in the

cell surroundings could lead to cytotoxic effects, which are
dependent on the chemical composition, the concentration
of the nanoparticles, the exposure time, and the type of
treated cell. Rahman et al. [9] reported that in human and
rat alveolar macrophages, the level of reactive oxygen species
increased after exposure to nanosized TiO2. The results of
Jin et al. [10] showed that the weakly aggregated anatase
TiO2 nanoparticles in solution could induce significant cyto-
toxicity in L929 cells. In Syrian hamster embryo fibroblasts,
ultrafine TiO2 alone resulted in micronuclei formation and
apoptosis [11]. Lai et al. [12] found that TiO2 micro- and
nanoparticles induced cell death on both human astrocytes-
like astrocytoma U87 cell and normal human fibroblasts in
a concentration-related manner. Nanosized TiO2 was also
reported to affect gene expressions including an apoptosis-
related gene [13], especially the following several latest
reports supported the genotoxicity of nanosized TiO2. Wang
et al. [14] reported that ultrafine TiO2 can cause genotoxicity
and cytotoxicity in cultured human cells. Reeves et al. [15]
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reported that nanosized TiO2 (0.1–1000 μg mL−1) with UVA
irradiation (0.5–2.0 kJ m−2) could cause a significant cell
viability decrease on gold fish skin cell and further increase in
DNA damages. Vevers and Jha [16] also reported the similar
results; without UVA irradiation, there is little oxidative DNA
damage of RTG-2 cells of fish exposure to TiO2-engineered
nanoparticles, whereas a significantly increased level of DNA
strand brend breaks was observed in combination with UVA
irradiation (3 kJ m−2).

Anatase TiO2 has a wide band gap about 3.2 eV, and
doping with impurities has been widely used to modify the
photocatalysis of TiO2 by introduction of new states in its
electronic structure [17, 18]. In particular, for the unique
4f electron configuration, lanthanide metal ions are ideal
dopants to promote a higher producing rate of reactive
electron/hole pairs [19–21]. But as a kind of engineering
application nanoparticle, the cell cytotoxicity of lanthanide
ion doped nano-TiO2 should be evaluated.

In this paper, Ce (IV) doped TiO2 nanoparticles (CDTs)
were prepared by impregnation method, the cell viability,
cell morphology, and cell ultrastructure of L02 cells after
exposure to CDTs were examined, and the pathways by which
CDTs enter into L02 cells also were investigated.

2. Materials and Methods

2.1. Preparation and Characterization of CDT Nanoparticles.
The CDTs were prepared by impregnation technique. A
required amount of nanosized anatase TiO2 was added into
milli-Q water, sonication for 15 minutes, then the cerium
sulphate [Ce(SO4)2] aqueous solution was slowly dropped
into it under stirring at 60◦C for 2 hours; the mixture was
filtered, dried at 120◦C for 2 hours, and finally calcined at
500◦C for 3 hours. The CDTs were characterized by high
solution transmission electron microscopy (HRTEM, JEOL
JEM 2010, Cs = 0.5 mm, point resolution = 0.19 nm) with
a beryllium window energy-dispersive (EDS) detector. The
crystallization of CDTs was analyzed by X-ray diffraction
(XRD, Rigaku D/max2500).

2.2. Preparation of CDTs Suspension. Firstly, the CDTs
were sterilized by autoclaving at 121◦C for 30 minutes,
then the CDT powder was weighed and resuspended into
milli-Q purified water by ultrasonic dispersion method;
the suspension was deposited for 30 minutes, then we
took the upper of suspension for the next cytotoxic-
ity experiments because of its better dispersibility com-
pared to the lower of suspension. The particle concen-
tration is determined by the following method. After
taking away the upper finely dispersed suspension, the
weight of CDTs in the remained suspension can be
gained through boiling off the water of the suspension,
so the weight of CDTs in the finely dispersed suspen-
sion can be calculated and the suspension’s concentration
is also gained. Finally we diluted the gained finely dis-
persed suspension with Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) for appropriate concentration for the latter
using.

2.3. Cell Culture. The Human hepatocyte cell line (L02, pro-
vided by State Key Laboratory of Biotherapy, Sichuan uni-
versity, China) was cultured in DMEM medium containing
10% (v/v) fetal calf serum (FCS), 50 units mL−1 penicillin,
50 μg mL−1 streptomycin, and 1% (v/v) 0.2 M L-glutamine at
37◦C in a 5% (v/v)of CO2-humidified atmosphere.

A total of 2 × 105 L02 cells per well were inoculated
in 6-wells plates overnight, then medium was replaced
with a freshly prepared DMEM/CDTs suspension, with the
final concentrations of CDTs 150, 120, 75, and 30 μg mL−1.
Culture media without CDT nanoparticles served as the
control group in each experiment.

2.4. Cytotoxicity. Cytotoxicity of CDTs on L02 cells was
determined by 1-(4,5-dim-ethylthiazol-2-yl)-3,5-diphenyl-
formazan (MTT, Sigma) assay. The cells were seeded in
96-well plates at a density of 1 × 104 cells per well; L02
cells were cultured in the prepared DMEM/CDTs suspension
containing different concentrations of CDT nanoparticles
for 24, 48, and 72 hours, respectively, then 20 μL of MTT
(5 mg mL−1 in phosphate buffer with pH value equal to
7.4) was added to each well and incubated for 4 hours.
Afterward, supernatant was discarded and 50 μL Dimethyl
Sulphoxide (DMSO) was added to each well. 15 minutes
later, the absorbance of each well was measured at 570 nm
with Spectra Max M5 (USA), and the relative cell viability
(%) was calculated by the equation [A]test/[A]control ×
100%, where [A]test is the absorbance of the treated sample,
and [A]control is the absorbance of control sample.

All experiments were repeated 6 times to ensure repro-
ducibility. Experiment data were analyzed by using two-
tailed paired t-test statistical analysis method.

2.5. Cell Morphology. Cell morphology was investigated
by fluorescence microscope and transmission electron
microscopy (TEM). For fluorescence microscope observa-
tions, after culturing in different media, L02 cells were gently
washed with phosphate-buffered saline (PBS) and then fixed
in cold ethanol for 15 minutes; after thorough drying; they
were stained with Hoechest-33258 (Sigma, 2.5 mg mL−1)
for 5 minutes. Fluorescence microscopic observations were
performed by using Olympus BX60 which was equipped
with Olympus DP50 digital camera.

For TEM observations, L02 cells were seeded in 75 cm2

glass culture flask with 10 mL DMEM media for overnight,
then the cells were cultured with the DMEM medium
containing 150 μg mL−1 concentration of CDTs. In control
experiments, medium without CDTs was used. L02 cells
were gently washed with PBS and fixed with 0.5%, 3.0%
glutaraldehyde in PBS at 4◦C for 1 hour, respectively, then
postfixed in the media containing 1% osmium tetroxide
and 1.5% potassium ferrocyanide for about 1 hour. After
thorough washing with PBS, the cells were sequentially
dehydrated for 10 minutes each in 50%, 70%, 95%, and
100% ethanol. Finally, the fixed samples were embedded
in araldite resin. Serial ultrathin sections (approximately
60 nm in thickness) were gained by ultramicrotome and
were stained with uranyl acetate and lead citrate. The
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Figure 1: HRTEM image (a), EDS (b), and XRD pattern (c) of CDT nanoparticles.
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Figure 2: Cell viability of L02 cells exposure to CDT nanoparticles.
Cells treated with different concentrations of CDTs for 24, 48, and
72 hours, respectively.

microstructure of cells was examined by TEM (JEOL JEM-
1200 EX electron microscope, Tokyo, Japan).

3. Results and Discussions

3.1. Characterization of CDTs. The average particle size of
CDTs can be estimated as about 15 nm in the HRTEM
measurement (Figure 1(a)). EDS result was shown in

Figure 1(b), which indicated that the sample consisted of Ce,
Ti, and O elements (Cu element was from the copper grid
support). XRD pattern of CDTs in Figure 1(c) showed that
the crystalline structure of CDTs was still anatase phase and
no rutile TiO2 or cerium dioxide phase was found, which
meant that cerium doping made no change on the anatase
structure of original TiO2 nanoparticles.

3.2. Cytotoxicity of CDTs. The results of MTT assay were
shown in Figure 2. The results showed that the cell via-
bility was above 80% when cells were exposed to CDT
nanoparticles of different dose from 30 to 150 μg mL−1 for
24, 48, and 72 hours, respectively. There is only a slightly
decrease in relative growth rate as dose increases from 30
to 120 μg mL−1. The latest investigations [15, 16] strongly
supported that nanosized TiO2 could cause a significant cell
viability decrease with UVA irradiation. In our experiments,
the cell viability cannot be significantly impaired when
L02 cells are exposed to CDT nanoparticles; lack of UV
irradiation may be the main reason.

3.3. Morphology and Ultrastructure of L02 Cells. Hoechst
33258 can enter into living cells or dead cells and will
emit bright blue fluorescence with UV irradiation. A uni-
form dispersive blue fluorescence can be found in living
cells, whereas, a hyperchromic blocky fluorescence can be
observed within the nucleus or cytoplasm of apoptosis
cells. Fluorescence micrographs of L02 cells stained with
Hoechest 33258 are shown in Figure 3. Cell morphology
of treated group and control group was shown in Figures
3(a) and 3(b), respectively, Figures 3(c) and 3(d) were
the enlarged view of Figures 3(a) and 3(b), respectively.
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Figure 3: Fluorescence micrographs of L02 cells treated with 150 μg mL−1 CDTs for 48 hours. ((a) and (c)) and those of control cells ((b)
and (d)). Magnification upper: 400×, lower: 1000×.

Figure 3(a) showed that cells distributed in groups, and
the hyperchromic condition of the cells indicated that they
were in the S period. Most of the cells exhibited the tight
waist shape in the enlarged view (Figure 3(c)), and the cell
indicated by arrow in Figure 3(c) was in the middle and
later periods of cell division. Figure 3(b) showed that cells
in the control group were in normal growing conditions.
In Figure 3(d), the cell indicated by the upper arrow was
in the later periods of cell division, and the cell indicated
by the lower arrow was in the middle periods of cell
division. The above analysis showed that, both in treated
group and control group, most of the cells appeared with
the similar morphology and only the proliferation period
was different. Which meant the cell morphology and cell
growth could not be obviously influenced when L02 cells
were exposed to CDTs; the result is the same as that of MTT
assay.

Figure 4 showed the TEM images at different cell division
periods of L02 cells exposure to CDT nanoparticles. The cells
were in primary, middle and later periods of cell division
in Figures 4(a), 4(b), and 4(c), respectively. The normal
cell division procedures were observed from Figure 4(a) to
Figure 4(c). It seems that there is little influence on the cell
division when CDT nanoparticles are in the cell cytoplasm or
nucleus.

Ultrastructure of L02 Cells exposed to CDT nanopar-
ticles had shown some differences with that of control
cells (Figure 5). The appearance of normal L02 cell is oval
shaped and the size is about 12 μm; its ultrastructure was
shown in Figure 5(a). The cell nucleus was round with
smooth envelope, rough endoplasmic reticulum (RER) and
numerous free ribosomes and polysomes were distributed
in the cell cytoplasm, meanwhile, round or elongated
mitochondria (indicated by the arrows in Figure 5(a))
also scattered in the cytoplasm; distinct cristae could be
found in the inner membrane of mitochondria. However,
in the ultrastructure of treated cell (Figure 5(b)), some
large vacuoles in which there were aggregations of CDTs
were found in cytoplasm; some membrane boundaries
of these vacuoles became illegible and some membrane
boundaries were broken, which led to leaking out of CDT
nanoparticles. In addition, it seemed that microstructure of
mitochondria was influenced by these CDTs, and the shape
of mitochondria (indicated by the arrows in Figure 5(b)
was changed, in which the cristae became short or dis-
appeared. Furthermore, In Figure 5(c), it was shown that
the smooth envelope around the nucleus was shrank and
deformed when the cells were exposed to CDT nanopar-
ticles. Cellular necrosis also was found in treated group
(Figure 5(d)).
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Figure 4: TEM image of L02 cells treated with 150 mg mL−1 CDTs for 48 hours. The cells were at different cell division periods: (a), primary
periods, (b), middle periods, and (c), later periods.
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Figure 5: Ultrastructure of L02 cells in control group ((a), 12 000×) and in treated group with 150 μg mL−1 CDTs for 48 hours ((b), (c), and
(d)). Magnification of (b), (c), and (d) is 12 000×, 6 000×, and 8 000×, respectively.
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Figure 6: TEM feature of L02 cell after exposure to 150 μg mL−1 CDTs for 48 hours. (a) is full view (6,000×). (b), (c) and (d) are the clear
magnification of rectangle region 1, 2 and 3 in (a), respectively.

3.4. Uptake Pathway of CDTs in L02 Cells. From the above
results of TEM, we found that CDT nanoparticles could enter
into L02 cells. It is difficult to gain the living observations of
nanoparticles going into cells, so the possible pathways by
which CDT nanoparticles went into L02 cells were discussed
by analyzing the TEM images.

We found that several CDT nanoparticles could easily
gather into a finely ground particle (FGP), and the average
size of FGP estimated from the TEM images is about 200 ±
50 nm. And the finely ground particles (FGPs) normally
appeared as large aggregations or tiny aggregations in the
cells (Figures 4 and 5). We can deduce that these large
undispersed nanoparticles got into cells by endocytosis of cell
membrane, the regions pointed by the arrows in Figure 6(a)
showed that the endocytosis action was happening, and then
an endocytic vesicle with membrane-bound was formed in
cytoplasm. By the way, these large gathering CDTs were
found only in cytoplasm not in nucleus.

Clear magnifications of rectangle regions 1, 2, and 3
were shown in Figures 6(b), 6(c), and 6(d), respectively.
Single FGP and tiny aggregations of several FGPs were found
in the cell cytoplasm (Figures 6(b) and 6(d)) and nucleus
(Figure 6(c), which is indicated by the arrows) without mem-
brane. One part of FGPs in cytoplasm might come from the
leakage of nanoparticles from vacuoles, and the other might
come from the outside of cells, which suggested that a single
CDT or tiny agglomerates of several CDTs can enter into cells
by other ways different from endocytosis. We surprisingly
found that a tiny aggregation of FGPs pointed by the arrow

in Figure 6(b) just inserted in cytoplasm membrane and
the cell membrane still kept smooth without deformation.
Another tiny aggregation of FGPs indicated by the arrow
in Figure 6(d) happened to complete the access procedure.
All of these proved that a tiny aggregation of FGPs can
directly cross the cell plasma membrane. The way it adopted
might be transporting via the channels of substance exchange
between the cell and external environment, which was like
those for lung-blood substance exchange in the alveolar-
airway barrier. The investigations of Conhaim et al. [22]
showed that the alveolar-airway barrier consisted not only
of tight intercellular junctions that allowed passage of only
water and electrolytes but also of a smaller number of large
leaks that allowed passage of particles up to nearly 400 nm
in radius, maybe similar channel can exist in L02 cells. The
shape of tiny aggregation of FGPs pointed by the arrow in
Figure 6(b) is like a chain, of which the length is about
220 nm and the width is about 75 nm, so the tiny aggregation
of FGPs could carry out the transmembrane action via
pores. This kind of passive uptake, not triggered by receptor-
ligand interactions, might be activated by electrostatic, Van
de Waals, or steric interactions, which were subsumed under
“adhesive interactions” by Rimai et al. [23].

The FGPs found in nucleus might be attributed to
that the CDT nanoparticle passed through the envelope via
the channels provided by nuclear pore complexes (NPCs).
Although the channel provided by NPCs is about 9 nm in
diameter [24], Panté and Kann reported [25] that ultrafine
gold particles coated with cargo-receptor complexes of
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up to 39 nm in diameter could pass through the NPCs
by signal-mediated transport in xenopus oocytes. In our
investigations, the particle size of CDTs is about 15 nm, so
it had the ability to pass through the pores. But passing
through NPCs needs a signal-mediated mechanism; the
mechanism for CDT nanoparticles is not clear and needs
further investigation.

In sum, it is very likely that CDT nanoparticles aggre-
gated at cells surface, large aggregations were engulfed by L02
cells by endocytosis and tiny aggregations or even a single
nanoparticle could carry out the transmembrane action
directly via pores, then a single CDT nanoparticle could enter
into nucleus through NPCs channels.

4. Conclusions

(1) Anatase CDTs of mean size about 15 nm were prepared by
using impregnating method. Cell viability, cell morphology,
cell growth, and cell division periods cannot be influenced
when L02 cells are exposed to CDTs of different doses from
30 to 150 μg mL−1 without UV irradiation for 24, 48, and
72 hours, respectively. But the ultrastructure of cells has
been changed by exposure to CDTs, nucleus was shrank
in size and nuclear envelope was deformed, large vacuoles
containing CDTs were found in cytoplasm, and the shape of
mitochondria was also changed, in which the cristae became
short or disappeared.

(2) CDT nanoparticles aggregated at the surface of
cells, several CDT nanoparticles easily gathered into a
finely ground particle (FGP) with mean size about 200 ±
50 nm, large aggregations of FGPs entered into L02 cells by
endocytosis, and tiny aggregations of FGPs or even a single
CDT could cross the cell membrane directly through the
channels for mass exchange between the cell and external
environment; this action might be activated by adhesive
interactions consisting of electrostatic, Van de Waals, or steric
interactions, and so forth. Then single CDT nanoparticle
could enter into nucleus through nuclear pore complexes
(NPCs) channels.
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