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ABSTRACT
Purpose To investigate the effects of the particle size and
surface coating on the cellular uptake of the polymeric
nanoparticles for drug delivery across the physiological drug
barrier with emphasis on the gastrointestinal (GI) barrier for
oral chemotherapy and the blood–brain barrier (BBB) for
imaging and therapy of brain cancer.
Methods Various sizes of commercial fluorescent polystyrene
nanoparticles (PS NPs) (viz 20 50, 100, 200 and 500 nm) were
modified with the d-α-tocopheryl polyethylene glycol 1,000 succi-
nate (vitamin E TPGS or TPGS). The size, surface charge and
surface morphology of PS NPs before and after TPGS modification
were characterized. The Caco-2 and MDCK cells were employed
as an in vitro model of the GI barrier for oral and the BBB for drug
delivery into the central nerve system respectively. The distribution
of fluorescent NPs after i.v. administration to rats was analyzed by
the high performance liquid chromatography (HPLC).
Results The in vitro investigation showed enhanced cellular uptake
efficiency for PSNPs in both of Caco-2 andMDCK cells after TPGS
surface coating. In vivo investigation showed that the particle size
and surface coating are the two parameters which can dramatically
influence the NPs biodistribution after intravenous administration.
The TPGS coatedNPs of smaller size (< 200 nm) can escape from
recognition by the reticuloendothelial system (RES) and thus pro-
long the half-life of the NPs in the blood system.
Conclusions TPGS-coated PSNPs of 100 and 200 nm sizes have
potential to deliver the drug across the GI barrier and the BBB.

KEY WORDS biodegradable polymers: blood–brain barrier
(BBB) . chemotherapeutic engineering . gastrointestinal barrier
(GI barrier) . pharmaceutical nanotechnology

INTRODUCTION

In recent decades the application of nanoparticles (NPs) for
medicine and more specifically for drug delivery has increased
rapidly. TheNPs of a range ofmaterials such as polymers, lipids
and inorganic etc. are undergoing investigations especially for
cancer therapy (1–4). They are colloidal-sized particles, having
the size in the range between 1 to 1,000 nm, and drug may be
either encapsulated inside the nanoparticles or attached to their
surface. The drug encapsulated NPs offer various advantages
such as delivery of drug in the optimum dosage range i.e.
increase therapeutic efficacy of the drug, reduce adverse effects
and improve patient compliance. In addition, NPs suspension
can also be injected directly into the systemic circulation with-
out possible embolism (5–7). It is clear that the size and surface
properties of the NPs are playing a major role in determining
the in vivo fate of the particles. The opsonization and subsequent
recognition by the macrophages are strongly correlated with
the size as well as surface functionality of the particle (8).

The various barriers present in the body like gastrointestinal
barrier (GI) for oral chemotherapy and blood brain barrier
(BBB) for drug delivery into the central nerve system. Several
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mechanisms have been found in governing the transportation of
NPs across these barriers, which include paracellular passage
(size < 50 nm)—particles “kneading” between epithelial cells,
endocytosis uptake (size < 500 nm)—particles absorbed by
entrecotes through endocytosis and the lymphatic uptake (size
< 5,000 nm)—particles adsorbed by the M cells of the Peyer’s
patches (9). Generally, the drug carrying nanoparticles are
either administrated orally or intravenously. In case of oral
administration, it has been reported that polymeric nanopar-
ticles less than 500 nm can cross the M cells in the Peyer’s
patches of the intestine and easily taken up by the lymphatic
system thus overcome the presystemic hepatic metabolism and
enhance the bioavailability of the drug (10–12). However, in
case of i.v. administration, it has been demonstrated that par-
ticles larger than 200 nm size can activate the human comple-
ment systems, thus beingmost likely cleared by theKupffer cells.
The particles under 200 nm in diameter display decreased rate
of clearance and thus attain an extended circulation time as
compared with those of a larger diameter. This phenomenon
may be explained by the fact that smaller particles display a
surface with a small radius of curvature preventing the efficient
binding of opsonins (13). However, it has also been reported
that drug encapsulated magnetic nanoparticles having size less
than 100 nm were cleared by rapid reticuloendotheial system
(RES) (14). Thus the clearance of themajority of particles makes
it difficult to direct significant amount of nanoparticles to a
desired target. Nevertheless, the circulation time of the NPs of
a designated size can be greatly increased by surface modifica-
tion either by hydrophilic or amphiphilic surface modifiers (14).
The circulation time of NPs can also be further prolonged by
the reduced renal excretion due to their appropriate particle
size which prevents glomerular filtration. Furthermore, the
polymeric nanoparticles with size less than 200 nm have an
increased blood circulation and thus they show the better tar-
geting effect especially to brain (15). Lockman et. al proposed
that the thiamine ligand attached polymeric NPs having size less
than 100 nm could be used to overcome BBB (15). It has been
also demonstrated that polysorbate 80-coated polybutylcyanoa-
crylate nanoparticles could be used to overcome BBB especially
for those of diameter below 100 nm. For the successful delivery
of any drug to its targeted site, various factors such as its size,
biocompatibility, target specific affinity, stability in blood and
controlled drug release are needed to be considered during the
synthesis of the nanoparticles.

The objective of the present study is to investigate the effects
of particle size of polymeric nanoparticles of a designated
surface modification for drug delivery across the physiological
drug barriers with emphasis on the gastrointestinal (GI) barrier
and the blood–brain barrier (BBB). The surface modification
was carried out especially with TPGS, due to its great advan-
tages in nanomedicine like the high water solubility, emulsifi-
cation efficiency and excellent cellular adhesion (16–20). The
polystyrene NPs of the various designated standard sizes viz 25,

50, 100, 200 500 nmwere chosen as themodel samples because
of their uniform size distribution, ease of detection, purity (lack
of contamination), size relevance to the field of nanotechnology
and commercial availability (17,21–23). The size and size dis-
tribution, surface morphology and surface charge of PS NPs
before and after TPGS coating were characterized using laser
light scatterings (LLS), field emission scanning electron micros-
copy (FESEM) and zeta potential measurements respectively.
TheCaco-2 cell line was employed as an in vitromodel of theGI
barrier for oral drug delivery. TheMadin-Darby canine kidney
(MDCK) cells were used as an in vitromodel of the BBB due to
the tight junctions formed in the cell culture and the over
expression of the P-glycoprotein, the multi-drug efflux pump
proteins, in their cellular membrane. They also exhibit similar
morphological and antigenic cell markers found in cerebral
endothelial cells and can achieve a reproducible transendothe-
lial electrical resistance along with the permeability to sucrose of
less than or equal to 0.5×10−6 cm/s, close to the in vivo situation
(24–27). The cellular uptake efficiency was measured by the
fluorescence microplate reader. The distribution of fluorescent
NPs in the various organs was analyzed by the high perfor-
mance liquid chromatography (HPLC).

MATERIALS AND METHODS

Materials

Fluorescent dye encapsulated polystyrene (PS) nanoparticles
(1% fluorescent label) were purchased from Duke Scientific
(CA, USA). In general, fluorescent loaded polymer nanopar-
ticles were prepared by a single-emulsion method. In brief,
100 mg of polymer precursor and 0.5 mg (0.25% w/w of
polymer) of fluorescent maker was dissolved in 2 ml EA. The
polymer/solvent mixture was then added drop-wise to emul-
sifier solution (0.2%) while vortexing at high setting for 30–
40 s. Subsequently, the solution was sonicated for 30–40 s, to
create an oil-in-water emulsion and poured into 100 ml water
under rapid stirring conditions, followed by stirring for 14–
16 h to evaporate the organic solvent. The NPs were collected
by centrifugation and washed three to four times with water
(Mili-Q) to remove the excess of emulsifier (25). Vitamin E
TPGS was obtained from Eastman (TN, USA). Phosphate
buffered saline (PBS), Hank’s balanced salt solution (HBSS),
penicillin streptomycin solution; Trypsin-EDTA solution and
Triton® X-100 were purchased from Sigma. The solvents
ethyl acetate (EA, analytical grade), dichloromethane and
acetonitrile were purchased from Merck (Stadt, Germany).
Fetal bovine serum (FBS) was received from Gibco (Life
Technologies, AG, Switzerland). Madin-Darby canine kidney
(MDCK) epithelial cell line (CCL-34, passages 58–70), Caco-
2 and Eagle’s minimum essential medium (EMEM) were
purchased from American Type Culture Collection (ATCC,
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USA). Ultrapure water (Millipore, Bedford, MA, USA) was
used throughout the experiment. All chemicals were used as
received without further purifications.

Preparation of TPGS Coated PS NPs (PS-TPGS)

Surface of fluorescent polystyrene NPs Duke Scientific (CA,
USA) of various standard sizes were modified by TPGS.
One mg/ml NPs suspension was added in 0.5% of TPGS in
PBS and incubated for overnight at 37°C. The nanopar-
ticles were collected via centrifugation (5810R, Eppendorf,
11,000 rpm, 30 min, 4°C), washed with Millipore water to
remove excessive TPGS attached onto the NPs. Thus
obtained NPs were freeze dried for storage and their sus-
pension was used for the animal experiments.

Nanoparticles Characterization

Particle Size, Polydispersity, Zeta Potential and Surface
Morphology

Size, polydispersity and zeta potential of PS NPs with and
without TPGS coating were measured by photon correla-
tion spectroscopy (PCS) using Zetasizer (Nano ZS, Malvern
Instruments, Malvern, UK). The value was recorded as an
average of three measurements. The samples were analyzed
after dilution with deionized water to a count rate of 100–
300 kcp.

Surface Morphology

The shape and surface morphology of NPs were investigat-
ed by field emission scanning electron microscopy (FESEM,
JSM-6700F, JEOL, Japan). For FESEM, the samples were
fixed on the stub with a double-sided sticky tape and then
coated with platinum layer, which was carried out by an
auto fine coater (JEOL, Tokyo, Japan) for 30’s.

In Vitro Release Study

In vitro release of fluorescent marker from PS NPs with and
without TPGS coating was carried out in 1 mM PBS (pH
7.4) at 37°C using dialysis bag diffusion technique. The
0.1 mg/ml NPs suspension (in PBS, pH 7.4) was filled in a
dialysis bag (MW cutoff: 1000) and incubated in 10 ml of
PBS solution in an orbital shaker at a constant gentle shak-
ing of 100 rpm at 37°C. The incubated suspension was
collected at designated time intervals and equal volume of
fresh PBS was compensated. Samples were lyophilized and
then reconstituted in 2 ml ethyl acetate. The amount of
fluorescence in each of the release samples was analyzed
by HPLC. All the samples were carefully protected from
light throughout the experimental procedure

Cell Uptake of NPs

The cellular uptake efficiency of the fluorescent PS NPs with
and without TPGS coating was assessed by using the Caco-2
cells as an in vitro model of the GI barrier for oral drug
delivery and the MDCK as an in vitro model of the BBB.
The Caco-2 and MDCK cells were cultured in MEM and
EMEM medium respectively. The medium was replenished
every alternate until confluence was achieved. The cells
were then washed with PBS and harvested with 0.1%
Trypsin–EDTA solution.

For quantitative cellular uptake study, Caco-2 and
MDCK cells were seeded into 96-well black plates (Costar,
IL, USA) at 1×103 cells/well (0.1 ml), and after the cells
reached 80% confluence, the medium was changed to the
suspension of the fluorescent PS NPs with and without
TPGS coating at 100 μg/ml NPs concentration in the
various designated time period of 0.5 h, 1 h, 2 h and 4 h.
The cellular uptake analysis was also carried out after 2 h
incubations with standard fluorescent PS NPs of sizes 25, 50,
100, 200 and 500 nm with and without TPGS coating at
NPs concentration 100 μg/ml at 37°C. Data represents
mean ± SD, n06. After incubation in a designated time
period, the NP suspension in the testing wells was removed
and the wells were washed with 0.1 ml PBS three times.
Subsequently, 50 μl of 0.5% Triton X-100 (in 0.2 N NaOH)
solutions was added into all wells to lyse the cells. Microplate
reader (Genios, Tecan, Switzerland) was used to measure
the fluorescence intensity from the NPs in the desired wells
with excitation wavelength at 468 nm and emission wave-
length at 508 nm. The cellular uptake efficiency was
expressed as the percentage of the fluorescence of the testing
wells over that of the positive control wells as follows

Iobs � INC
IPC � INC

� 100%

where Iobs is the observed fluorescence intensity; IPC is the
fluorescence intensity of positive control, and INC is the
fluorescence intensity of negative control.

For the qualitative uptake study, Caco-2 and MDCK cells
were seeded in the 4-well covered glass chamber (LAB-TEK,
Nagle Nunc, IL) till 70% confluence. The fluorescent NPs
dispersed in the cell culture medium at concentration of
100 μg/ml were added into the wells. Cells were washed three
times after incubation for 2 h and then fixed by 70% ethanol
for 20 min. The cells were further washed thrice by PBS and
the nuclei were then counter stained by propidium iodide (PI)
for 45 min. The fixed cell monolayer was finally washed thrice
by PBS and observed by confocal laser scanning microscope
(Nikon, Zeiss LSM 510, Germany CLSM). Two different
control experiments were used to study the cellular uptake
efficiency: the fluorescent dye released from the NPs under in
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vitro conditions and the free standard fluorescent dye (couma-
rin-6). The latter was found to have a negligible solubility in
water (2×10−8) and hence difficult to be used as a ‘control’ in
the in vitro experiments”.

In Vivo Study

The animal experiment protocols were approved by the
Institutional Animal Care and Use Committees (IACUC),
Office of Life Science, National University of Singapore. In vivo
measurements were carried out with male Sprague–Dawley
rats of 100–150 g and 4–6 weeks old, which were supplied by
the Laboratory Animals Centre of Singapore and were main-
tained at the Animal Holding Unit of National University of
Singapore. The animals were held in air-conditioned facility,
provided with standard food and filtered water. The NPs were
diluted in normal saline containing 0.9% w/v NaCl to obtain
an estimated injection volume of 1–1.5 ml. Animals were
randomly assigned to ten groups with each of three rats, which
received via the tail vein an intravenous injection of the fluo-
rescent PS NPs suspension at 15 mg/kg body weight. All
animals were observed for mortality, general condition and
potential clinical signs. After 3 h of the intravenous injection,
animals in each group were anaesthetized and the blood was
cleared with the circulation by transcardiac perfusion with
approximately 200 ml ringer’s solution until the blood flowing
become faint pink in color. Subsequently the tissues namely
heart, kidney, liver, stomach, intestine, spleen, lungs and brain
were collected and stored at −80°C prior to analysis. The
tissues were freeze-dried, weighed and homogenized. After
that, 30 mg organ for each was mixed with 300 μl PBS,
followed by extraction with ethyl acetate. Upon centrifugation
at 11,000 rpm for 25min, the organic layer was transferred to a
glass tube and evaporated under nitrogen at room temperature
overnight. The residue was dissolved in 100 μl of the HPLC
mobile phase (acetonitrile/water 60:40 (v/v)) by vortex fol-
lowed by centrifuged and subsequently transferred to auto
sampler vials containing limited-volume inserts (90 μl).
Plasma samples were harvested by centrifugation at 1,500 for
10 min and stored at −80°C until analysis. Liquid–liquid
extraction was performed prior to the HPLC analysis. Briefly,
the plasma (500 μl) was mixed with 100 μl of 10 mM
phosphate-buffered saline (pH 7.8). The fluorescence was
extracted by ethyl acetate on a vortex-mixer for 90 s. For the
HPLC analysis, the C-18 column was used and the mobile
phase was delivered at a rate of 1.3 ml/min. Sample (20 μl) was
injected and the column effluent was detected with a fluores-
cence detector (λex 468 nm, λem 508 nm). The fluorescence
intensity was then calibrated with the standard calibration
curves. Standard calibration curves were prepared as follows.
Excess tetrahydrofuran (2 ml) was added to standard NP
suspensions (25, 50, 100, 200 and 500 nm, 1 ml each) until
clear solutions were obtained. The mixtures were allowed to

evaporate to dryness. To ensure all the fluorescent labels were
released, another excessive amount of dichloromethane was
added to form clear solutions and allowed to evaporate until
dryness. Acetonitrile (1.0 ml) was then added to these residuals
and vortex dissolved. The acetonitrile solutions were then
analyzed using HPLC with a fluorescence detector. The brain
tissue sample for fluorescence microscopy imaging was pre-
pared as per the procedure described in detailed in our earlier
studies (25).

Statistical Analysis

Results were given as mean ± standard deviation (S.D). Mean
values of nanoparticles size and total fluorescence content
were compared using the Student’s t-test. Differences are con-
sidered significant at a level of P<0.05.

RESULTS

Particle Size, Polydispersity Zeta Potential Analysis

The standard PS NPs used in the present work had uniform
size of quite small polydispersity (Table I and Fig. 1). It can
be seen from Table I that (1) the size of the fluorescent PS
NPs was not significantly differing from their standard size;
(2) the low polydispersity index clearly exhibits the mono-
dispersed nature of the PS NPs; (3) the TPGS coating
slightly increased both, the size and the polydispersity of
the NPs; and (4) the high absolute value of the zeta potential
implies the high stability of the NPs suspension. The mean
diameter of the NPs was found to be increased after TPGS
coating confirms the successful surface modification.

Morphology Study

The FESSM images of the fluorescent PS NPs of the various
standard size further confirms that the NPs were monodis-
persed in nature (Fig. 1). Although the size of the PS NPs
was observed to be slightly increased after TPGS coating,
insignificant change in morphology was observed in the
FESEM. The images were not included due to brevity.

In-Vitro Release

The in vitro release study of fluorescence PS and PS-TPGS NPs
formulations were carried out to confirm that the fluorescence
signal obtained during in-vitro as well as in-vivo analysis was
mainly due to the uptake of NPs, instead of release fluorescence
from the NPs in the medium. It was observed that fluorescence
release for all types of the PSNPs was less than 3%after 4 h and
less than 8% after 24 h. The data was not shown since it was
insignificant and thus could be ignored.
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Cellular Uptake

Effect of Particle Size

Figure 2 shows the cellular uptake efficiency of Caco-2
(a) and MDCK cells (b) after 2 h incubation with bare
and TPGS coated PS NPs of different sizes at 37°C. It
was clearly seen for the cellular uptake data that the PS
NPs of sizes less than 200 nm were taken up by cells.
The higher cellular uptake efficiency of Caco-2 cells was
observed for the 100 nm size NPs as compared to other
sizes (Fig. 2a). However, only small amount of PS NPs
of 500 nm size was taken up by the cells. The uptake

efficiency for all sizes of PS NPs was found to be
increased after TPGS coating. Negligible cellular uptake
efficiency was observed for the cells incubated with the
fluorescent dye released from the NPs under in vitro
conditions (data not shown).

Effect of Surface Coating, Incubation Time, and Temperature

It can be seen from Fig. 3 that a longer incubation time
potentially leads to higher cellular uptake efficiency (up to
4 h). A significant rise in cellular uptake efficiency, (i.e. from
6.1% (1 h), 14.2% (2 h) to 15.33% (4 h)) was observed for
the TPGS coated PS NPs.

Table I Particle Size, Polydispersity and Zeta Potential of Polystyrene Nanoparticles Before and After TPGS Coating

Std. PS NP size (nm) Measured PS NP size (nm)
(mean ± S.Da) and PI

Zeta potential (mV)
(mean ± SDa)

Size of PS NPs after TPGS coating
(nm) (mean ± SDa) and PI

Zeta potential after TPGS
coating (mV) (mean ± SDa)

25 28.50±1.86 (0.134) −39.3±2.1 33.11±0.62 (0.138) −27.3±2.1

50 52.13±1.10 (0.075) −48.4±3.2 65.76±1.18 (0.157) −32.7±2.5

100 104.25±0.07 (0.038) −47.6±1.8 113.40±1.13 (0.090) −30.2±3.2

200 210.40±5.09 (0.023) −46.4±2.4 222.00±0.14 (0.015) −26.7±1.9

500 557.12±0.07 (0.105) −40.4±1.5 580.13±1.13 (0.193) −25.5±2.3

PS polystyrene

S.D standard deviation

PI Polydispersity Index
a n03

Fig. 1 Field emission scanning electron microscopic (FESEM) images of standard polystyrene nanoparticles of 25, 50, 100, 200 and 500 nm diameter in
nominal sizes.
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Confocal microscopic images of the Caco-2 (a) and
MDCK (b) cells were recorded after incubation with the
different sized PS-TPGS NPs to support the quantitative
nanoparticles uptake measurements described in the previ-
ous section (Fig. 4). The images were recorded by keeping the
parameters such as sensitivity, gain, offset, and the laser power
constant throughout the imaging process in order to compare
the fluorescence intensity of the cells treated with various for-
mations. The nucleus stained by propidium iodide (PI) was
surrounded by green fluorescence clearly represent that
TPGS coated NPs were internalized in the cytoplasm. In
Fig. 4a, it can be clearly noticed that the fluorescence intensity
in the cytoplasm of the cells incubated with 100 nm (column C)
and 200 nm (column D) sized fluorescent PS-TPGS NPs were
brighter than other cases. Interestingly, the MDCK cells incu-
bated with the 25 (column A), 50 (column B) and 100 (column
C) nm size PS-TPGS NPs exhibit a thicker layer of green
fluorescence in the cytoplasm (Fig. 4b) as compared to the
200 (column D) and 500 (column E) PS-TPGS NPs. The
Caco-2 and MDCK cell images taken after incubation with
the various sizes bare PS NPs were not shown due to brevity.

In Vivo Analysis

Figure 5 shows the biodistribution among the various rat’s
organs (such as liver, spleen, lungs, kidney, heart, brain, intes-
tine, stomach and blood) after 3 h of the intravenous injection of
the various sized bare and TPGS coated fluorescent PS NPs
suspension. It was observed that the TPGS surface coating
had significant influence on the biodistribution of the PS NPs.

It can be observed that (1) in general, higher concentration of
fluorescence was seen in the liver and spleen tissues in com-
parison with the other organs; (2) the observed trends of the
bare PS NPs distribution in the liver and spleen in accordance
with NP sizes were 50 nm>200 nm>500 nm>100 nm>
25 nm and 500 nm>50 nm>200 nm>100 nm>25 nm
NPs respectively; (3) no distinction in the trend with respect
to the NPs size was observed for distribution in the liver as well
as in spleen. Nevertheless, significant decrease in NPs distribu-
tion in the liver and spleen was found for all sizes of NPs after
TPGS coating (P<0.05). The amount of fluorescence associ-
ated with the blood plasma was seen to be increased with the
PS-TPGS NPs in comparison with the bare PS NPs of the
same particle size. For example, the concentration of the
fluorescence associated with the PS-TPGS NPs was increased
by a factor 8.8 and 4.1 in comparison with the nude PSNPs of
the same 50 and 100 nm size, respectively. The distribution of
the NPs in the lungs was found to be deceased after coating
with TPGS. The higher distribution of the 500 nm nude PS
NPs was found in the kidney. While, for PS-TPGS NPs, the
distribution for all sized NPs in these organs for NPs excretion
was found to be decreased and no prominent difference was
observed among the PS-TPGS NPs of the various sizes.
Similarly, in the heart, insignificant variation in the fluorescent
concentration with respect to particle size was observed for the
nude PS NPs, in contrast, the distribution of PS-TPGS NPs in
the heart was observed to be increased.

Figure 6 illustrates the amount of the various NPs in the
brain tissues after 3 h intravenous injection of the PS NPs
suspension before and after TPGS coating. Interestingly, the

Fig. 3 The Caco-2 (a) and
MDCK (b) cell uptake efficiency
measurement after 0.5, 1, 2
and 4 h incubation with
fluorescent PS nanoparticles of
100 nm diameter with and
without TPGS surface coating
at 37°C. NPs concentration
100 μg/ml. Data represents
mean ± SD, n06.

Fig. 2 Cellular uptake efficiency
measurements of (a) Caco-2
and (b) MDCK cells after 2 h
incubations with standard fluores-
cent polystyrene NPs of different
sizes with and without TPGS
coating at 37°C. NPs concentra-
tion: 100 μg/ml. Data represents
mean ± SD, n06.
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observed trend of NPs distribution in the brain tissues was in
the order of NPs size as 25>50>100>500>200 nm. The
amount of the NPs across the BBB was further increased by
the TPGS surface coating. Compared with the PS NPs, the
PS-TPGS NPs were found about 2.4-, 1,7-, 1.4-, 1.1-, and
1.1- fold more in the brain tissues for these NPs of 25, 50,
100, 200 and 500 nm in diameter respectively.

It should be pointed out that the in vivo study is based on
organs and thus much more complicated than the in vitro
study based on cells. It is hardly to expect any direct corre-
lation between them.

DISCUSSION

Commercially available fluorescent polystyrene (PS) NPs of
the various designated standard sizes were used as model
nanoparticles because of their uniform size distribution. The

zeta potential was shifted towards more positive direction after
surface coating. It may be due to positive charge of the
adsorbed surface layer which was probably masking the sur-
face charge of the NPs and force shear plane further away
from surface of the NPs hence reducing the zeta potential
relative to Stern potential (28). The TPGS was coated on the
NPs surface by physical adsorption, which is a simple ap-
proach that provides stability to the NPs suspension as well
as sustains their bioactivity. The higher cellular uptake effi-
ciency was observed for the 100 nm size particles as compared
to other sizes (Fig. 2). The size of the NPs plays a key role in
their adhesion to and interaction with the biological cells and
particles of 100–200 nm size can be best internalized by
receptor-mediate endocytosis, while larger particles have to
be taken up by phagocytosis (29–31). Also if the nanoparticles
are too small, their surface energy would not be enough for
the needed bending energy in the endocytosis process.
Moreover, too small nanoparticles would result into small

Fig. 4 Confocal laser scanning
microscopy (CLSM) images of
Caco-2 (a) and MDCK (b) cells
after 2 h incubation with the
fluorescent TPGS coated PS NPs.
NPs concentration of 100 μg/ml.
Column A, B, C, D and E are for
the 25, 50, 100, 200 and 500 nm
sized PS-TPGS NPs formulations
respectively. Row 1: FITC
channels showing the green
fluorescence from PS NPs dis-
tributed in cytoplasm. Row 2: PI
channels showing the red
fluorescence from propidium
iodide stained nuclei. Row3:
Merged channels of FITC and PI.
Scale bar 0 40 μm.
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encapsulation efficiency and too fast drug release and there-
fore would not be preferred. It should be pointed out that the
control experiments performed by incubating cells with

medium of the fluorescent released from the NPs did not show
any significant uptake (data not shown). Caco-2 cells showed
remarkable cellular uptake efficiency in comparison with
MDCK cells, suggesting thatMDCK cells weremore selective
to foreign particles, akin to the BBB. A significant rise in
cellular uptake efficiency was observed after 4 h (Fig. 3a)
clearly suggests that the cells were saturated by the NPs after
2 h and any extensions in incubation time would not have lead
to higher cellular uptake efficiency. This also supports the
claim by Desai (31). The same observation was made in case
of MDCK cells. An optimal NP size can be obtained to attain
best effect in cellular uptake and surface coating can show
further enhancement (17). The enhancement in cellular up-
take efficiency after surface coating with TPGS was mainly
attributed to the inhibition of P-gp mediated transport as well
as increase in the absorption by enhancing solubility and
permeability due to hydrophilic nature of TPGS.

The fluorescence intensity in the cytoplasm of the cells
incubated with 100 nm sized fluorescent PS-TPGS NPs
(column c) and 200 nm size (column d) PS-TPGS NPs were
brighter than other cases. Thus the obtained results were
also in good agreement with the qualitative measurements.

The in-vivo analysis of various sized bare and TPGS coat-
ed fluorescent PS NP clearly indicates the significant en-
hancement in the NPs distribution in the brain tissues after
TPGS coating especially for the particles having size below
100 nm (Figs. 5 and 6).

It is well-known that the biological fate of the injected
foreign particles would mainly depend on their interactions
with the proteins in the blood plasma as well as on the cells.
Particle size and surface properties such as charge, morphol-
ogy, hydrophilicity and surface modification with targeting
ligand functionalization are the major controlling factors for
interactions with the biological milieu (32–35). In this study,
the fluorescence concentration associated with the blood plas-
ma was found to be greatly enhanced especially for those of
100 and 200 nm size fluorescent PS-TPGS NPs (Fig. 5). The
blood clearance of the smaller nanoparticles (< 80 nm) was
two times as slow as the larger particles (> 200 nm) (35). Thus
it clearly suggests that the particle size and surface modifica-
tion play a key role for a sustained PK and the NPs of 100–
200 nm in diameter may result in the best effects to escape
from recognition by the reticuloendothelial system (17). The
RES mainly consists of the mononuclear phagocytic cells that
circulate in the bloodstream and the matured cells i.e. macro-
phages that reside mainly in the lungs, liver and spleen (28). It
is a major obstacle for sustained PK as well as for targeting of
the NPs to other parts of the body after intravenous adminis-
tration. It was reported that the surface modification of the
NPs with such surfactant as PEO/PPO block copolymers
alleviated the interactions with blood components and thus
prolonged the NPs in the blood circulations (32). The uncoat-
ed NPs were rapidly cleared from the circulation system and

Fig. 5 Biodistribution of the fluorescent polystyrene nanoparticles of the
various particle size for bare and TPGS coated PS NPs among the various
organs (μg/g) of Sprague–Dawley rats 3 h after intravenous administration
of PS NP formulations. The particle size is in nm. The NPs dose used is15
mg/kg. Data represents mean ±SD, n03.

Fig. 6 (a) Biodistribution of the fluorescent polystyrene nanoparticles of the
various particle sizes for nude and TPGS coated NPs in the brain tissues (μg/g)
of Sprague–Dawley rats 3 h after intravenous administration of NP formula-
tions. The particle size is in nm. The NPs dose used is 15 mg/kg. Data
represents mean ±SD, n03. (b) Representative confocal laser scanning
microscopy image of the brain tissues of rat after intravenous injection of
PS-TPGS NPs (100 nm). 1) The nuclei in blue fluorescence are stained with
DAPI. 2) Fluorescein isothiocyanate channels showing the green fluorescence
from fluorescent PS-TPGS nanoparticles distributed in brain tissues cytoplasm.
3) Merged channels of fluorescein isothiocyanate and DAPI. Arrows indicate
the distribution of the green florescence associated with brain tissues.
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targeted to organs where the mononuclear phagocyte system
(MPS) was mainly located such as liver and spleen. That’s why
the NPs showed higher distribution in the liver and the spleen
despite the observed fluorescence concentration associated
with blood was low for the uncoated large size particles.
Illum et al. have also reported that poloxamer coated NPs
exhibited the inhibitory effect on the RES uptake and get
diverted away from the liver and spleen to other tissues (36).
A significant decrease in NPs distribution in the liver and
spleen was observed for all sized TPGS coated PS NPs. It
clearly demonstrates that the TPGS coated PSNPs were most
likely not captured by the RES. This was probably because of
the lower affinity of the hydrophilic surface of the TPGS
modified NPs towards the MPS, commonly responsible for
the opsonization or fast clearance of particles from the body.
Thus the reduced accumulation in these major metabolic
organs could be due to the ‘stealth’ effect of the TPGS coated
NPs as well as avoiding the opsonization by escaping the
recognition of the MPS. TPGS coated NPs probably slow
down the first-pass metabolism and efflux transport thus
enhances the chances of targeted delivery. The green fluores-
cence associated with the brain tissues (Fig. 6) after intrave-
nous injection of TPGS coated fluorescent PS NPs clearly
gives evidence that the fluorescence associated with the brain
tissues was due to the uptake of surface coated NPs, which
were able to cross the BBB (25). This study suggests that
smaller size particles (< 200 nm) after coating with TPGS
can overcome the RES uptake for effective drug delivery
application to other parts of the body. The possible reason
may be that nanoparticles less than 200 nm might be more
similar to low density lipoprotein (LDL) than the other sizes.
Also, since receptor-mediated transcytosis existed, the smaller
the particles size, it is easier for the nanoparticles to enter the
vascular endothelial cells of the BBB by endocytosis.

It should be pointed out that the cross-BBB or GI-barrier
capability may still vary when different types of polymeric
NPs with varies size, coating materials, surface function
groups, surface charge, etc. were employed. Hence, the
conclusion made in this research may only valid specifically
on PS-based polymeric nanoparticles with TPGS modifica-
tion, let alone possible complexity gained when the NPs
were really loaded the therapeutics or contrast agent. Also,
the success of increase of MDCK and Caco-2 uptake does
not represent the barrier-across capability in vivo.

DISCUSSION

It should be pointed out that although Caco 2 cells and
MDCK cells have been used routinely as in vitro models in
the study of drug delivery across the blood brain barrier
(37–42), there are other cells such as brain endothelial cells
or epithelia cells from choroid plexus and other brain

capillary derived cells, which may better represent the
BBB due to their cellular and molecular structure similar
to that of the brain capillary endothelial cells (43–47).
Nevertheless, none of them can be a perfect model since
the results obtained from any in vitromodel can only partially
simulate the cellular and molecular structure of the BBB. in
vivo experiments are absolutely needed to provide guidelines
for further clinical trials.

As regards the mechanism for nanoparticles to deliver the
payrolls across the BBB, there has been intensive theoretical
and experimental investigation in the literature (48,49).
Compared with paracytosis of drug molecules across the
tight junctions of the brain capillary cells, endocytosis of
nanoparticles have much higher efficiency in drug delivery
across the BBB, which bring all drug molecules encapsulated
in the nanoparticles across the BBB at a time. Recognition of
the multidrug resistance efflux pump proteins in the BBB can
also be avoided. The particle size and the surface functional-
ization may have decisive effects in the endocytosis process, in
which the surface energy of the nanoparticles are sacrificed to
overcome the bending energy needed for a small piece of the
lipid bilayer to envelop the nanoparticles and bring them into
the cytoplasm.

CONCLUSIONS

We have investigated the effects of the particle size and
surface coating especially using TPGS on the cellular uptake
of the polymeric nanoparticles for drug delivery across the
physiological drug barrier with emphasis on the gastrointes-
tinal (GI) barrier for oral chemotherapy and the blood–
brain barrier (BBB) for imaging and therapy of brain can-
cer. The standard PS NPs used had uniform size of quite
low polydispersity index although the TPGS coating slightly
increased both, the size as well as the polydispersity of the
nanoparticles. High absolute value of the zeta potential
implied the high stability of the NPs suspension. In vitro
fluorescence release study confirmed that the fluorescence
signals obtained from in-vitro as well as in-vivo analysis were
mainly because of the cell-associated fluorescent nanopar-
ticles but not from fluorescence released from the NPs in the
medium. The higher cellular uptake efficiency of Caco-2 as
well as MDCK cells was observed for the 100 nm size NPs
as compared to other sizes. A longer incubation time poten-
tially leads to higher cellular uptake efficiency. In vivo inves-
tigation revealed that particle size and surface coating are
the two parameters which can dramatically influence the
NPs biodistribution after intravenous administration. TPGS-
coated NPs of 100 and 200 nm sizes have potential to
deliver the drug across the GI barrier and the BBB. It has
been pointed out in the literature that although widely used,
Caco 2 cells and MDCK cells may not be the best in vitro
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models of the BBB. Instead, other primary culture cells such
as brain endothelial cells and epithelia cells from choroid
plexus may be closer to the BBB in structure and thus should
be used as the in vitro model of the BBB in the further study
on this topic. Moreover, in vitro experiments are far from the
real case. Any conclusion drawn from in vitro experiment
should be confirmed by in vivo experiment (24,50–52).
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