
Multifunctional HER2-Antibody Conjugated Polymeric Nanocarrier-
Based Drug Delivery System for Multi-Drug-Resistant Breast Cancer
Therapy
Raju Vivek,*,†,⊥ Ramar Thangam,†,‡,⊥ Varukattu NipunBabu,† Chandrababu Rejeeth,†

Srinivasan Sivasubramanian,‡ Palani Gunasekaran,‡ Krishnasamy Muthuchelian,∥

and Soundarapandian Kannan*,†,§

†Proteomics & Molecular Cell Physiology Laboratory, Department of Zoology, School of Life Sciences, Bharathiar University,
Coimbatore 641 046, Tamilnadu, India
‡Department of Virology, King Institute of Preventive Medicine & Research, Guindy, Chennai 600 032, Tamilnadu, India
§Department of Zoology, Periyar University, Salem 636 011, Tamilnadu, India
∥Department of Bioenergy, School of Energy, Environment & Natural Resources, Madurai Kamaraj University, Madurai 625 021,
Tamilnadu, India

*S Supporting Information

ABSTRACT: Nanotechnology-based medical approaches have
made tremendous potential for enhancing the treatment efficacy
with minimal doses of chemotherapeutic drugs against cancer. In
this study, using tamoxifen (Tam), biodegradable antibody
conjugated polymeric nanoparticles (NPs) was developed to
achieve targeted delivery as well as sustained release of the drug
against breast cancer cells. Poly(D,L-lactic-co-glycolic acid) (PLGA)
NPs were stabilized by coating with poly(vinyl alcohol) (PVA),
and copolymer polyvinyl-pyrrolidone (PVP) was used to conjugate
herceptin (antibody) with PLGA NPs for promoting the site-
specific intracellular delivery of Tam against HER2 receptor
overexpressed breast cancer (MCF-7) cells. The Tam-loaded
PVP−PLGA NPs and herceptin-conjugated Tam-loaded PVP−
PLGA NPs were characterized in terms of morphology, size, surface charge, and structural chemistry by dynamic light scattering
(DLS), Transmission electron microscopy (TEM), ζ potential analysis, 1H nuclear magnetic resonance (NMR), and Fourier
transform infrared (FT-IR) spectroscopy. pH-based drug release property and the anticancer activity (in vitro and in vivo
models) of the herceptin conjugated polymeric NPs were evaluated by flow cytometry and confocal image analysis. Besides, the
extent of cellular uptake of drug via HER2 receptor-mediated endocytosis by herceptin-conjugated Tam-loaded PVP−PLGA NPs
was examined. Furthermore, the possible signaling pathway of apoptotic induction in MCF-7 cells was explored by Western
blotting, and it was demonstrated that drug-loaded PLGA NPs were capable of inducing apoptosis in a caspase-dependent
manner. Hence, this nanocarrier drug delivery system (DDS) not only actively targets a multidrug-resistance (MDR) associated
phenotype (HER2 receptor overexpression) but also improves therapeutic efficiency by enhancing the cancer cell targeted
delivery and sustained release of therapeutic agents.

KEYWORDS: biodegradable polymers, antibody conjugated nanocarrier, tamoxifen, drug delivery systems (DDS),
multidrug resistance (MDR), breast cancer therapy

■ INTRODUCTION

Chemotherapy is a predominant treatment strategy against
cancer wherein anticancer drugs are used to induce cell death in
cancer cells. However, it has several limitations such as the
requirement of high drug dose, adverse effects, non specificity,
targeted drug delivery, gradual development of drug resistance,
and multidrug resistance (MDR) that reduce the efficacy of the
therapy.1,2 Though nanotechnology based therapeutic ap-
proaches are promising for multimodality treatment, their
potential is high especially in enhancing the delivery of

anticancer drug to tumor tissue with minimizing its distribution

and toxicity in healthy tissue.,1,3−9 To overcome the limitations

associated with chemotherapy, nanomedicine strategies em-

ploying the formulations of anticancer drugs in various

nanocarrier forms have been reported.6−9

Received: December 30, 2013
Accepted: April 16, 2014
Published: April 29, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 6469 dx.doi.org/10.1021/am406012g | ACS Appl. Mater. Interfaces 2014, 6, 6469−6480

www.acsami.org


Breast cancer is a globally prevalent cancer having high
incidence and mortality rates.10,11 Chemotherapeutic drugs are
effective in the form of mono or combination therapy for
treating breast cancer. Tamoxifen (Tam) belongs to a class of
non steroidal triphenylethylene derivatives, and is the first
selective estrogen receptor modulator.12−14 Herceptin has been
widely used for treating breast cancer due to overexpression of
human epidermal growth factor receptor-2 (HER2) by
cells.10,13,15 Combination of Tam with herceptin promotes
the therapeutic efficacy in treating HER2 positive metastatic
breast cancers. The role of HER2 in the pathogenesis of breast
cancer has been well reported.10 Among the various antigens
present on HER2 overexpressed breast cancer cells, the
biomarker HER2 has been used for targeted drug delivery.
Polyvinyl-pyrrolidone (PVP), a polymer approved by U.S.

Food and Drug Administration (U.S. FDA), has potential skin
penetration properties, and its clinical utility as blood plasma
expander is well reported.16,17 PVP may be preferred to
polyethelene glycol (PEG) for preparation methods involving
freeze-drying because of its lyo and cryoprotectant properties.
Furthermore, PVP is shown to interact with a variety of
hydrophilic and hydrophobic pharmaceutical agents and
enhances the solubility of micelles.18−20 PLGA NPs are much
preferred controlled release polymer systems because of their
clinical safety. They have also emerged as drug carriers in novel
drug delivery systems due to its hydrophobic nature, which aids
effective entrapment of hydrophobic drugs into PLGA
NPs.21−23 PLGA has carboxylic groups that enable conjugation
of the targeting residues, and it enhances cytosolic delivery of
NPs following endocytosis.24 These polymer conjugates can be

passively accumulated in the targeted tumors.25,26 A number of
polymer-anticancer drug conjugates have been tested in clinical
trials for their effectiveness in targeted delivery and cellular
uptake of drugs.27

In the present study, we have developed a novel polymeric
nanocarrier platform of Herceptin-conjugated Tamoxifen drug
delivery system (DDS) based on PVP−PLGA NPs designated
for HER2 targeted delivery. In the NP formulation process,
PVA coating was performed to increase the colloidal stability,
and PVP was used as a surfactant. Herceptin was then
conjugated on the surface of NP for achieving targeted drug
delivery, as well as therapeutic action against HER2-over-
expressing cancer cells. Characterization of Tam-loaded PVP−
PLGA NPs (Tam−PVP−PLGA NPs) and herceptin-con-
jugated Tam-loaded PVP−PLGA NPs (herceptin−Tam−
PVP−PLGA NPs) in terms of particle size measurement and
its distribution, and particle surface features such as
morphology, charge and structural chemistry was performed
by methods such as DLS, TEM, ζ potential analysis, 1H NMR
and FT-IR spectroscopy. Encapsulation efficiency (EE) and in
vitro release kinetics of the drug were studied. Cellular uptake
of PVP−PLGA NPs with or without herceptin-conjugation in
vitro was quantitatively measured by ELISA plate reader and
examined by confocal laser scanning microscopy. Therapeutic
efficiency of the herceptin−Tam−PVP−PLGA NPs was
evaluated in vitro by performing studies on MCF-7 cell toxicity
and apoptosis and compared with that of the Tam−PVP−
PLGA NPs formulation. The process involved in the fabrication
of PLGA nanoparticles incorporated with Tam drug, can be
used to conjugate with Herceptin antibody, when the

Scheme 1. Schematic Illustration of the Fabrication Process for PLGA Nanoparticles Incorporated with Tamoxifen Druga

aTherapeutic mechanism of herceptin−Tam−PVP−PLGA NPs could specifically enter into breast cancer cells via HER2 receptor mediated
endocytosis process; under acidic conditions which degraded PLGA led to releases of Tam from the nanoparticles then released Tam entered inside
the MCF-7 cells and activated caspase enzyme followed by induction of apoptosis.
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nanoparticles targeted the breast cancer cells, the nanoparticles
enter into the cytoplasm by HER2 receptor mediated
endocytosis effects. Tamoxifen is then released from nano-
particles at low pH which degrades polymer and resulting in
inhibition of tumor cell growth through apoptosis (Scheme 1).

■ EXPERIMENTAL SECTION
Materials. Poly(D,L-lactic-co-glycolic acid) (PLGA) (lactic acid/

glycolic acid = 50:50), poly(N-vinylpyrrolidone) (PVP) (MW = 10
000), poly(vinyl alcohol) (PVA), coumarin-6 (fluorescence marker),
and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were sourced from Hi-Media, India. Tamoxifen (Tam), 4′,6-
diamidino-2-phenylindole (DAPI), fluorescent isothiocynate (FITC),
propidium iodide (PI), dimethyl sulfoxide, EDC (1-ethyl-3-(3-
(dimethylamino)propyl)-carbodiimide), Bradford reagent, and other
analytical grade chemicals were obtained from Sigma-Aldrich, India.
All the samples were prepared using deionized water (dH2O). The
human breast cancer cell line (MCF-7) was purchased from National
Centre for Cell Sciences (NCCS), Pune, India and it was maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS, GIBCO, U.S.A.) and 1% antibiotic-
antimycotic solution. Cells were grown to confluence at 37 °C in 5%
CO2 atmosphere. A fixed number of cells were seeded into cell culture
(96, 24, and 6 wells) plates (Nunc, USA) and maintained for further
studies. Animal experiments were performed using female BALB/c
nude mice of 6 weeks old after obtaining prior approval of the
Institutional Animal Ethical Committee, adhering to the guidelines of
Committee for the Purpose of Control and Supervision of Experi-
ments on Animals constituted by the Animal Welfare Division of India.
Preparation of Tam−PVP−PLGA NPs. Tam-loaded PLGA NPs

were prepared by w/o/w double emulsion-solvent evaporation
method. Briefly, 20 mg of Tam was dissolved in 0.3 mL of dH2O
and poured into 3 mL of PVP (5 mg/mL) solution containing 150 mg
of PLGA dispersed in chloroform (w/o), followed by sonication in an
ice bath using a Sonicator (Sonics, CT, U.S.A.) for 30 s at 50%
amplitude with an energy output of 500 W. An aliquot (100 mL) of
ammonium bicarbonate solution (90 mg/mL) was then added to the
mixture and sonicated again for 30 s. The primary emulsion obtained
was emulsified in 25 mL ice-cold 0.1 M sodium chloride solution (pH
7.0) containing 0.5% (w/v) of poly(ethyl methacrylate) (PEMA) for 2
min at 4000 rpm using a laboratory Mixer. For obtaining double
emulsion, the primary emulsion was added drop wise with 2 mL of 5%
(w/v) PVA solution and sonicated again for 90 s. The double
emulsion was then added to 20 mL of 0.3% (v/v) PVA solution and
stirred overnight at 500 rpm. The resultant emulsion was added to 50
mL of dH2O and evaporated at 40 °C for 5 h with gentle stirring. To
conjugate the antibody with the prepared Tam−PVP-PLGA NPs, 1
mg of HER (Herceptin®, Roche Pharma Ltd.) was dissolved in 400
mL of PBS and mixed with 100 mL of the prepared nanoparticle
solution (10 mg mL−1). The NPs were harvested by centrifugation
process, washed thrice with dH2O and lyophilized. Coumarin-6 loaded
NPs were prepared by the above said method through mixing 5 μL of
1 mg/mL coumarin-6 solution with 0.95 mL of solvent containing 20
mg of the polymer.
Conjugation of Herceptin with PLGA NPs. EDC reagent was

used to facilitate the conjugation of herceptin onto the NP surface as
reported by Kocbek et al.40 with slight modifications. Briefly, 5 μg of
EDC was added to 360 μL mixture having 400 μg of NPs and 400 μg
of herceptin, and the reaction mixture was mixed gently for 2 h at
room temperature (RT). The molar ratio of EDC to herceptin was
∼8.8. The immuno-nanoparticles were dispersed in 100 μL of PBS and
the protein content was determined by Bradford assay. Two controls
such as one lacked EDC and the other lacked both EDC and
Herceptin were run in the same manner as the reaction mixture.
General Characterizations. The surface morphology of Tam−

PVP−PLGA NPs with and without herceptin antibody conjugation
was examined by TEM (Tecnai G2 200 kV TEM (FEI)). The samples
were prepared as reported by Vivek et al.32 The average size and the
surface charge (ζ potential) of the NPs were determined by DLS

technique and Zeta sizer (Malvern) instrumentation, respectively. The
FT-IR spectra of NPs in the scan range of 500−4000 cm−1 were
recorded using FT-IR spectrophotometer (Jasco, Japan). 1H NMR
spectroscopy was used to evaluate the conjugation of herceptin to the
Tam−PVP−PLGA NPs.

Determination of Drug Loading and Encapsulation Effi-
ciency. Studies on determination of drug loading (DL) and
encapsulation efficiency (EE) of NPs were performed as reported
elsewhere.41 Briefly, 2 mg of freeze-dried Tam-PVP encapsulated
PLGA NPs were dissolved in 200 μL of 1% acetic acid and vortexed.
The solubilized Tam was quantified by HPLC using a fluorescence
detector (Waters, Milford, U.S.A.). Tam fluorescence was detected at
excitation/emission wavelengths of 260/339 nm. DL and EE were
calculated using the following formulas:

=

×

DL (%) amount of drug in NPs/amount of NPs

quantified 100

= ×EE (%) amount of drug in NPs/initial amount of drug 100

To quantify the amount of encapsulated Tam from PLGA particles,
2 mg of NPs was dissolved in 1 mL of 0.5 N NaOH solution and
complete dissolution of NPs was determined by measuring the
absorbance at 450 nm against a control NaOH solution.

In Vitro Drug Release Kinetics. To study the effect of HER2
antibody conjugation on drug release from the synthesized PVP−
PLGA NPs, in vitro drug release from both Tam−PVP−PLGA NPs
and herceptin−Tam−PVP−PLGA NPs was measured in triplicates.
The release profiles of Tam from Tam loaded NPs at pH 7.4, 6.0, and
5.0 were studied using dialysis tube (MWCO ≈ 12−14 kDa) as
reported elsewhere.30,46 Samples were drawn at regular time intervals,
and the Tam concentration was determined by HPLC as described
earlier.30

Analysis of Cellular Uptake of NPs by Fluorescence
Microscopy. The MCF-7 cells were grown in 6 well plates in a
glass slides at the density of 5 × 104 cells/well and incubated for 24 h
prior to adding 1 mL of coumarin-6 loaded PVP−PLGA NPs and
herceptin−PVP−PLGA NPs at a concentration of 25 μg/mL. After
incubation for 4 h, cells were washed thrice with ice cold PBS, fixed
with 4% paraformaldehyde in PBS and visualized using Nikon Eclipse
80i fluorescence microscope (Nikon Instruments Inc., Japan).

Cellular Uptake Efficiency of NPs. The MCF-7 (5 × 104) cells
were seeded in 96-well microtiter plate containing medium and grown
for 24 h to reach required confluence. Then they were incubated with
Tam−PVP−PLGA NPs and herceptin−Tam−PVP−PLGA NPs at 5
μg/mL concentration for 0.5, 1, 1.5, and 2 h, at 37 °C. A set of six
wells was seeded with positive control and another with test samples.
The sample wells were washed thrice with 50 mL of cold PBS and
then added with 100 mL medium at regular intervals. Subsequently,
the cells were lysed by treating with 50 mL of 0.5% Triton X100 in 0.2
N NaOH and the amount of Tam in cell lysates was determined using
a fluorescence spectrometer (Shimadzu, Japan) with excitation and
emission wavelengths of 254 and 380 nm, respectively. The cellular
uptake efficiency was expressed as the percentage of fluorescence
associated with the cells vs. the positive control solution.

Internalization of NPs in MCF-7 Cells by TEM. The ultrathin
sections of cells were examined for distribution of NPs by TEM as
reported by Vivek et al.32 Briefly, MCF-7 cells were treated with NPs
as stated earlier followed by wash with phosphate buffer to remove
unbound NPs. The cells were then fixed, dehydrated in increasing
concentration of acetone, and treated with spurr’s low viscosity resin
(Sigma-Aldrich, U.S.A.) in gradients. Acetone and spurr’s low viscosity
resin were used in the 3:1, 1:1 and 1:3 ratios. The sections of 60 nm
thickness were stained with 0.5% uranyl acetate and analyzed by TEM.

In Vitro Cytotoxicity Study. The in vitro cytotoxicity of Tam,
Tam−PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA NPs were
determined by MTT assay as reported elsewhere.32,42 Briefly, the
MCF-7 (1 × 104) cells were seeded onto 96-well plates and allowed to
attach overnight in the culture medium. Then the medium in each well
was carefully replaced with 100 μL of medium containing serially
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diluted samples; the concentration of Tam used in each group was 1,
2, 4, 8, 16, and 32 μg/mL with the exposure duration of 48 h. At
regular time intervals, 100 μL of MTT (5 mg/mL in PBS) was added
to the wells and the cell viability assay was carried out by measuring
the absorbance of wells at 620 nm using an ELISA plate reader.
Experiments were carried out with seven parallel samples.
DAPI Staining. The MCF-7 cells (1x105 cells/coverslip) were

incubated with NPs at their IC50 concentration, fixed in methanol:
acetic acid (3:1 v/v) and stained with 5 μg/mL of DAPI for 20 min,
and analysed for morphological changes using fluorescence micro-
scope with excitation filter at 510−590 nm.
Flow Cytometry Analysis. For the detection of apoptosis in

cancer cells, the cells were stained with Annexin V-FITC and
propidium iodide (PI). In brief, the cells were pretreated with Tam,
Tam−PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA NPs at
IC50 concentrations. The treated cells were suspended in 200 μL of
binding buffer, and the suspension was added with 10 μL of Annexin
V-FITC and 5 μL of PI followed by incubation for 15 min in dark at
RT. Subsequently, 300 μL of binding buffer was added to the cell
suspension and the cells were analyzed by a flow cytometer (BD,
FACS Calibur, U.S.A.).
Western Blot Analysis. The MCF-7 cells were treated with free

drug and drug loaded NPs at IC50 concentration for the induction of
apoptosis. Subsequently, Western blot analysis was performed for cell
extracts after determining their protein content by Bradford assay.43

Fifty microgram protein samples were resolved by 12% SDS-
polyacrylamide gel electrophoresis and then transferred to nitro-
cellulose membrane (Pall Corporation, U.S.A.). The membranes were
immersed in blocking buffer (5% skim milk in PBS) for 1 h at RT and
incubated overnight with primary antibodies such as survivin, Bcl-2,
caspase 3, and β-actin. Immuno-reactivity was detected using the
chemiluminescence system.
Assessment of Anti-tumor Activity. The anti-tumor efficiency

of Tam-loaded NPs was assessed in tumor-induced mice as reported
elsewhere.44 Briefly, the subcutaneous dorsa of BALB/c nude mice
were inoculated with MCF-7 cells (1 × 107) in 100 μL of normal
saline. When the average volume of the xeno-graft tumor reached 70
mm3, the mice were randomly divided into four groups with six mice
in each group: group A, normal saline; group B, free Tam; group C,
Tam−PVP−PLGA NPs; group D, herceptin−Tam-loaded PVP−
PLGA NPs. Various Tam formulations with the drug concentration of
5 mg/kg was injected intravenously every 2 days, and the mice were
then observed for 18 days.44 The tumor diameters were measured

every 3 days interval for each group and the tumor volume (V) was
calculated using the formula V = [length × (width)2]/2. The sections
of tumor, liver, and kidney tissues were stained with hematoxylin and
eosin (HE) and the effects of NPs on these organs were studied.

Data Analysis. All the measurements were made in triplicates and
the values were expressed as mean ± standard error of the mean. The
results were subjected to Student t- test analysis and the data were
considered statistically significant if p < 0.05.

■ RESULTS AND DISCUSSION
Characterization of Formulated NPs. PLGA polymer

matrix stabilized with hydrated PVA (water phase) and Tam-
loaded PLGA NPs with high drug payload were prepared and
the morphological features were examined by TEM as shown in
Figure 1a. Spherical nature of herceptin-conjugated Tam−
PVP−PLGA polymer NPs is shown in Figure 1b. It was
observed that the PVA was well coated in the polymeric NPs
because of the hydrophobic interaction of PLGA. Because of
the presence of amphiphilic PVA, the prepared NPs were well
suspended in the aqueous phase. The synthesis of herceptin−
Tam−PVP−PLGA NPs is favored by EDC via the formation of
amide bond between the primary amine group of herceptin
with the free carboxylic end group of Tam−PVP−PLGA NPs.
Herceptin antibody could bind to the hydrophobic surface of
PVP−PLGA through its constant region (Fc), leaving the
antigen-binding sites (Fab) free to interact with the antigen.40

The conjugate and unconjugated structures were analyzed and
confirmed by FT-IR and 1H NMR spectroscopy of Tam−
PVP−PLGA NPs (Figure S1, Supporting Information). Using
FT-IR spectrum, the conjugation was quantitatively assessed by
several characteristic vibrational modes (inset Figure of Figure
S1b, Supporting Information). More specifically, the bands at
∼1535 and 1627 cm−1 were assigned to C−O−C ether
stretching vibration of NH2−PVP−NH2 and −COO stretching
vibration of PLGA, respectively. The absorption band at 1573
cm−1 was attributed to phenyl ring in herceptin. 1H NMR
studies revealed peaks correspond to the benzene moiety of
herceptin [δ = 7.311, 7.277, 7.242 ppm], PVP moiety [δ =
2.680, 2.337 ppm], and PLGA moiety [δ = 5.43−3.41 ppm].
DLS was used to determine the average hydrodynamic

Figure 1. (a) Representative TEM images of the synthesized PLGA−Tam drug core nanoparticles. (b) TEM image of herceptin-conjugated Tam-
loaded PVP−PLGA.
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diameters of particles and it was observed that there was an
increase of ∼8 nm in the hydrodynamic diameter of Tam−
PVP−PLGA NPs after addition of herceptin because of the
presence of PLGA matrix. The sizes of Tam−PVP-PLGA NPs
and herceptin-Tam loaded PVP−PLGA NPs were found to be
73.02 and 93.44 nm, respectively (Figure S2, Supporting
Information). Because of herceptin conjugation, there was an
increase in the size of herceptin-conjugated particles when

compared to unconjugated NPs. It was shown that the amount
of herceptin covalently bound to the NP surface was ∼20 μg of
herceptin per mg of NPs. It was reported that the size of NPs
was appropriate for the penetration through the vascular system
at tumor region to achieve passive targeting.28,29 DLS data of
the study revealed Herceptin dependent increase in the average
size of the conjugated NPs, although high poly dispersity
indexes (PDI) suggested the presence of heterogeneous

Figure 2. (a) pH-dependent in vitro drug release profiles from Tam−PVP−PLGA NPs at neutral (pH 7.4) and acidic (pH 6.0 and 5.0) conditions at
37 °C. Each point represents the mean ± SD. Error bars are based on triplicate measurements. (b) pH dependent in vitro drug release profiles from
herceptin−Tam−PVP−PLGA NPs at neutral (pH 7.4) and acidic (pH 6.0 and 5.0) conditions at 37 °C. Each point represents the mean ± SD. Error
bars are based on triplicate measurements.
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Figure 3. (a) Cellular uptake images of MFC-7 cells incubated with coumarin-6 with or without Herceptin conjugated NPs. Uptake of coumarin-6
loaded NPs is indicted by green fluorescence. (A) PVP−PLGA nanoparticles and (B) herceptin−Tam−PVP−PLGA nanoparticles. (b) Time-
dependent cellular uptake efficiency of herceptin conjugated and unconjugated Tam−PVP−PLGA nanoparticles by MFC-7 cells after 0.5, 1, 1.5, and
2 h of incubation, respectively. Data represent mean ± SD. *p < 0.05 is considered statistically significant and NSnot significant. TEM images of
MFC-7 cell sections after (A) 0.5, (B) 1, (C) 1.5, and (D) 2 h of incubation with herceptin−Tam−PVP−PLGA NPs.
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population of particles. DLS method was reliable in
determining the overall size distribution of the particles and
the PDI values for Tam−PVP−PLGA NPs and herceptin-Tam
loaded PVP−PLGA NPs were found to be 0.455 and 0.272,
respectively. The data on precise scattering properties of PLGA
NPs in solution are also presented in Figure S2, Supporting
Information. Though addition of PVP linker increased the size
of NPs and it maintained a similar ζ potential because of the
negative charge of the terminal carboxyl groups. Stability of the
NPs could be due to reduction in cohesion between particles,
which was revealed by high surface zeta potential values.44

Tam−PVP−PLGA NPs exhibited negative charge with an
average value of −35.24 ± 2.37 mV, whereas herceptin
exhibited positive charge with a value of +8.4570.74 mV.
This suggested that the Tam−PVP−PLGA NPs could be
effectively coated with herceptin through electrostatic attraction
between the two oppositely charged species. PVA is useful in
forming stable NPs due to the display of slightly negative
charged surface. The surface charge of the herceptin−Tam−
PVP−PLGA NPs is −27.07 ± 1.68 mV (Figure S3, Supporting
Information), which was similar to the data reported by Sun et
al.30 The preparation yield of Tam−PVP−PLGA NPs was
found to be 83.5 ± 6.7%, and the encapsulation efficiency of
Tam into PVP−PLGA NPs during loading of Tam in the
concentration of 20 mg per 150 mg PLGA was 72.4 ± 2.3%.
pH-Dependent Tam Release. To test the influence of

polymeric NPs on drug release, a study on Tam release profiles
from NPs was performed in triplicates. The degradation of
polymeric matrix allows the release of Tam from NPs.
Furthermore, the duration and drug release levels from NPs
will be modified by changing the formulation parameters such
as drug-polymer ratio, and composition and molecular weight
of the polymer.31 To demonstrate the pH dependent drug
release, Tam−PVP−PLGA NPs and herceptin−Tam loaded
PVP−PLGA NPs were incubated in buffers at different pH and
measured for Tam release at different time intervals. As shown
in Figure 2a and 2b, release of Tam molecules was facilitated by
the degradation of the polymer matrix. Tam release was slow
and sustained at pH 7.4 with release rates of 17 ± 2.41% and 29
± 0.27% in 6 h for Tam−PVP−PLGA NPs and herceptin−
Tam−PVP−PLGA NPs, respectively. At pH 6.0, the release
rates were found to be 45 ± 0.37% and 70 ± 2.28% for Tam−
PVP−PLGA NPs and herceptin−Tam−PVP−PLGA NPs,
respectively. However, at acidic pH 5.0, the rate of Tam
release was much faster, and was found to be 85 ± 0.32% and
90 ± 2.11% for Tam−PVP−PLGA NPs and herceptin−Tam−
PVP−PLGA NPs in 6 h, respectively. The results of in vitro
drug release kinetics agree with the study by Sun et al. 2008,30

wherein herceptin was reported to enhance drug release from
the surface of PLGA NPs. Moreover, surface charge of PLGA
NPs was positive at acidic pH, which reduced the electrostatic
interaction of drug and PLGA NPs and thereby facilitated the
drug release.32 Hence, our findings substantiated the pH-
dependent drug release behavior of the drug delivery system. It
is plausible that much of the Tam-loaded NPs remain stable in
the carrier at normal physiological pH 7.4 indicating the
potential for prolonged drug retention time in blood circulation
and thereby greatly reducing the adverse effects to normal
tissues. On the other hand, the efficiency of cancer therapy is
enhanced when these NPs are internalized by cancer cells via
endocytosis followed by rapid Tam release from NPs inside the
endosomes and lysosomes at acidic pH.32,33 The release of Tam
from nanocarrier at pH 5.0 resulted in increased fluorescence

intensity due to higher Tam release than at pH 6.0 and 7.0.
Besides, the drug release from herceptin−Tam−PVP−PLGA
NPs was significantly faster, that is, 90% than Tam−PVP−
PLGA NPs at pH 5.0. The surface modification of HER2
antibody might facilitate drug diffusion from the polymeric
matrix followed by the dissemination of drug to surrounding
sites.

Nanoparticle Internalization. The present study showed
that PLGA NPs, following the endocytosis-mediated cellular
uptake, might undergo surface charge reversal in endo-
lysosomes due to acidic pH prevailing in these organelles.
This could facilitate an interaction of NPs with the endo-
lysosome membranes, leading to transient and localized
destabilization of the membranes and thereby resulting in the
release of NPs into the cytosol.34 However, the fraction of NPs
that could escape the endosomal compartment might release
the encapsulated Tam in a sustained manner due to slow
degradation of polymer. It was also shown that Tam could be
released from Tam−PVP−PLGA NPs from the acidic intra-
cellular organelles during or after its accumulation in MCF-7
cells. We then investigated the entry mechanism of Tam−
PVP−PLGA NPs into MCF-7 cells. Endocytosis is an
important entry mechanism for various extracellular molecules,
including the NPs of the present study. To evaluate the
targeting ability of NPs, studies on cellular uptake of coumarin-
6 loaded PVP−PLGA NPs and herceptin−PVP−PLGA NPs by
MCF-7 cells were carried out. Fluorescence microscopy studies
showed the distribution of coumarin-6 loaded NPs in the
cytoplasm (Figure 3a), which indicated that the NPs were
internalized by the cells. Besides, it was clearly shown that the
intracellular fluorescence intensity of cells treated with HER2-
targeted NPs was higher than that of the non-targeted NPs
indicating the uptake of NPs by cells. The presence of
Herceptin moiety on the outer surface of herceptin−PVP−
PLGA NPs enabled the binding of NPs with HER2 receptors
on breast cancer cells and subsequent receptor mediated
endocytosis. The internalization of herceptin−PVP-PLGA NPs
after 6 h of incubation was higher than coumarin-6 loaded
PVP−PLGA NPs, resulting in stronger fluorescence intensity in
MCF-7 cells. Intracellular fluorescence intensity for the group
of herceptin−PVP−PLGA NPs produced 35 ± 2.6% enhance-
ments compared to the group of PVP−PLGA NPs. The
intensity of fluorescence from the liberated coumarin-6 was
insignificant when compared to NPs internalized by cells.
These results substantiated that the synthesized herceptin−

PVP−PLGA NPs could be an effective nanocarrier system for
Tam delivery. These NPs also demonstrated significant
properties in breast cancer therapy of HER2 overexpressed
MCF-7 cells. The cellular uptake efficiency of the Tam−PVP−
PLGA NPs was measured and compared with herceptin−
Tam−PVP−PLGA NPs after 0.5, 1, 1.5, and 2 h in MCF-7 cell
culture (Figure 3b). Cellular internalization of NPs was
observed after incubation of cells with NPs. It can be seen
from Figure 3b that the MCF-7 cells, after 0.5, 1, 1.5, and 2 h
culture, exhibited enhanced uptake (*p <0.05) of herceptin−
Tam−PVP−PLGA NPs when compared to herceptin uncon-
jugated NPs. The cellular uptake efficiency of herceptin−Tam−
PVP−PLGA NPs was found to be 5.1%, 15.3%, 23.6% and
45.2% at 0.5, 1, 1.5, and 2 h, respectively. Such results suggested
that cellular uptake of NPs could be accelerated by Herceptin
conjugated NPs. In clinical practice, HER2 has been considered
as an essential indicator for breast cancer diagnosis, prognosis
prediction, and development of therapeutic strategies. TEM
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images of MCF-7 cells treated with herceptin−Tam−PVP−
PLGA NPs indicated the internalization of NPs by MCF-7 cells
during different time intervals (0.5 to 2 h) (Figure 3b). It could
be seen that herceptin−Tam−PVP−PLGA NPs exhibited
higher cellular uptake efficiency than the NPs without
Herceptin conjugation. Cell sections were observed by TEM
to find out the intracellular distribution of NPs internalized by
receptor-mediated endocytosis. TEM images showed well
distributed NPs in the cytoplasm as well as in the nucleus of
MCF-7 cells. It could be noted that cell and nuclear membranes
appeared to be fragmented when internalization of Herceptin
unconjugated NPs occurred. The results suggested that NPs
entered into the cells via endocytosis process. Nanoparticle
based DDS should have the features of target orientation, cell
specificity, efficient cellular uptake of drug via endocytosis,
subsequent localization into acidic organelles, and drug
release.32,34,35

NP-Induced Enhanced Cytotoxicity in Targeted Cells.
Herceptin-conjugated NPs could enhance the therapeutic
efficacy of anticancer drugs because of their intrinsic toxicity
to cancer cells and their ability in driving the nanocarriers to
cytoplasm.36,37,46,47 To demonstrate the cytotoxic effect of NPs,
we carried out in vitro cytotoxicity study on MCF-7 cell line by
MTT assay (Figure 4). At the end of 48 h exposure, we

observed that both free Tam and Tam-loaded PLGA NPs
decreased the cell viability of MCF-7 cells. This suggests the
use of PLGA NPs for enhancement of cytotoxicity effect of
Tam on human breast cancer cells. In our case, the
improvement in cytotoxicity of herceptin−Tam−PVP−PLGA
NPs could be attributed to the higher uptake potential of the
NPs by endocytosis mechanism when compared to Tam loaded
NPs and free Tam. The cell viability (%) in the presence of
Tam unloaded PLGA NPs and herceptin−PVP−PLGA NPs
(100 μg/mL) was 99.8 ± 3.6% and 100 ± 1.2% suggesting that
the NPs had no significant cytotoxicity effect on cells even at
high doses. Tam-loaded NPs, Tam−PVP−PLGA NPs and
herceptin−Tam−PVP−PLGA NPs with varied drug-loading
levels and amounts were added to MCF-7 cells to evaluate their
inhibition effect. Table 1 summarizes the IC50 values of nano-
particulate formulations and Tam free. IC50 values of Tam-
loaded NPs (7.96 ± 0.41 μg/mL) and free Tam (13.21 ± 1.35
μg/mL) indicated that Tam-loaded NPs were more effective

than free Tam in inhibiting cancer cell proliferation. The IC50
value for Herceptin conjugated NPs was found to be 3.24 ±
1.32 μg/mL (*p <0.05). The herceptin-conjugated NPs
enhanced the cytotoxicity of Tam about 3.8 fold on MCF-7
cells when compared to free Tam treatment. Since the quantity
of drug delivered into cells via NPs was high, the cells exhibited
cytotoxic effect of the drug. After being treated with Tam of the
equivalent concentration (16 μg/mL), the viability of MCF-7
cells treated with herceptin−PVP−PLGA NPs was lower
(24.69%) than the cells treated with Tam-loaded PVP−PLGA
NPs (41.58%). Targeted NPs exhibited better cytotoxic effects
in MCF-7 cells than non-targeted NPs, and this could be due to
the enhanced receptor-mediated internalization promoted by
herceptin ligand.44 Our earlier studies32 reported that the Tam-
loaded chitosan polymeric NPs had an enhanced cytotoxicity
when compared to free Tam, and this was due to the rapid
internalization and intracellular release of Tam from the
polymer NPs. The cytotoxicity results suggested the therapeutic
benefits of herceptin-conjugated polymeric NPs against HER2
overexpressed breast cancer cells.

Apoptosis of MCF-7 Cells. To study the mechanism of
improvement in anticancer activity through apoptosis by pH
based DDS, the nuclear DAPI staining was performed. By using
the staining method, morphological changes of normal and
apoptotic cells were studied. The untreated control MCF-7
cells showed normal nuclei whereas nanoparticle treated cells
showed condensed or fragmented nuclei characteristic of
apoptosis (Figure 5). Besides, nuclear morphological analysis
revealed characteristic apoptotic features such as chromatin
condensation, nuclear fragmentation, and apoptotic bodies in
MCF-7 cells. To identify the induction of apoptosis by Tam-
loaded NPs, flow cytometry analysis was performed wherein
the fraction of apoptotic MCF-7 cells stained with Annexin V
and PI was measured, following administration of Tam, Tam−
PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA NPs at
IC50 concentration for 48 h. Cells in early apoptosis bind only
to Annexin V, whereas dead and late stage apoptotic cells bind
to both Annexin V and PI. Control group of MCF-7 cells
showed negligible apoptotic, as well as necrotic activities
(<5%). The percentage of early and late apoptotic cells was
higher in the case of cells treated with Tam−PVP−PLGA NPs
(74.58% and 8.64%) than the cells treated with unloaded PVP−
PLGA NPs (16.02% and 1.4%) and free Tam (86.16% and
1.36%) (Figure 5). Treatment by all formulations showed
negligible amount of necrotic cells, while control group of cells
showed negligible apoptotic activity. Treatment by Tam−
PVP−PLGA NPs caused a significant increase in programmed
cell death, that is, 8.64% when compared to treatment by free
Tam (1.36%) and unloaded PVP−PLGA NPs (1.4%), and this
could be due to activation of apoptotic signaling pathway after
internalization of NPs. Targeted delivery showed enhanced
apoptosis of MCF-7 cells because of increase in receptor
mediated endocytotic activity, resulting in high intracellular
drug concentration available for induction of apoptosis.45

Figure 4. In vitro cytotoxic effect of MFC-7 cells after incubation with
free Tam, Tam−PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA
NPs in concentration dependent cytotoxicity (IC50) manner. Data
represent mean ± SD. *p < 0.05 is considered statistically significant.
Error bars are based on triplicate measurements.

Table 1. Evaluation of Cytotoxicity of Free Tamoxifen,
Tam−PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA
NPs in MCF-7 Cells by MTT Assay

group IC50 (μg/mL)

free tamoxifen 13.21 ± 1.35
Tam−PVP−PLGA NPs 7.96 ± 0.41
herceptin−Tam−PVP−PLGA NPs 3.24 ± 1.32
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Besides, slow and sustained cytoplasmic delivery of Tam from
NPs could enhance the therapeutic efficiency of the NPs
through apoptosis induction than the free Tam treatment. This
suggested that the PVP modified PLGA NPs could serve as an
effective drug delivery vehicles against breast cancer cells.
Apoptotic signaling pathway is regulated by a complex network
of molecules that alter the expression profiles of apoptotic
proteins. Survivin is an important anti-apoptotic protein that
arrests cell apoptosis via inhibiting the caspase activity. Caspase-
3 is the critical factor for cell death, and is one of the major

activated caspases in apoptotic cells.32 Consequently, we have
performed Western blotting to confirm apoptosis of cells by
analyzing the expression profiles of Survivin, Bcl-2, and Caspase
proteins. Western blot analysis revealed the activation of JNK-1
signaling pathway with changes in the expression profiles of
survivin, Bcl-2, and caspase proteins in MCF-7 cells treated
with Tam when compared to Tam−PVP−PLGA NPs. We
observed that the expression of survivin and Bcl-2 proteins were
significantly down-regulated in cells cultured with Tam−PVP−
PLGA NPs for 48 h (Figure 6). Inhibition of anti-apoptotic

Figure 5. DAPI staining images of MCF-7 cells. The MCF-7 cells were treated with free Tam and Tam−PVP−PLGA NPs at IC50 drug
concentration for 48 h followed by visualization of DNA with DAPI staining using a fluorescence microscope. (a) Control, (b) Free Tam, (c) Tam−
PVP−PLGA NPs, and (d) herceptin−Tam−PVP−PLGA NPs. The results are shown as a representative of four individual experiments (n = 4) (top
panel). The cells were treated with free Tam, Tam−PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA NPs at IC50 drug concentration for 48 h
and analyzed for apoptosis by flow cytometry. The fluorescence intensity of Annexin V + PI stained apoptotic cells is expressed as channel numbers
in quadrant of plots; cells in bottom right and top right quadrants are in early and late apoptosis, respectively. The results are shown as a
representative of four individual experiments (n = 4) (bottom panel).

Figure 6. Up-regulation of JNK-1 signaling pathway in MFC-7 cells treated with Tam−PVP−PLGA NPs compared with Tam. The phosphorylation
of JNK-1 by activation of caspase dependent apoptosis was analyzed by Western blotting.
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functions of survivin and Bcl-2 and up-regulation of JNK-1 and
caspase 3 prominently induced apoptosis in MCF-7 cells.
In Vivo Anti-tumor Activity. Normal saline, free Tam,

Tam−PVP−PLGA NPs, and herceptin−Tam−PVP−PLGA
NPs were injected at clinically relevant doses through the tail
vein of the mice bearing breast carcinoma MCF-7 cells and the
anti-tumor activity of NPs was assessed. Anti-tumor effect was
more significant for the groups treated with free Tam and Tam-
loaded NPs than the normal saline treated group (*p < 0.05). It
was observed that the tumor volumes of NP-treated groups
were smaller than the groups treated with free Tam and this
could be due to sustained release behavior of Tam-loaded NPs
and shorter half-life of Tam that was delivered without NPs. As
depicted in Figure 7, the average tumor volume in herceptin-
conjugated Tam-loaded NPs-treated mice group was gradually
reduced to 478 mm3 at the end of 18 days after the final
administration, while normal saline-treated mice group showed

no reduction in tumor volume (1311 mm3). The herceptin-
conjugated-Tam-loaded NPs showed significantly higher anti-
tumor activity than free Tam and Tam−PVP−PLGA NPs, with
a mean tumor volume of 478.67 ± 135.21 (*p < 0.05). The
inhibition rate of targeted NPs was higher (65.83%) than that
the non-targeted NPs (49.51%). It is reported that the delivery
of targeted NPs facilitates gradual accumulation of NPs in
tumor tissue via receptor mediated endocytosis resulting in a
potent anti-tumor activity.38 However, non-conjugated NPs
remain in extracellular matrix of the tumor tissue and undergo
degradation or phagocytosis, resulting in release of the drug.
The results are nearly similar as those reported elsewhere.44 HE
staining of the tissue sections was carried out to observe any
change in the tissue following drug administration. The normal
saline treated group showed characteristic tumor pathological
features, that is, high quantity of enlarged cells with irregular
shape, reduced cytoplasm, and deeply stained nuclei. The other

Figure 7. In vivo combination cancer therapy. Tumor growth curves of four different groups of mice after various treatments (4 mice/group) show
varying degree of tumor suppression until the end of 18th day. The extent of tumor suppression is higher in herceptin−Tam−PVP−PLGA NPs
treated group than others. Error bars are based on standard errors of the mean. *p < 0.05 was considered statistically significant. Images show HE
stained sections of tumor slices collected after various treatments at the end of 18th day (scale bar = 50 μm).
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treatment groups showed a range of features of tumor necrosis,
with fewer cancer cells having shrunken nuclei and more
normal cells with increased cytoplasm when compared to
normal saline group. However, the anti-tumor effects were
prominently observed in the herceptin−Tam−PVP−PLGA
NPs treated group by HE staining. Hence, it was clear that the
targeted NPs could be well accumulated in the tumor tissue to
exhibit action upon cancer cells. It is reported that the NPs
accumulate in the liver following phagocytosis,39 and liver
toxicity is one of the adverse effects of Tam that limits its
clinical application.44 Staining of sections of liver in the free
Tam group showed hydropic as well as fat degeneration, while
there was no significant liver cell damage in the NPs treated
groups except the minimal infiltration of inflammatory cells.
The sections of kidneys of the mice treated with drug-loaded
NPs showed normal glomerular structures, though minimal
inflammatory cell infiltration was observed in the kidneys of
free Tam-treated mice.

■ CONCLUSION

In this study, we developed herceptin-conjugated nanocarrier
system for targeted delivery of Tam to improve the
chemotherapy of HER2 overexpressed breast cancer cells.
The formulated NPs were capable of sustained pH depended
drug release. Herceptin−Tam−PVP-PLGA NPs demonstrated
a superior cellular uptake, as well as cytotoxicity compared to
Tam−PVP−PLGA NPs, and this is due to HER2 receptor
mediated endocytosis of herceptin-conjugated NPs by breast
cancer cells. Tam is then released from the NPs at acidic pH
resulting in suppression of tumor cell growth through
apoptosis. The results indicated that the formulated PVP−
PLGA NPs were found to provide better anticancer and
inhibitory activity against MCF-7 cells than free Tam, in vitro,
and in vivo. Herceptin-conjugated Tam-loaded NPs showed
remarkable enhancement in anticancer activity as shown by
cytotoxicity studies, DAPI staining, and flow cytometry analysis.
Besides, the possible JNK-1 mediated caspase-dependent
apoptotic signalling pathway was confirmed by Western blot
analysis. Using an in vivo mice model, significant tumor growth
suppression was observed for the herceptin−PVP−PLGA NPs
treated group. Furthermore, the conjugation of herceptin with
PLGA NPs was an influential factor for tumor targeting. These
results implied that NPs based DDS developed in this study
could be effectively used for HER2-targeted MDR breast cancer
therapy.
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