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Abstract
The advent of nanotechnology has bolstered a variety of nanoparticles based platforms for
different biomedical applications. A better understanding for engineering novel nanoparticles for
applications in cancer staging and therapy requires careful assessment of the nanoparticle’s
physico-chemical properties. Herein we report a facile synthesis method for PEGylated PLGA
nanoparticles encapsulating anti-cancer drug doxorubicin for cancer imaging and therapy. The
simple nanoprecipitation method reported here resulted in very robust PEGylated PLGA
nanoparticles with close to 95% drug encapsulation efficiency. The nanoparticles showed a size of
~110 nm as characterized by TEM and DLS. The nanoparticles were further characterized by
optical UV-Visible and fluorescence spectroscopy. The encapsulated doxorubicin showed a
sustained release (>80%) from the nanoparticles matrix over a period of 8 days. The drug delivery
efficiency of the nanoparticles was confirmed in vitro confocal imaging with PC3 and HeLa cell
lines. In vitro quantitative estimation of drug accumulation in PC3 cell line showed a 22 times
higher concentration of drug in case of nanoparticles based formulation in comparison to free drug
and this was further reflected in the in vitro cytotoxicity assays. Overall the synthesis method
reported here provides a simple and robust PLGA based platform for efficient drug delivery and
imaging of cancer cells in vitro and in vivo.
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Introduction
Engineered nanomaterials offer tremendous scope in various biomedical applications which
include disease diagnosis, imaging, drug and gene delivery [1–4]. A thoughtful design of the
nanoparticle characteristics can help overcome several key challenges encountered in
conventional biomedical therapies. In chemo-therapy, the use of pharmacologically active
cancer drugs is severely limited by poor specificity resulting in minimal tumor accumulation
and thus leading to dose limiting toxicities [5–7]. The two major challenges in drug delivery
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are the poor systemic circulation time of the administered drug and multi drug resistance
(MDR) in tumors, which significantly limits the bioavailability of the drugs to the cancer
cells [8–12]. For overcoming the MDR induced by the permeability-glycoprotein (Pgp)
alternative approaches must be explored to improve drug accumulation and prolong
retention of the drugs in resistant cells [13–14]. Both these challenges can be surmounted by
designing long circulating ‘stealth’ nanoparticles. Polymeric drug delivery systems are one
such class of nanoparticles which address these critical issues and have been studied
extensively [15] The biodegradability of the polymers, high payload capacity, and provision
of varied surface chemistries provides an ideal platform for engineering nanosized drug
delivery vehicles [16–17]

The most widely used and studied class of biodegradable polymers are the polyesters, which
include PLA and PLGA. There have been numerous reports on the use of nanoparticulate
form of these polymers in drug delivery [18–23]. PLGA nanoparticles encapsulating a
myriad of drugs have been formulated using different synthetic strategies [17, 24]. In most
cases the nanoparticles are formed by the self- assembly of the polymers in the presence of
surfactants. The amphiphilicity of the polymers results in the formation of nanoparticles
with a hydrophobic core and hydrophilic shell. The core of these nanoparticles can be used
for encapsulating various poorly water soluble drugs. Further the surface of these
nanoparticles can be conjugated with PEG for long circulation, as well as other
biomolecules for differential specificity towards cancer cells. The addition of PEG on the
surface of nanoparticles decreases opsonization by the serum proteins avoiding RES
(reticulo-endothelial system) uptake, and subsequent clearance from the systemic circulation
[25]. The stealth property imparted by the PEG chains results in a long circulation time and
thus results in a higher rate of accumulation in the tumor by the passive uptake via the EPR
(Enhanced permeability and retentivity) effect. Thus, for any nanoparticle formulation the
presence of PEG is very critical for efficient passive targeting to the target site [26]. The
stealth nanoparticles compared to other long circulating systems shows a better shelf
stability and ability to control the release of the encapsulated compounds [27–28]. There
have been several attempts for the PEGylation of the PLGA nanoparticles and most of the
strategies have indicated a cumbersome chemical conjugation, which resulted in a non-
robust and inefficient surface conjugation of the PEG. For most of the PEGylated PLGA
nanoparticles formulations encapsulating anti-cancer drugs, PEG is either grafted on the
nanoparticles surface via a post synthesis chemical conjugation or PEG is directly
conjugated to the PLGA backbone prior to synthesizing nanoparticles [29–32]. In both the
cases, the lack of functional groups on the aliphatic polyester backbone of the polymer
presents difficulty in modifying the parent polymer [33]. Different PEGylation methods like
adsorption, covalent conjugation via the amine or carboxyl groups on PLGA or
incorporation of PEGylated copolymers in the PLGA matrix usually results in a low density
of PEG on the nanoparticles surface, with less physiological stability [31]. The use of
phospholipids in combination of PLGA provides an attractive alternative for PEGylating the
PLGA nanoparticles in a single step. Some earlier reports used lipid-PLGA combination to
formulate hybrid PLGA nanoparticles [23, 34]. So by using phospholipids where the lipid
part of the phospholipids where the lipid part of the phospholipid can interact with the
hydrophobic pockets of PLGA whereas PEG provides the aqueous stability to the
nanoparticles.

In this communication we report a simple robust one step method for preparation of highly
stable PEGylated PLGA nanoparticles encapsulating hydrophobic doxorubicin as a model
anticancer drug. The nanoprecipitation method involving the use of single emulsion was
exploited to fabricate ~110 nm size PLGA nanoparticles. By combining the two amphiphilic
components, PLGA and phospholipid PE-PEG, the nanoparticles formed were composed of
a hydrophobic core, in which non aqueous compounds can be solubilized, and the surface
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decorated with dense PEG, which helps evading the recognition by immune system
components imparting long systemic circulation. The additional degree of hydrophobicity
added by the phospholipid imparts a robust core, which enhances the drug encapsulation
efficiency and a slow sustained release of the encapsulated drug from the nanoparticles. We
have evaluated in vitro efficacy and stability of the Dox loaded nanoparticles. Also, we have
demonstrated the enhanced uptake of the PEGylated nanoparticles, compared with free Dox
in HeLa and PC3 cell lines, indicating the nanoparticle formulation is able to bypass the Pgp
pumps. The use of biodegradable components like PLGA and phospholipid for synthesis of
highly stable nanoparticles, with a sustained release of the encapsulated drug and associated
properties like long systemic circulation, makes these PEGylated nanoparticles a potential
candidate as efficient probes for drug delivery in vivo.

Materials and Methods
Materials

Poly(lactic-coglycolic acid) (PLGA, Mw: 7–17 kDa, acid terminated with 50:50 LA/GA
ratio), Doxorubicin hydrochloride, Polyvinyl alcohol (PVA, Mw: 9–10 kDa, 80%
hydrolysed), triethylamine and HPLC grade water were purchased from Sigma Aldrich. All
the solvents dimethyl sulfoxide (DMSO), dichloromethane, chloroform were procured from
Sigma and used without further purifications. DPPE-PEG (1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt)) was
purchased from Avanti Polar lipids (Alabaster, AL). Cell culture reagents like media
DMEM and F-12, Penstrep (antibiotic) and fetal bovine serum were purchased from
Invitrogen (Carlsbad, CA). The cancer cell lines HeLa and PC3 were obtained from ATCC,
VA and cultured according to instructions supplied by the vendor. For cell viability assay
CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) reagent was procured
from Promega.

Synthesis of PEGylated PLGA nanoparticles
The synthesis procedure for the PEGylated PLGA nanoparticles encapsulating doxorubicin
involved simple nanoprecipitation method using the single emulsion technique and was
adapted from previous reports with several modifications for generating the PEGylated
nanoparticles in a single step [21]. Briefly, PLGA and DPPE-PEG were mixed in 1:1 (wt.
ratio) in chloroform. The solvent was evaporated under a gentle stream of air and the
obtained film was redispersed in 250 μl of dichloromethane. The conversion percentage of
the Dox.HCl to the base form was >95%. A known amount of Dox.HCl was dissolved in
12.5% v/v methanol in chloroform mixture followed by addition of 0.54 mmol
triethylamine. After overnight stirring at r.t. the base form of the drug was extracted by
evaporating the solvent under vacuum followed by lyophilization to obtain powdered Dox
base. The powdered Dox was stored at −20°C until further use. 0.2 μmol of Dox (the
hydrophilic form of the drug doxorubicin HCl was converted to its hydrophobic form by
neutralizing the hydrochloride salt with the base triethylamine [35]) dissolved in 100 μl of
DMSO was added to the clear transparent PLGA/DPPE-PEG solution and sonicated for 15
sec. 0.4 ml of 2.5 % aq. PVA solution was added to the reaction mixture while vortexing.
The obtained viscous emulsion was further sonicated for 30 sec and added to the 10 ml of
0.3 % aq. PVA solution with vigorous stirring. The solution was stirred overnight to
evaporate the dichloromethane. The optically transparent appearance of the reaction mixture
results in the formation of PEGylated PLGA nanoparticles. Following the synthesis of
doxorubicin loaded nanoparticles, the surfactant, and other unreacted molecules were
removed by dialysis against distilled water, using a cellulose membrane with a cutoff size of
12–14 kDa. Following dialysis, the nanoparticles were sterile filtered and stored at 4 °C for
future use. The nanoparticles can be easily lyophilized and stored in powdered form at 4 °C.
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Characterization of PEGylated PLGA nanoparticles
The absorption spectra were collected using Agilent 8453 UV-Vis spectrophotometer over a
wavelength range from 300 to 800 nm. The samples were measured against water as
reference. All samples were used as prepared and loaded into a quartz cell for
measurements. Photoluminescence (PL) studies were carried out using a Fluoromax 4
Spectrofluorometer (Jobin Yvon, NY). All the samples were diluted in water and loaded into
a quartz cell for measurements. TEM images were obtained using a JEOL JEM-1000
microscope operating at 60 kV. Dynamic light scattering (DLS) measurements were done by
using 90Plus zeta sizer (Brookhaven Inc, NY) for measuring the hydrodynamic diameter of
the PLGA nanoparticles by taking a diluted sample in 3 ml cuvette. Zeta potential
measurements were also done using the same instrument. Stability of the nanoparticles was
also tested in different medium by diluting and incubating a specified volume of
nanoparticles in PBS buffer and DMEM cell culture media with 10 % FBS for 24 hrs.
Confocal Microscopy images were obtained using a Zeiss LSM700 confocal microscope
(Carl Zeiss, Europe) with laser excitation at 488 nm. All images were taken under exact
same conditions of laser power, aperture, gain, offset, scanning speed, and scanning area.
The Dox encapsulation efficiency (EE) was calculated as the ratio between the un-
encapsulated Dox over the initial drug amount used for synthesis. For the EE determination,
a fixed volume of as prepared Dox loaded PEGylated PLGA nanoparticles were taken in
Pall’s 100 kDa spin filters (in triplicates) and the samples were centrifuged at 9000 rpm for
30 min at 25 °C. The fluorescence of the flow-through obtained after the centrifuge
containing un-encapsulated Dox was measured with an excitation wavelength 488 nm using
a spectrofluorometer. Dox concentration was calculated from the fluorescence using a
calibration curve established previously.

Drug release Studies
The release of doxorubicin from PEGylated PLGA nanoparticles was investigated using
buffered 1 % tween-80 solution as dissolution media. For the release kinetics studies infinite
sink conditions were maintained by taking 2 ml of as prepared nanoparticles suspension in
dialysis tubing (membrane cutoff size 12–14 kDa) and placing the dialysis tubing in 100 ml
of dissolution media. The solution was gently stirred at room temperature. At predetermined
time points, 3 ml of dissolution media was sampled and the amount of released doxorubicin
was quantified using the standard curve prepared for the free doxorubicin. The standard
curve (r2=0.983) was prepared by measuring the fluorescence emission intensity (λex: 488
nm; λem: 590 nm) of different concentrations of doxorubicin solutions.

Cell staining studies
For in vitro imaging with PEGylated PLGA nanoparticles encapsulating Dox, the human
prostate cancer cell line PC3 and cervical cancer cell line HeLa were cultured in F-12 and
DMEM respectively, with 10% fetal bovine serum (FBS), 1% penicillin, and 1%
amphotericin B. The day before nanoparticles treatment, cells were seeded in 35 mm culture
dishes. On the treatment day, the cells, at a confluency of 70–80 % in serum-supplemented
media, were treated with the nanoparticles at a specific concentration (100 μl/1ml media) for
two hours at 37 °C. The excess of nanoparticles present in the culture plates were washed
using fresh medium prior to confocal imaging.

Cell viability assay
The PC3 and HeLa cells were dispensed into a 96-well flat-bottom microtiter plate (~10,000
cells/well) and allowed to attach overnight using the respective F-12 and DMEM medium
with 10 % FBS. The MTS assay was carried out as per manufacturer’s instructions
(PROMEGA). It is based on the absorbance of formazan (produced by the cleavage of MTS
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by dehydrogenases in living cells), the amount of which is directly proportional to the
number of live cells. In brief, after 24 hrs and 48 hrs treatments with the Dox loaded PLGA
nanoparticles, media was changed and 150 μL of MTS reagent was added to each well. The
absorbance of the mixtures at 490 nm was measured after 4 hrs incubation with the MTS
reagent. The cell viability was calculated as the ratio of the absorbance of the sample well to
that of the control well and expressed as a percentage. Tests were performed in
quadruplicate. Each point represents the mean ±SD (bars) of replicates from one
representative experiment.

Quantitative estimation of nanoparticle accumulation in vitro
To quantitate the amount of drug internalized in the cells, fluorescence spectroscopy and
bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL) were performed whereby the
amount of the doxorubicin in the cell was normalized to the total amount of proteins in the
cell. For estimating the total protein content a BSA standard curve was prepared using the
BCA assay as per manufacturer’s instructions. A standard curve for the doxorubicin was
also prepared by measuring the fluorescence intensity of different concentrations of free
doxorubicin.

For quantitative estimation of drug accumulation in the cells, about 80,000 cells were seeded
in the 6-well plate and were allowed to adhere by incubating the plate overnight. The media
was replaced with 400 μL of nanoparticles (drug content 40 μg/mL) and 400 μL of free
doxorubicin (400 μL diluted with 2 mL of growth medium) and incubated at 37 °C for 6 hrs.
After incubation, cells were washed twice with 1X PBS solution to ensure complete removal
of the non-internalized nanoparticles. About 400 μL of the lysis buffer was added to each
well and the plate was kept on shaker at 4 °C until a white film appeared at the bottom
which indicates complete lysis. The lysate was collected and centrifuged at 13,000 rpm for
10 min at 4 °C. The supernatant layer was collected and evaluated for the total amount of
proteins using the BCA assay kit (Pierce, Rockford, IL). To determine the amount of
doxorubicin, the supernatant was taken and the fluorescence intensity was measured (λex:
470 nm; λem: 590 nm). The amount of total proteins and doxorubicin in the lysate was
determined by extrapolating the readings obtained from the standard curve.

Results and discussion
The nanoprecipitation method employed here yields PLGA nanoparticles with surface
decorated with PEG. The incorporation of phospholipid provides additional stability to the
nanoparticles in the hydrophilic environment. The surfactant used in the single emulsion
method like polyvinyl alcohol renders a high negative charge on the nanoparticles which
when administered systemically is rapidly opsonized by the RES system. During the
emulsion formation the hydrophobic segments of PVA penetrate into the organic phase and
remain entrapped into the polymeric matrix of the nanoparticles which ultimately binds on
the particle surface when the organic solvent was removed from the interface [36–37]. The
presence of PEG not only neutralizes the negative charge but also evades the RES system
due to its stealth properties [38]. Based on the hydrophobic and hydrophilic interactions in
the reaction mixture, scheme 1 represents the structure of PEGylated nanoparticles.

Since the core of the PLGA is hydrophobic we assume the addition of amphiphilic
phospholipid like DPPE-PEG would result in such an alignment that the hydrophobic lipid
part incorporates inside the hydrophobic pockets of the PLGA matrix with hydrophilic PEG
protruding out for interaction with the aqueous environment. Also the presence of PEG on
the surface will embed the excess PVA which remains at the nanoparticles surface. The
surface charge of the PEGylated PLGA as measured by the zeta potential studies was
−14.17±0.54.
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Also, this structure will be more compact and rigid in comparison with the other PLGA
nanoparticle formulation grafted with PEG. Zhang et al have reported a similar lipid-
polymer hybrid nanoparticle where the PLGA core is basically surrounded by an additional
lipid layer followed by further stabilization by PEG [23]. In such a system there is a high
possibility of drug (hydrophobic) partitioning between the hydrophobic core of the PLGA
and the hydrophobic lipid layer. The hydrophobicity of the drug results in the entrapment in
the hydrophobic core of the nanoparticles which we have further confirmed with the
encapsulation of an extremely hydrophobic cyanine dye (Cy7.5 derivative) in the PLGA
nanoparticles (see supporting data). Cy7.5 is extremely hydrophobic and loses fluorescence
in aqueous environment due to self-aggregation but when encapsulated in the PLGA
nanoparticles, the dye remained highly fluorescent. Furthermore, PLGA-PEG block
copolymers show quite different properties when compared to each constituting polymer.
Various kinds of block copolymers have been developed to date and can be classified
according to their block structure as AB (A is hydrophobic monomer, B is hydrophilic and
usually PEG) diblock, ABA, or BAB triblock, multi-block, and graft block copolymers [39–
43]. Moreover, there are very limited commercial vendors supplying block copolymers
consisting of hydrophobic blocks of PLA, PGA, or PLGA and hydrophilic PEG blocks [44].
These block copolymers have unique properties that the individual homopolymers cannot
provide, and are ideal for formulating controlled drug delivery systems and for making
scaffolds for tissue engineering. However, in order to exploit the advantages offered by
these block copolymers, one has to first synthesize them by optimizing several parameters in
the multi-step synthesis process. The synthetic approach used here avoids these cumbersome
synthetic routes for block copolymers synthesis and utilizes a simple versatile method for
making nanoparticles.

Dox encapsulated PEGylated PLGA nanoparticles showed an EE of 94.7±1.4%. The
effective concentration of Dox encapsulated in PLGA nanoparticles was approximately 0.95
mg of Dox per 0.01 g of PLGA polymer. The EE values obtained for these nanoparticles
were higher when compared to the EE of other PLGA based formulations prepared by
precipitation method [45]. Moreover, this hybrid approach resulted in robust structure which
showed a similar EE values previously reported for nanoparticles formulated from DOX–
PLGA conjugate [46]. The partitioning of the drug in the lipid and PLGA part is assumed to
be relatively higher as compared to only PLGA backbone leading to a increase in
encapsulation efficiency. Also, this can also be attributed to the fact that neutralization of the
hydrochloride salt of the Dox with a base, resulted in increased affinity of the neutralized
Dox to the organic phase which reduced the loss of drug in external aqueous phase [46].
PEGylated PLGA nanoparticles we report here have a robust hydrophobic core and the
surface covered by PEG which provides an excellent stability in varied in vitro and in vivo
environment.

Figure 1 shows the nanoparticles characterization data of the PEGylated PLGA
nanoparticles encapsulating doxorubicin. Figure 1a shows the TEM images of Dox
encapsulated PEGylated PLGA nanoparticles, clearly demonstrating a spherical geometry,
with an average diameter around 105 nm. A higher magnification image of the Dox
encapsulated PEGylated PLGA nanoparticles showed a central dark core representing the
hydrophobic phase and a lighter shell as hydrophilic PEG shell (Inset figure 1a). We have
further correlated the size of the nanoparticles by dynamic light scattering (DLS). Figure 1b
shows a particle size distribution with mean size of 110 nm.

Also, the stability of nanoparticles was studied in presence of different media. Two different
nanoparticles formulations both encapsulating Dox: PEGylated and non PEGylated PLGA
nanoparticles were incubated with PBS buffer and DMEM media with 10% serum. As can
be visualized from the figure 2, after 24 hrs of incubation the size of PEGylated PLGA
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nanoparticles remains the same in both buffer and cell culture medium (~100 nm). However,
for the non PEGylated PLGA nanoparticles, the size of nanoparticles increased by 120 nm
when incubated with DMEM which can be attributed to the adsorption of the serum proteins
from the cell culture medium onto the nanoparticles surface. A negatively charged surface
due to PVA, in absence of PEG results in adsorption of positively charged proteins on
nanoparticles resulting in increased size of nanoparticles. The increase in particles size is
because of the binding of the serum proteins to the non PEGylated PLGA nanoparticles.
Upon serum binding the nanoparticles may agglomerate together because of the
hydrophobic-hydrophobic interactions. The fabrication of PEGylated nanoparticles however
prevents the serum proteins binding because of the highly hydrophilic nature of the PEG and
thus minimal aggregation and particles size increase in serum conditions.

It is also worth noting that the size of the ‘as synthesized’ non PEGylated PLGA
nanoparticles (synthesized by keeping all the parameters same as for PEGylated PLGA
nanoparticles but without adding the DDPE-PEG) was much higher than the PEGylated
PLGA nanoparticles which clearly suggested that DPPE-PEG played a critical role not only
in stabilizing the nanoparticles but also imparted more compactness as well as higher
robustness. Also, from the figure 2, it can be concluded that the presence of PEG on the
nanoparticles surface provide higher stability by preventing the adsorption of serum proteins
on the nanoparticles. This observation provides an indication that these PEGylated PLGA
nanoparticles will provide a higher degree of stability in systemic circulation in vivo and
thus will provide a longer circulation of the nanoparticles without being cleared out by the
macrophages.

Release Kinetics Studies
The release of the encapsulated Dox from the PLGA nanoparticles was studied by
fluorescence spectroscopic measurements. Figure 4 presents the release kinetic profile of the
encapsulated Dox from the PEGylated PLGA nanoparticles. The results showed a sustained
release of the Dox from the nanoparticles over a period of 10 days. Almost 80 % of the
cumulative drug release was observed from the nanoparticles in 10 days. A burst release
typically observed during initial stages is notably absent with these nanoparticles. The
release of the drug from the drug can be modulated, if needed, by changing the molecular
weight of the PEG as well as by using a higher molecular weight PLGA in the nanoparticles
synthesis which imparts higher diffusional constraint as well robustness to the nanoparticle
structure and thus slowing down the release of the encapsulated drug. The rate of release of
Dox from the PLGA nanoparticles follows the same qualitative as well as quantitative
pattern as reported earlier for other PEGylated PLGA nanoparticles formulations via the
diffusion of the drug in the polymer matrix and by degradation of the polymer matrix [48].
The presence of PEG on the nanoparticles surface makes them long circulating in the blood
in vivo and the uptake of the nanoparticles is determined by the half-life of the nanoparticles
in systemic circulations via the well-known EPR (enhanced permeability and retentivity)
effect.

In vitro cellular uptake studies
Following the release kinetic studies, we have done the in vitro imaging studies with the
Dox loaded nanoparticles to visualize the accumulation of the nanoparticles in PC3 as well
as HeLa cell line. The two different cell lines were used to see if there is any unusual
behaviour of uptake pattern is observed with different cell lines. Figure 5 shows the confocal
fluorescence images of the PC 3 and HeLa cell lines treated with Dox encapsulated
nanoparticles incubated for 2 hrs and 24 hrs. Also, we have done a comparative study to
show the uptake behaviour of the molecular Dox in both the cell lines. Both the cell lines
had shown a robust uptake of the nanoparticles as can be visualized by the strong cellular
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staining outside the nucleus in the ER region. As molecular Dox is known to accumulate
into the nucleus of cells, the contrasting uptake pattern for the nanoparticulate formulation
suggests the in vitro stability and uptake of the intact nanoparticles into the cells without
undergoing degradation in the media. It is worth mentioning here that we had observed a
slight toxicity after the incubation period which can be attributed to the Dox cytotoxicity
which was released from the nanoparticles.

In vitro cytotoxicity assays
To estimate the efficacy of the encapsulated Dox, we investigated the standard MTS assay
with two different cell lines which have different response to the Dox (PC3 cell line is
known for Dox resistance). Figure 6 shows a comparative cytotoxicity data for the Dox
encapsulated PLGA nanoparticles and blank PLGA nanoparticles in PC3 and HeLa cell
lines. The cytotoxicity of Dox released from PLGA nanoparticles was comparable to that of
free molecular Dox. The concentrations of Dox in nanoparticles were calculated from the
drug loading adjusted by the encapsulation efficiency. The relative IC50 value (1.8 μg/ml
for PLGA nanoparticles) of doxorubicin from each formulation suggested that the activity of
drug encapsulated in nanoparticles was not affected by the encapsulation inside the
nanoparticles.

Blank nanoparticles without Dox were also evaluated for any inherent toxicity due to the
polymeric nanoparticles. A same volume of blank nanoparticles as Dox-PLGA nanoparticles
containing approximately the same number of nanoparticles were added to the cells. Blank
PLGA nanoparticles did not showed any considerable cytotoxicity effects as compared to
the Dox-PLGA nanoparticles. The higher cytotoxicity of the Dox-PLGA nanoparticles can
be attributed to the fact that: (a) the amount of Dox uptake is higher in case of nanoparticles
and (b) the reduced efflux of the drug in nanoparticulate form as compared to the free Dox.
At lower concentrations even in nanoparticulate form, the released drug from the
nanoparticles might be lower and thus the cytotoxicity is comparable with the free Dox
whereas at higher nanoparticles concentration the released drug inside the cells will be much
higher as compared to free Dox uptake leading to higher cytotoxic effect. No apparent
toxicity from the blank PLGA nanoparticles suggests a slow and sustained release of the
Dox from the non-cytotoxic Dox-PLGA nanoparticles.

Quantitative retention studies in vitro
For quantitative estimation of the Dox accumulated within the PC3 cells, when free Dox or
Dox-PLGA nanoparticles were added to the cells, the concentration of the Dox present in
the cells was calculated by measuring the fluorescence of Dox from the lysed cells and
expressed as Dox concentration per mg of protein from the cells. The protein concentration
was calculated from BCA assay. Figure 7 shows the differential accumulation of the Dox
when used in free form and nanoparticulate form. The differential uptake of the free Dox
and nanoparticulate Dox can also be correlated with the results observed in the cytotoxicity
assays. This data clearly suggests that the PLGA Dox nanoparticles formulation enhances
the delivery of the drug inside the cells. The results in the figure shows that Dox
accumulated in the cells at a higher rate when formulated in nanoparticulate form. PC 3 cells
are known to overexpress Pgp in presence of molecular Dox, which results in the efflux of
the molecular Dox from the cytoplasm to outside the plasma membrane lowering the
effective drug concentration within the cells [49]. However, from the quantitative estimation
it is quite clear that PLGA nanoparticles encapsulating the Dox enter the cells very
efficiently by a combination of simple diffusion and phagocytosis. Once inside the cells Dox
loaded nanoparticles cannot be easily removed by the Pgp efflux and serves as intracellular
drug depot which releases the Dox in a sustained manner from the nanoparticles and leads to
a chronic suppression of the drug resistant cancer cells. Confocal imaging of the cells treated

Kumar et al. Page 8

Drug Deliv Transl Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with Dox-PLGA nanoparticles also confirms the presence of nanoparticles in the cytoplasm
of the cells. As can be visualized from the figure, the uptake of drug when encapsulated in
PLGA nanoparticles is 22 times higher than drug administered in free form.

The total accumulated drug 0.549 μg/mg of protein in case of free Dox as opposed to the
11.648 μg/mg in Dox-PLGA clearly depicts that it is more difficult to remove for Pgp to
remove the Dox molecules from the cells when these molecules are encapsulated inside
nanoparticles. Wong et al have reported this as the principal mechanism responsible for
enhanced cellular drug retention and uptake [50]. They also reported that this mechanism is
applicable for a variety of Pgp substrates encapsulated in nanoparticulate form. It has been
hypothesized that the MDR reversal activities depends on the type of drug carrier and vary
with different nanoparticles. The most favoured mechanism involves the inhibition of Pgp
by the polymers used for synthesizing drug loaded nanoparticles and increased endocytosis
of the drug loaded nanoparticles [51–53]. The exact mechanism of interaction between the
nanoparticles and the Pgp requires further investigation.

Conclusions
We have demonstrated a one pot synthesis of a robust PEGylated PLGA nanoparticle
formulation encapsulating doxorubicin using a simple nanoprecipitation method. The
synthesized nanoparticles showed a uniform size distribution and a sustained release of the
encapsulated drug over a period of 10 days. The cytotoxicity studies with the nanoparticles
showed efficient cell growth suppression in both HeLa and PC3 cell lines. The in vitro
confocal imaging supplemented the cytotoxicity assays. The cellular retention studies with
PC3 cell line showed enhanced cellular uptake of PLGA-Dox nanoparticles as opposed to
free Dox. The sustained release of the doxorubicin from the PEGylated nanoparticles
formulated with the clinical accepted PLGA polymer offers tremendous potential in
delivering the drugs efficiently to different disease models like prostate, pancreatic, breast
and cervical cancer models.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Showing the basic characterization of the PEGylated PLGA nanoparticles encapsulating
doxorubicin: Nanoparticles morphology and size measurement by (a) representative TEM
image, Inset: high magnification image of individual nanoparticles, (b) distribution profile as
measured by DLS.
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Figure 2.
Size distribution of different PLGA nanoparticles formulations in various environments as
measured by Dynamic Light Scattering (DLS). Same volume of nanoparticles was incubated
with different solvent medium for 24 hrs.
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Figure 3.
Photophysical characterization by (a) Absorption spectrum, (b) fluorescence emission
spectrum of the doxorubicin in free as well as encapsulated form inside the nanoparticles.
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Figure 4.
Release kinetics study of doxorubicin from PEGylated PLGA nanoparticles. The robust
nanoparticles platform showed a slow and sustained release of the drug over a period of 10
days.
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Figure 5.
Confocal fluorescence images HeLa and PC3 cell lines showing a marked difference in
pattern of uptake in the cells treated with free doxorubicin and doxorubicin loaded PLGA
nanoparticles. Images were acquired after 2 and 24 h incubation of nanoparticles
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Figure 6.
Cell viability assay (MTS assay) with Dox-PLGA nanoparticles and blank PLGA
nanoparticles to show the inherent therapeutic efficacy of the Dox from the nanoparticles.
The assay was done with HeLa and PC3 cell lines after 24h incubation time with both
nanoparticle formulations.
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Figure 7.
Cellular retention of doxorubicin in PC3 cell lines showing a comparison of differential and
enhanced accumulation of dox when formulated in nanoparticluate form.

Kumar et al. Page 19

Drug Deliv Transl Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Schematic presentation of the synthetic strategy showing the final structure of the
PEGylated PLGA nanoparticles encapsulating Dox.
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