
A

h
h
b

P
(
S

b
©

K

1

i
t
p
n
p

m
T

0
d

Available online at www.sciencedirect.com

International Journal of Pharmaceutics 349 (2008) 249–255

Pharmaceutical Nanotechnology

PLGA nanoparticles of different surface properties: Preparation
and evaluation of their body distribution

Farnaz Esmaeili a, Mohammad Hossein Ghahremani b,c,
Behnaz Esmaeili d, Mohammad Reza Khoshayand e,

Fatemeh Atyabi a, Rassoul Dinarvand a,b,∗
a Novel Drug Delivery Systems Laboratory, Department of Pharmaceutics, Faculty of Pharmacy,

Medical Sciences/University of Tehran, P.O. Box 14155-6451, Tehran, Iran
b Medical Nanotechnology Research Centre, Medical Sciences/University of Tehran, Tehran, Iran

c Pharmacology Research Laboratory, Department of Toxicology-Pharmacology, Faculty of Pharmacy,
Medical Sciences/University of Tehran, Tehran, Iran

d Faculty of Medicine/Medical Sciences, University of Tehran, Tehran, Iran
e Food and Drug Control Laboratory, Faculty of Pharmacy, Medical Sciences/University of Tehran, Tehran, Iran

Received 4 June 2007; received in revised form 20 July 2007; accepted 31 July 2007
Available online 6 August 2007

bstract

The opsonization or removal of nanoparticulate drug carriers from the body by the reticuloendothelial system (RES) is a major obstacle that
inders the efficiency of the nanoparticulate drug delivery systems. Therefore, several methods of camouflaging or masking nanoparticles (NPs)
ave been developed to increase their blood circulation half-life. In this study, rhodamine B isothiocyanate (RBITC) loaded NPs were fabricated
y an emulsification/solvent diffusion method.

The surface of NPs was then modified using either poly ethylene glycol (PEG) or block copolymer of ethylene oxide and propylene oxide,
oloxamer 407 (POL). The surface treatment was carried out using two different methods: (a) co-incorporation of the surface modifying agents

SMAs) into NPs and (b) the external surface adsorptions method and both of these methods were done only by physical incorporation of the
MAs into the NPs, without the need of special chemical reagents. The biodistribution properties of the NPs were then measured.
The results confirmed that the surface treatment of the NPs using co-incorporation of the SMAs into NPs is more efficient in increasing the

lood circulation half-life of the NPs when compared with the external surface adsorptions method.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In order for a drug delivery device to achieve an increase
n patient compliance and quality of life it must be present in
he bloodstream long enough to reach or recognize its thera-

eutic site of action. However, the opsonization or removal of
anoparticulate drug carriers from the body by the mononuclear
hagocytic system (MPS), also known as the reticuloendothe-
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ial system (RES), is a major obstacle to the realization of these
oals (Gref et al., 1994).

Several methods of camouflaging or masking nanoparticles
NPs) have been developed, which allow them to temporarily
ypass recognition by the MPS and increase their blood circu-
ation half-life (Illum and Davis, 1984; Kaul and Amiji, 2002).

As a general rule, the opsonization of hydrophobic parti-
les, as compared to hydrophilic particles, has been shown to
ccur more quickly due to the enhanced adsorption of blood
erum proteins on these surfaces (Carstensen et al., 1992; Müller

t al., 1992; Norman et al., 1992). Therefore, a widely used
ethod to slow opsonization is the use of surface adsorbed

r grafted shielding groups which can block the electrostatic
nd hydrophobic interactions that help opsonins bind to parti-
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le surfaces. These groups tend to be long hydrophilic polymer
hains and non-ionic surfactants. Some examples of polymer
ystems that have been tried in the literature as shielding groups
nclude polysaccharides, polyacrylamides, poly(vinyl alcohol),
oly(N-vinyl-2-pyrrolidone), PEG, and PEG-containing copoly-
ers (Peracchia et al., 1999b).
Typically once a polymeric NP is opsonized and removed

rom the bloodstream; it is sequestered in one of the MPS
rgans. In the case of naked NPs, or NPs that have not been
EGylated and lack stealth properties, sequestration in the MPS
rgans is very rapid, typically a matter of minutes, and usually
oncentrates in the liver and spleen (Panagi et al., 2001). How-
ver, for PEGylated stealth NPs the speed of clearance and final
iodistribution is dependent on many factors. The mode of PEG-
ttachment to NPs is carried out mainly by physical absorption
r by covalent grafting (Stolnik et al., 1995; De Jaeghere et al.,
000).

Although a number of different polymers have been
nvestigated for formulating biodegradable NPs, poly(d,l-
actide-co-glycolide) (PLGA) and poly lactic acid (PLA),
iocompatible and biodegradable polymers, have been the most
tudied (Jain, 2000).

The goals of the present study were NP formulation, char-
cterization, surface modification and in vivo biodistribution
roperties of the NPs in rats. In this way rhodamine B
sothiocyanate (RBITC) loaded NPs were fabricated by an emul-
ification/solvent diffusion method, then surface treatment of the
Ps was done in two different ways and their biodistribution
roperties were estimated as parentral drug delivery system. As
n this method surface modification is done only by physical
ncorporation of the SMAs into the NPs, without the need of
pecial chemical reagents, then the method is feasible and easy
o use.

. Materials and methods

.1. Materials

RBITC and PVA (Mw 22,000, 88% hydrolized) were pur-
hased from Sigma–Aldrich, USA. PLGA (50:50, Resomer®

G 504H, Mw 48,000 Da) was purchased from Bohringer Ingel-
eim, Germany. Poly(ethylene glycol) with Mw of 2000 and
5,000 Da (PEG 2000, PEG 35,000) were purchased from Fluka,
witzerland. Poloxamer 407 with Mw of 125,000 (POL) was
rovided by Synopharm GmbH, Germany. Dichloromethane
DCM), acetone and methanol (analytical grade) were purchased
rom Merck, Germany. Deionized water was used throughout the
xperiment. All other chemicals used were of reagent grade.

.2. Methods

.2.1. NPs preparation method
The RBITC loaded NPs were fabricated by a modified
mulsification/solvent diffusion method (Esmaeili et al., 2007).
riefly, PLGA (200 mg) and RBITC as a fluorescent marker

0.05%, w/w, of polymer weight) were added into the mixture of
CM/acetone (10:60, v/v), which was suitably stirred to ensure

2

o
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hat all material was dissolved. This solution of organic phase
as slowly poured in 100 ml aqueous solution of PVA 1% (w/v)
sing a high-speed homogenizer (IKA, Ultra turrax, USA) at
4,000 rpm for 5 min. Stirring was continued for 3 h to allow the
vaporation of the internal phase. The NPs were then isolated
y using a centrifuge (Sigma 3K30, Germany) at 21,000 × g for
5 min and washed three times with deionized water. The pro-
uced suspension was freeze-dried for 48 h at −40 ◦C (Lyotrap
lus, LTE Scientific Ltd., UK) to obtain a fine powder of NPs,
hich was then kept in a desiccator.

.2.2. Surface modification of the NP
Two different methods were investigated for NP surface mod-

fications as described below:

.2.2.1. Co-incorporation of SMAs into NPs (internal). In this
rotocol, PEG or POL as SMA was co-incorporated into the NP
atrix during the NP formulation process. In this way PLGA

160 mg) and the SMA, PEG or POL (40 mg) were dissolved in
he mixture of DCM/acetone (10:60, v/v). The RBITC was then
issolved in the above polymer solution and then emulsified into
PVA 1% (w/v) (100 ml) solution by homogenization to form an
/w emulsion. The emulsion was stirred for 3 h to evaporate the
rganic solvent. The NPs were then recovered by centrifugation
nd then lyophilized as described above.

.2.2.2. Surface adsorptions (external). In this protocol PEG
r POL as SMA, was dissolved in water to form a solution and
as added to the produced suspension of the NPs before freeze
rying, the amount of the SMA was calculated to produce the
otal 1% (w/v) of the SMA in the final solution (10 ml). The
uspensions of NPs were then lyophilized for 48 h.

.2.3. RBITC loading
A 20 mg sample of NPs powder was dissolved in 1 ml of

cetonitrile followed by the addition of 2 ml of methanol to pre-
ipitate the polymer. The sample was then centrifuged for 10 min
t 21,000 × g and the aliquot was taken from the supernatant and
nalyzed by a spectrofluorimeter (shimadzu, RF 5000, Japan) at
ex 540 nm and λem 580 nm. The RBITC loading was deter-
ined as the ratio between the weight of the RBITC in NPs to

he weight of the NPs.

.2.4. NPs characterization
The particle size, size distribution and zeta potential of the

Ps were measured by laser light scattering (Malvern Zetasizer
S, Malvern UK). The samples were examined to determine

he volume mean diameter, size distribution, poly-dispersity and
eta potential.

Scanning electron microscopy (SEM, Philips XL 30 scanning
icroscope, Philips, the Netherlands) was employed to deter-
ine the shape and surface morphology of the produced NPs.
articles were coated with gold under vacuum before SEM.
.2.5. Differential scanning calorimetry (DSC)
DSC scans of empty and RBITC loaded NPs were performed

n a Mettler DSC 823 (Mettler Toledo, GmbH, Switzerland)



nal of

e
l
v
t
o

2

a
m
o
T
p
a

a
o
o
w
b
t
c
d
d

2

v
U
b
f
R
i
i
a
T
3
a
r
a
n
(
t
t
c
t
(

2

o
t
t
c
(
w

3

3

d
t
A
0
a

l
b
s
s

i
s
w

t
(
s
o
surfaces with the formation of a denser surfactant film on the NP
surface, thus, eliciting a reduced electrophoretic mobility, and
a higher absolute potential value ensures a high-energy barrier
that stabilizes the nanosuspension (Müller, 1991).
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quipped with a Julabo thermocryostate model FT100Y (Julabo
abortechnik GmbH, Germany). A Mettler Star software system,
ersion 9.x was used for the data acquisition. Indium was used
o calibrate the instrument. The samples were scanned at a speed
f 5 ◦C/min in 30–250 ◦C temperature range.

.2.6. In vitro releases study
Drug release from RBITC loaded NPs was studied using

modified dissolution method (Denkbas et al., 1995). The
edium was a 0.05 M phosphate buffer solution. A known mass

f NPs was suspended in tubes of buffer solution at pH 7.4.
he pH experiments were repeated three times. The tubes were
laced in a shaker bath (WB14, Memmert, Germany) at 37 ◦C
nd shaken horizontally at 90 cycles/min.

At selected time intervals, the tubes were centrifuged and
n aliquot of 4.5 ml was taken from the supernatant. A volume
f 0.5 ml of methanol was added and analyzed by spetroflu-
rimetry at λex 540 nm and λem 580 nm. A calibration curve
as prepared prior to the start of dissolution using a phosphate
uffer–methanol (9:1) media. After the aliquots were removed,
he entire supernatant was replenished in order to maintain sink
onditions. Drug release data were normalized by converting
rug concentration in solution to a percentage of the cumulative
rug release.

.2.7. Body distribution of RBITC loaded NPs in rats
Albino Wistar rats, body weight between 200 and 250 g (pro-

ided by Animal Care Center, Faculty of Pharmacy, Tehran
niversity of Medical Sciences), were used for body distri-
ution investigations. The Rats were fasted overnight but had
ree access to water. The RBITC solution or suspension of the
BITC loaded NPs was prepared in NaCl 0.9% and injected

ntravenously into the tail vein (200 �l of solution correspond-
ng to 10 �g RBITC/kg). For each sample of the NPs, three
nimals were injected for each sample of RBITC loaded NPs.
he animals were sacrificed by cervical dislocation 1 and
h post-administration. Organ samples, consisting lungs, liver
nd spleen were removed, washed with NaCl 0.9% and accu-
ately weighed. The samples then homogenized and centrifuged
t 21,000 × g for 10 min. Methanol was added to the super-
atant (1:1) to precipitate the unwanted proteins and centrifuged
21,000 × g 10 min). The aliquots were assayed for RBITC by
he spectrofluorimeter at λex 540 nm and λem 580 nm to estimate
he amount of RBITC in each organ. For calculations, standard
urves of RBITC were prepared by addition of RBITC solu-
ions in methanol to tissues following the same treatment steps
Yoncheva et al., 2005).

.2.8. Statistical analysis
One-way analyses of variance (ANOVA) test was performed

n the data to assess the impact of the formulation variables on

he in vitro results (n = 6). The in vivo data were compared using
he non-parametric Kruscal–Wallis test and Nemeny’s multiple
omparison test. p-Values of <0.05 were considered significant
n = 3). All calculations were performed using a statistical soft-
are program (SPSS® 11.5, Microsoft).
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. Results and discussion

.1. Physicochemical properties of the NPs

PLGA NPs were prepared by modified emulsification/solvent
iffusion method (Esmaeili et al., 2007). The basic characteris-
ics of the NPs prepared in this study are presented in Table 1.
s shown in Table 1, the drug loading was ranged from 0.4 to
.8 �g/mg. The obtained NPs had a size range of 189–225 nm
nd were monodispersed (polydispersity <0.263).

Since the size of the colloidal carriers is a key for the bio-
ogical fate of the NPs, and NPs of smaller than 100 nm usually
ypass the MPS macrophages uptake, it is vital to obtain NPs of
maller particle size. Surface treatment did not affect the particle
ize (p > 0.05) when other preparation conditions were fixed.

Under SEM observation (Fig. 1), the NPs all had a fine spher-
cal shape with a relatively monodispersed size distribution. The
ize of the particles viewed in the SEM pictures was in agreement
ith data obtained by laser light scattering.
Zeta potential of the NPs was negative (below −10 mV) due

o the presence of terminal carboxylic groups of the PLGA
Müller, 1991). Zeta potential values for the surface modified
amples was lower than the NT NPs (p < 0.05), it maybe because
f a higher concentration of surfactant adsorbed on the particle
ig. 1. SEM micrograph of nanoparticles showing the shape and the surface
haracteristics.



252 F. Esmaeili et al. / International Journal of Pharmaceutics 349 (2008) 249–255

Table 1
Physicochemical characteristics of the nanoparticles

Sample Size (nm) PdI Zeta potential (mV) RBITC loading (�g/mg)

NT 218 ± 18 0.215 −11.9 ± 0.93 0.80 ± 0.02
PEG 2000-int NP 205 ± 21 0.197 −16.6 ± 0.80 0.57 ± 0.01
PEG 2000-ext NP 189 ± 14 0.142 −16.1 ± 0.12 0.40 ± 0.01
PEG 35,000-int NP 191 ± 16 0.117 −20.3 ± 0.65 0.61 ± 0.03
PEG 35,000-ext NP 225 ± 19 0.263 −19.6 ± 0.56 0.80 ± 0.02
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OL-int NP 211 ± 20 0.175
OL-ext NP 220 ± 19 0.214

DSC studies were performed to investigate the physical state
f the drug in the NPs, because this aspect could influence the
n vitro and in vivo release of the drug from the systems. Differ-
nt combinations of drug/polymer may coexist in the polymeric
arriers, such as: (i) amorphous drug in either an amorphous or
crystalline polymer and (ii) crystalline drug in either an amor-
hous or a crystalline polymer. Moreover, a drug may be present
ither as a solid solution or solid dispersion in an amorphous or
rystalline polymer (Musumeci et al., 2006). Fig. 2 shows the
SC thermograms of pure RBITC, Pure SMAs, PLGA RG504

nd all NPs formulations.
RBITC showed no melting peak evidencing the absence of

rystallinity. As shown in Fig. 2 all pure PEGs and POL have a
harp Tm (melting temperature) that corresponds to their crystal
ehavior. PLGA shows a Tg (glass to rubber transition temper-
ture) and no Tm that means it is amorphous. Preparation of
he NPs has increased the PLGA Tg to higher temperatures; it
s because of the crystallization process during the preparation.
n the NT NPs, it is obvious that preparation process caused to
orm two clear peaks in the temperature range of 145–165 ◦C,
hat may be attributed the residence of the PVA in aqueous solu-
ion during the process. It is clear that using the SMAs in the

ormulations could not change the crystal forms significantly.
n PLGA/SMA physical mixture equal amounts of PLGA and
MA were physically mixed (Fig. 2e), when PEG 35,000 and

ig. 2. DSC curves of PLGA Resomer 504H (a), POL 407 (b), PEG 2000
c), PEG 35,000 (d), PLGA-PEG 35,000 physical mixture (1:1, w/w) (e), PEG
5,000-ext (f), PEG 35,000-int (g), PEG 2000-int (h), PEG 2000-ext (i), POL-int
j), POL-ext (k), NT (l), RBITC (m).

o
o
m
s
b
o
d
o

−19.1 ± 0.71 0.55 ± 0.01
−18.3 ± 0.58 0.60 ± 0.03

LGA were physically mixed (1:1, w/w), Tg of the polymer and
m of the SMA were sharp and clear while in the prepared NPs
Fig. 2f and g) as the majority of the SMA on the surface of the
Ps was removed after washing the NPs with deionized water,

he Tm peak of the SMA was weaker.
In conclusion, when the SMAs were added internally or exter-

ally, the produced NPs did not differ from each other in crystal
orms, on the other hand the SMAs did not enter into the PLGA
exture and only was adsorbed on the surface of the NPs.

.2. In vitro drug release study

The in vitro release behavior of the RBITC loaded NPs pre-
ented as the cumulative percentage release is shown in Fig. 3.
he initial burst release was prominent for all formulations dur-

ng the first hour of release, being greater than 14%, and for some
ormulations reach to 100% during the first day. The initial burst
ould be due to the diffusion release of RBITC distributed at or
ust beneath the surface of the NPs. Then release is mainly due
o the diffusion of drug molecules through the polymeric matrix
f the NPs afterwards, the matrix material would require time to
rode in the aqueous environment, then the release mechanisms
f surface release and polymer erosion might be the main causes
f the release behavior (Holland and Tighe, 1992). Surface treat-
ent caused a faster release and the presence of RBITC on the

urface was larger in the presence of SMAs (p < 0.05). This is

ecause of the fast hydration process at presenting the SMAs
n the surface of the particles; however, there was no significant
ifference among the surface-treated NPs (p > 0.05). Hydration
ccurs very rapidly because of particles nanometric size. The

Fig. 3. In vitro release curves of RBITC loaded NPs in phosphate buffer.
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Fig. 4. The level of RBITC detected in the three organs of rat after IV administration
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ung (a and b), liver (c and d) and spleen (e and f) in 1 h (a, c and e) and 3 h (
resented as mean ± S.D. (n = 3), (*) shows the different group (p < 0.05).

ydrophilization of the matrix operated by the surfactants can
ccount for a more rapid entry of water into the NPs, eventually
ccelerating the release of RBITC.

.3. Body distribution of RBITC loaded NPs in rats

In vivo distribution studies were performed using prepared
Ps loaded with a fluorescent marker (RBITC). Fig. 4 shows

he RBITC percentage of the initial dose per gram of the tissues
lungs, liver and spleen) 1 and 3 h after IV administration of the
Ps and RBITC free drug. The amount of the total amount of

BITC (both RBITC released from the NPs and RBITC still
ncapsulated within the NPs) was measured. Since the percent-
ge of RBITC released from NT formula during the first 2 h was
ow, between 10 and 20% in PBS (Fig. 3), it could be assumed

t
o
t
i

. RBITC loaded NPs with different surface treatments. The data obtained from
nd f) after injection are calculated as a percent of the initial dose applied and

hat the fluorescence measured after administration of the NT
ormula would be due to the RBITC associated to the NPs. As
ndicated in Fig. 4, the amount of RBITC in these tissues was
ifferent for different surface characteristics. Obviously, the per-
entage of the RBITC in free drug administration was more than
P formulations since time needed for release of the RBITC

rom the NPs. To ensure that the fluorescence determined in the
rgans was due to the RBITC associated NPs, in vitro release of
BITC was examined preliminary.

The non-parametric Kruscal–Wallis test was done to iden-
ify the between groups distribution differences. Results show

hat there was no significant difference (p > 0.05) in distribution
f the formulations in spleen 1 and 3 h after IV administra-
ion (Fig. 4e and f). However, there were significant differences
n lungs (1 and 3 h); [χ2

(7) = 0.34, p < 0.05] and [χ2
(7) = 0.37,
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< 0.05] and livers (1 and 3 h); [χ2
(7) = 0.004, p < 0.05] and

χ2
(7) = 0.037, p < 0.05] distribution among the formulations.
emenyi’s multiple comparison test (for identifying the within
roup) indicates that in lungs (Fig. 4a and b), distribution of
ll formulations was different from the free drug. On the other
and, the amount of the RBITC (% dose/g tissue) in liver after
h was the highest for POL-ext formula and the lowest amount

n liver after 3 h was belonged to the PEG 35,000-int formula
Fig. 4c and d).

Furthermore, because the in vitro release profiles of RBITC
rom NPs were similar for all types of surface treated NPs, an
ventual difference in their in vivo behavior would be conse-
uence of their different biodistribution properties (Yoncheva et
l., 2005). It is plausible to assume some formulations in body
how different pattern of the release. Thus, the fact that RBITC
mount in liver (1 h) was highest for POL-ext formula can be
xplained due to the faster release of the RBITC from POL-
xt in vivo, because as explained above, the total amount of
he RBITC was measured during the experiments. As shown in
able 2 for NT formula (naked NPs), the total RBITC in three
rgans after 1 h was about 33%, but this amount for the POL-ext
as more than 47%, then this result is due to the faster release
f this formula in vivo and then more amount of the RBITC in
he liver.

In PEG 35,000-int formula treated animals, the lowest
mount of the RBITC was detected in liver after 3 h. This is
ore likely because of the more hydrophilic surface properties

f the NPs rather than lower release of the RBITC, since total
BITC dose percent after 1 h in three organs was the least for
EG 35,000-int (Table 2).

After 3 h, the percent RBITC in all three organs has slightly
ecreased for nearly all formulas. Although this difference is not
tatistically significant, the elimination process of the NPs can
e involved.

Therefore, these results confirm that the surface treatment
f the NPs by the first method (co-incorporation of SMAs into
Ps (internal)) can be more effective to bypass the RES sys-

ems in the body than the second method (surface adsorptions
external)) and increase the blood circulation half-life of the

Ps. This phenomena can be explained because of the more
ydrophilic surface of NPs prepared in the first method. Fur-
hermore, the higher molecular weights of the PEGs (e.g., PEG
5,000 in comparison with PEG 2000) have shown better results

able 2
he amount of the RBITC percent initial dose measured after 1 and 3 h post-
dministration in total liver, lung and spleen of rats

ormula RBITC % (1 h) RBITC % (3 h)

T 33.9 ± 2.2 59.3 ± 8.5
EG 2000-int NP 45.1 ± 1.8 35.3 ± 10.6
EG 2000-ext NP 25.1 ± 5.3 22.6 ± 18.9
EG 35,000-int NP 19.7 ± 5.5 13.9 ± 5.3
EG 35,000-ext NP 33.8 ± 2.6 21.8 ± 0.7
OL-int NP 34.1 ± 1.7 41.3 ± 1.9
OL-ext NP 47.9 ± 4.3 43.3 ± 3.3
BITC (free drug) 119.8 ± 19.1 91.2 ± 4.3

he data presented as mean ± S.D. (n = 3).
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hich are in agreement with findings of other studies (Fang et
l., 2006; Beletsi et al., 2005). Moreover, the surface treatment of
Ps by Poly ethylene glycol is more successful than Poloxamer
07 to increase elimination half-life.

. Conclusions

A novel approach for comparison of the two method of sur-
ace treatment preparation of RBITC loaded NPs is proposed by
pplying homogenization-solvent diffusion method using a sin-
le o/w emulsification. Based on our results the co-incorporation
f SMAs into NPs produced NPs with increased blood cir-
ulation half-lives compared with external surface adsorptions
ethod.
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