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Abstract

The physicochemical properties, the colloidal stability in vitro and the biodistribution properties in mice of different PLGA—
mPEG nanoparticle compositions were investigated. The nanoparticles were prepared by a precipitation—solvent evaporation
technique. The physical characteristics and the colloidal stability of the PLGA-mPEG nanoparticles were significantly influenced
by the composition of the PLGA-mPEG copolymer used to prepare the nanoparticles. PLGA-mPEG nanopatrticles prepared from
copolymers having relatively high mPEG/PLGA ratios were smaller and less stable than those prepared from copolymers having
relatively low mPEG/PLGA ratios. All PLGA—mPEG nanoparticle compositions exhibited prolonged residence in blood, com-
pared to the conventional PLGA nanopatrticles. The composition of the PLGA—-mPEG copolymer affected significantly the blood
residence time and the biodistribution of the PLGA-mPEG nanopatrticles in liver, spleen and bones. The in vivo behavior of the
different PLGA—mPEG nanoparticle compositions did not appear to correlate with their in vitro stability. Optimum mPEG/PLGA
ratios appeared to exist leading to long blood circulation times of the PLGA-mPEG nanoparticles. This may be associated with
the effects of the mPEG/PLGA ratio on the density of PEG on the surface of the nanoparticles and on the size of the nanoparticles.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction prevents their application in controlled drug delivery
and drug targeting to tissues other than MPS. Surface
Conventional polymeric nanopatrticles are rapidly engineering, however, may lead to nanoparticles ca-
removed from bloodstream after intravenous (i.v.) pable of evading, at least to some extent, MPS uptake
administration by the macrophages of the mononu- which exhibit prolonged residence in blood. Thus,
clear phagocyte system (MPS), mainly the Kupffer coating the nanoparticle surface with a hydrophilic
cells in the liver and the spleen macrophages. This polymer such as poly(ethylene glycol) (PEG) has
been shown to confer long circulation properties
"+ Corresponding author. Tekt 30-2610-097726: to poly(lactide) (PLA), poly(lactide-co-glycolide)
fax: +30-2610-996302. (PLGA), poly(caprolactone) (PCL) and poly(phospha-
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1994; Bazile et al., 1995; Dunn et al., 1997; Vandorpe
et al., 1997. The presence of the hydrophilic coat-
ing on the surface of the nanoparticles is thought
to sterically stabilize them against opsonization and
phagocytocis. Between the hydrophilic polymers,
PEG has been found to be a particularly effective
steric stabilizer, probably due to its high hydrophilic-
ity, chain flexibility, electrical neutrality and absence
of functional groups, which prevent interactions with
biological components in vivoGref et al., 199h
The stability of the PEG surface layer to desorption/
displacement in vivo is essential for the long circula-
tion effect Gref et al., 1995; Neal et al., 1998n this
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in significantly less colloidally stable nanoparticle
dispersions. Nevertheless, the nanoparticles prepared
from the copolymers with high molecular weight
PLA blocks exhibited longer blood circulation times
after i.v. administration in rats than the nanoparticles
prepared from copolymers with low molecular weight
PLA blocks Gtolnik et al., 200L Mosqueira et al.
(2001) prepared PEG-grafted nanocapsules using dif-
ferent PLA and PLA-PEG mixtures, so as to achieve
different PEG contents in the nanocapsules, and stud-
ied their biodistribution properties. They concluded
that long PEG chains and high PEG surface density
are necessary to produce an increased half-life of the

respect, PEG has been shown to be more effective nanocapsules in vivo.

when covalently bound on nanoparticle surface than

We have recently reported that within a dose range

when adsorbed in reducing complement activation and of approximately 100-1000g per mouse, conven-

interaction of the nanoparticles with macrophages in
vitro (Bazile et al., 1995; Vittaz et al., 1996; Mosqueira
et al., 1999 as well as the uptake of nanoparticles by
MPS in vivo (Mosqueira et al., 1999

tional PLGA nanoparticles followed non-linear
and dose-dependent pharmacokinetics whereas the
PLGA-mMPEG nanopatrticles followed linear and dose-
independent pharmacokineticBanagi et al., 2001

In recent years, PLA-PEG and PLA-PEG nanopar- We have also shown that the i.v. administration of

ticles have extensively been investigated for their

potential as controlled and targeted drug delivery sys-

tems. They are biocompatible and biodegradaBle{

et al., 1995, they exhibit prolonged blood circulation
time after i.v. administration in experimental animals
(Grefetal., 1994; Bazile et al., 1995; Verrecchia et al.,

these PLGA-mPEG nanopatrticles loaded with cis-
platin in mice resulted in prolonged cisplatin res-
idence in systemic blood circulationAfgoustakis

et al., 2002. In this communication, we present data
on the effect of the PLGA-mPEG copolymer com-
position (PLGA/mPEG molar ratio) on the physic-

1995 and they can be stored as freeze-dried pow- ochemical properties, the in vitro stability and the
ders until use, provided that appropriate freeze-drying tissue-distribution in mice of PLGA-mPEG nanopar-

conditions are employedg Jaeghere et al., 1999;
Zambaux et al., 1999 Lipophilic drugs, proteins,
neutral oligonucleotide complexes and plasmid DNA

ticles. PLGA nanopatrticles have also been included
in the study for comparison purposes.

have successfully been incorporated in these nanopar-

ticles Gref et al., 1994; Emile et al., 1996; Peracchia
et al., 1997; Tobio et al., 1998; Li et al., 2001; Perez
et al., 2001; Vila et al., 2002However, the incorpo-

ration efficiency of drugs with relatively high aqueous
solubility in PLA-PEG and PLA-PEG nanoparticles
is low (Govender et al., 2000; Redhead et al., 2001,
Avgoustakis et al., 2002and may require the develop-

ment of more sophisticated incorporation techniques,
such as the introduction of a drug complexation agent methoxypoly(ethyleneglycol)

in the formulation Govender et al., 20QQin order
to be improved.

Riley et al. (1999)and Stolnik et al. (2001)have
studied certain colloidal properties of micellar-like

PLA—-PEG nanopatrticles. They reported that increas-

ing the molecular weight of the PLA block resulted

2. Materials and methods
2.1. Materials

pL-Lactide (LE) and glycolide (GE) were purchased
from Boehringer Ingelheim (Germany). They were re-
crystallized twice from ethyl acetate and dried under
high vacuum at room temperature before use. Mono-
(mPEG, molecular
weight: 5000) was obtained from Sigma Chemical Co.
(St. Louis, MO) and dried under high vacuum at room
temperature before use. Stannous octoate, sodium
cholate and cholesterylaniline (5-cholestg3{3I-
phenyllamine, CA) were also obtained from Sigma.
Sepharose CL-4B gel was purchased from Pharmacia
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(Sweden) and Biogel A15m from Bio-Rad. Tetrahyd- polymer in acetone was transferred dropwise to a
rofuran of HPLC grade and miscellaneous chemical stirred agueous solution of sodium cholate (12 mM).
reagents and solvents, all of analytical grade, were The mixture was kept under stirring until acetone
obtained from Sigma, Merck (Germany) and SDS had been evaporated, and the nanoparticle dispersion
(France). The N&5 was provided by NCSR “Demo-  formed was condensed in a rotary evaporator (Buchi
kritos” (Greece) (source: MDS Nordion, Belgium). R114) and filtered through a 1i2n filter (Millex

AP, Millipore).

The size and-potential of the nanoparticles were
determined using photon correlation spectroscopy
(PCS) and microelectrophoresis, respectively, in a

PLGA and PLGA-mPEG copolymers of different Malvern Z-sizer 5000 instrument (five runs per sam-
composition (PLGA/mPEG molar ratio) were prepa- ple). The¢-potential of the nanoparticles was mea-
red by a melt polymerization process under vacuum, sured in phosphate buffered saline (PBS), H.4.
using stannous octoate as catal{aslétsi et al., 1999 The surface area occupied by each PEG molecule on
They were characterized with regard to their composi- nanoparticle surfaceSpeg (nm? per molecule), i.e.
tion by 'H-NMR and their molecular weight and the inverse density of PEG on nanoparticle surface,
molecular weight distribution (polydispersity index, was determined as described Bgzile et al. (1995)

P.I. = Mw/Mp) by gel permeation chromatography
(GPC) Beletsietal., 1990 The following copolymers
were synthesized: (1) PLGA with molar composition

2.2. Yynthesis and characterization of
PLGA—MPEG copolymers

2.4, Sudy of the colloidal stability of the
nanoparticles

LA:GA = 2.8, My, = 22 x 10% and PI. = 1.9; (2)
PLGA-mMPEG(495) with composition LA:GA:E&
6.6:2.1:1.0,My, = 51 x 10° and PI. = 3.2; (3)
PLGA-MPEG(256) with composition LA:GA:EG:
35:1.0:1.0,My, = 27 x 10° and Pl. = 2.6; (4)
PLGA-mPEG(153) with composition LA:GA:E&
2.0:0.7:1.0,My, = 16 x 10° and PI. = 2.6; (5)
PLGA-MmPEG(70) with composition LA:GA:EG=
0.9:0.3:1.0,My, = 14 x 10° and PI. = 3.0; (6)
PLGA-mMPEG(61) with composition LA:GA:EG=
0.8:0.3:1.0,M,y = 15x 10% and PI. = 2.2; and (7)
PLGA-mMPEG(34) with composition LA:GA:EG=
0.4:0.2:1.0,My = 9 x 10° and Pl. = 2.1. LA,

The colloidal stability of the PLGA and PLGA-
mMPEG nanoparticles was evaluated from their re-
sistance to electrolyte (N80, or CaCp)-induced
nanoparticle aggregation and from the size stability of
the nanopatrticles during short-term storage at different
conditions. In the study of nanoparticle stability in the
presence of Ng5Oy, the nanopatrticles (138) were
added to 1 ml of sodium sulfate solutions of varying
concentrations (0—1 M) incubated at37 in a mildly
shaking water bath. After 10 min, the turbidity of the
dispersions was measured at 564 nm with a Shimadzu
UV-1205 spectrophotometer. In the experiments with

GA, and EO stand for lactic acid, glycolic acid, and the CaCj, the nanoparticles (1 ml) were added to
ethyleneoxide components, respectively. The copoly- 2ml of calcium chloride solutions of varying con-
mers are referred to in the text as PLGA-mPEG(X), centrations (0-30mM C4&) incubated at 37C in a
where X designates the molar ratio of (lactidgly- mildly shaking water bath. After 5 min, the size of the
colide)/mPEG in the copolymer, i.e. the PLGA/MPEG dispersions was measured using PCS, as described in
ratio, as determined byH-NMR. The molecular Section 2.3In the study of nanoparticle stability dur-
weight and the P.I. of the mPEG used were measureding storage, the nanoparticles were incubated°a 4
by GPC to beVl,, = 5200 and R. = 1.1, respectively. (refrigerator) or 37C (mildly shaking waterbath) for

a period of 6 days. The size of the nanoparticles was
2.3. Preparation of PLGA and PLGA-MPEG determined every 24 h as describedSiection 2.3
nanoparticles

2.5. Biodistribution study

PLGA and PLGA—-mPEG nanoparticles were prepa-

red using a precipitation—solvent evaporation tech-
nique Panagi et al., 2001 Briefly, a solution of the

PLGA and PLGA-mPEG nanoparticles labeled
with 129-CA were prepared by the precipitation—
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solvent evaporation technique, as we described in 3. Results

detail elsewhereRanagi et al., 2001 The tissue dis-
tribution of thel?I-CA label and thé?%I-CA-labeled
PLGA and PLGA-mPEG nanoparticles was deter-
mined in female Swiss-De mice weighing 25-30g.

The animals, three per group, were injected at ran-

dom in the tail vein with 10@ nanoparticles (300.g
polymer per mouse) or 10 of a dispersion of

3.1. Physicochemical properties of the nanoparticles

The basic physicochemical characteristics of the
nanoparticles are presented Table 1 The PLGA
nanoparticles were bigger and had a much lower
¢-potential than the PLGA-mPEG nanoparticles.

the label in a water—ethanol (7:3 by volume) sol- Between the different PLGA—-mPEG compositions,
vent (4.1,.Ci). At predetermined time intervals, the a clear trend of decreasing the size of the nanopar-
mice were sacrificed, and their tissues (liver, spleen, ticles as their PEG content increased (i.e. as the
lungs, muscle, bone (femur of left hind leg), in- PLGA/mPEG molar ratio decreased) was observed.
testines, kidney, urinary bladder, brain and thyroid) Also, the density of PEG on nanoparticle surface in-
were excised, washed quickly with cold water to re- creased when the PEG content of nanoparticles was
move surface blood, and counted for radioactivity. increased, as evidenced by the decrease ofSthe
Blood samples (0.07-0.08 g) were obtained in dupli- values when the PLGA/mPEG ratio fell.
cate by cardiac puncture in pre-weighed heparinized
tubes. The radioactivity remaining in the tail was 3.2. Colloidal stability of the nanoparticles
also measured and taken into consideration in the
calculation of total radioactivity dose administered The turbidity of nanoparticles of different compo-
to the animals. In the calculations of the %dose per sition in the presence of increasing concentrations
organ, blood, bone and muscle were considered to of NapSO, is shown inFig. 1 A significant in-
constitute the 7, 10 and 43% of the body weight, re- crease in turbidity signified the onset of nanoparticle
spectively Chiotelis et al., 197) The biodistribution flocculation, and the concentration of MOy at
experiments adhered to the “Principles of Labora- which flocculation occurred depended on nanopar-
tory Animal Care” (NIH publication #85-23, revised ticle composition. The PLGA-mPEG(495) and
1985). PLGA-mPEG(256) nanoparticles, which have rel-
atively low PEG content (high PLGA/mPEG ratio)
were less resistant to N&Os-induced aggregation
than the PLGA-mPEG(70) and PLGA-mPEG(34)
Appropriate statistical procedure-test for means nanoparticles, which have relatively high PEG content
and Kruskal-Wallis test for medians, Statgraphics Plus (low PLGA/mPEG ratio). The PLGA nanoparticles
3.3 software) were applied for the statistical analysis appeared to have similar stability in the presence
of the experimental data. of NaSO; with the PLGA-mPEG nanoparticles

2.6. Satistical analysis of the data

Table 1
Physicochemical characteristics and biological performance (%dose remaining in blood 3 h after i.v. injection in mice) of the nanoparticle
compositions involved in the present study

Composition Size (nm) Size ¢-potential Spec (NP %dose in
polydispersity (mV) per molecule) blood (3h)
PLGA 133.5+ 20.1 0.489 —54.2 - 4.1
PLGA-mMPEG(495) 114.& 11.1 0.245 —6.2 2.8 34.4
PLGA-mMPEG(256) 97.4 35 0.385 -5.9 2.0 42.6
PLGA-mPEG(153) 79.6: 14.2 0.245 —-4.7 1.7 63.9
PLGA-mPEG(70) 69.6t 10.8 0.356 -5.9 14 54.9
PLGA-mPEG(61) 67.0t 6.6 0.292 -5.2 14 48.9
PLGA-mMPEG(34) 57.5t 17.3 0.347 —43 1.3 31.6
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Fig. 1. Effect of sodium sulfate concentration on the turbidity of PLGA and PLGA-mPEG nanoparticles.

having relatively low PEG content, although their the PLGA, PLGA-mPEG(495), and PLGA-mPEG
turbidity started to show a noticeable increase at a (256) 0.25; for the PLGA-mPEG(34) 0.6; and for the
lower NaSO, concentration than the PLGA-mPEG PLGA-mPEG(70) 0.7Kig. 1).

nanoparticles (0.1 versus 0.25M &0y, respec- The effect of the presence of increasing amounts of
tively). Taking that the critical flocculation point CaCb in the nanoparticle dispersion on the size of the
(CFPT) is the electrolyte concentration at which a dra- nanoparticles is shown iRig. 2 The PLGA nanopar-
matic increase in the turbidity was first observed [23], ticles were clearly less resistant to the Cafbiduced

the CFPT (M NaSQy) for the nanoparticle composi-  flocculation than the PLGA-mPEG nanoparticles.
tions tested may be considered to be as follows: for They exhibited a dramatic increase (approximately

600 »

500 o
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—8— PLGAMPEG(495) il
N
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Fig. 2. Effect of calcium chloride concentration on the size of PLGA and PLGA-mPEG nanoparticles.
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Fig. 3. Variation of the size of PLGA and PLGA-mPEG nanoparticles with incubation time 42.37

15-fold) of their size at a concentration of 20 mM
CaCb. The PLGA-mPEG(495) and PLGA-mPEG
(256) nanoparticles, which have relatively low PEG
content, appeared to be more resistant to gacCl
induced flocculation (i.e. they exhibited a lower size
variation as the concentration of CaChcreased)
than the PLGA-mPEG(70) and PLGA-mPEG(34)
nanoparticles, which have relatively high PEG con-
tent (inset inFig. 2 in which the curves of the
PLGA-mMPEG nanoparticles only have been repro-
duced, facilitating their comparison).

The variation of the size of nanoparticles of different
composition with incubation time at 3T is shown in
Fig. 3 The size of the PLGA and the PLGA-mPEG
nanoparticles having relatively low PEG content did
not change significantly with time, whereas the size
of the PLGA-mPEG nanoparticles having relatively
high PEG content increased significantly with time.
At the end of the incubation period, the size of the
different nanoparticles had undergone the following
percent change: PLGA 3.0%, PLGA-mPEG(495)
2.4%, PLGA-mPEG(256) 2.7%, PLGA—-mPEG(70)
96.5% (P < 0.05), and PLGA-mPEG(34) 150.1%
(P < 0.05). At 4°C, the size of all nanoparticle
compositions did not change significantly with time
during the incubation period studied (data not shown).

3.3. Biodistribution of the free label and
labeled nanoparticles

The tissue distribution of29-CA and 129-CA-
labeled PLGA-MmPEG(61) and PLGA nanoparticles

for a 24-h period post-administration is shown in
Fig. 4 Initially, i.e. at 2 min post-injection (first sam-
pling point), the major part of radioactivity was found
in liver and muscles (43.8 and 35.2%, respectively)
in the case of the free label, in blood (75.8%) in the
case of the PLGA-mPEG nanopatrticles, and in liver
(70.9%) in the case of PLGA nanoparticles. After the
first 2 min, the major tissue (re)distribution of radioac-
tivity in the case of the free label appeared to be the
gradual removal of radioactivity from muscles with
time and its accumulation in the liver or its excretion
in intestines and urine: the amount of radioactivity in
other tissues changed little during the 2-min to 24-h
period studied. The %dose of radioactivity in blood
2 min post-administration of the free label was 6.6. In
the case of the PLGA-mPEG nanoparticles, the major
radioactivity tissue (re)distribution process that took
place after the first 2 min involved the slow removal
of radioactivity from blood with time and its accumu-
lation mainly in MPS tissues, such as liver and spleen,
whereas in the case of the PLGA nanopatrticles, the
radioactivity was gradually removed from liver and
excreted in intestines and urine during the same period
of time. Following the administration of the labeled
PLGA-mMPEG nanoparticles, the radioactivity %dose
in blood fell gradually with time from 75.8 at 2min
to 6.8 at 24 h. After the administration of the labeled
PLGA nanoparticles, the %dose of radioactivity mea-
sured in blood was 4.9 at 2min, then fell slightly
with time to become 3.1% at 1 h, and then increased
a little with time to reach 6.4 at 24 H-{g. 4). The
PLGA nanoparticles exhibited higher accumulation
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Fig. 4. Biodistribution of radioactivity with time following the i.v. administration &°-CA and 125-CA-labeled PLGA and PLGA-
mPEG(61) nanoparticles in mice.
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in the lungs than the PLGA—mMPEG nanoparticles at —&—PLGA-mPEG (256)
the early post-administration timeBig. 4), possibly BLOOD —E—PLGA-mPEG (153)
due to their higher size. The free label did not have 100 —A—PLGA-mPEG (61)

any tendency to accumulate in the lungs as its %dose 4, H—PLGA-mMPEG (34)

in the lungs never exceeded the 1Fg 4). 60

40

% of dose

3.4. Biodistribution of PLGA-mMPEG nanoparticles
of different composition 20

o+ T T T T

The variation of radioactivity %dose with time in 0 1 2 3 4 5 6
blood after the i.v. administration of labeled PLGA— hours
MPEG nanoparticles having different composition
(PLGA/mPEG ratio) is shown irFig. 5 With all LIVER
compositions, the radioactivity exhibited prolonged 60
blood residence. However, the rate of radioactivity 50
removal from blood was significantly different for 40
the different nanoparticle compositions. An increase 30
in the PEG content of the PLGA-mPEG nanoparti- 20
cles (i.e. a decrease of the PLGA/mPEG ratio from 10
256 to 153) caused initially a decrease in the rate of 04 . . ’
radioactivity clearance, which reached a minimum 0 1 2 3 4 5 6
at a PLGA/mPEG ratio of 153, but then, a further hours
increase in the PEG content of nanopatrticles (i.e. a
further decrease of the PLGA/mPEG ratio from 153 SPLEEN
to 61 and then to 34) caused an increase in the rate of
radioactivity blood clearance. The effect of copoly-
mer composition on the in vivo blood longevity of
the PLGA—mMPEG nanoparticles for a wider range of
compositions can also be seenTiable 1 where the
%dose of the injected nanoparticles remaining in the
systemic blood circulation 3 h post-administration is
given for nanoparticles with PLGA/mPEG molar ra-
tios between 495 and 34. The blood longevity of the
nanoparticles increased with an initial decrease of the BONES
PLGA/mPEG ratio (in the range of ratios between 20
495 and 153) but decreased with a further decrease
of the PLGA/MPEG ratio (in the range between 153 15

% of dose

% of dose

8 )
and 34). 3 10 I
With all nanoparticle compositions, the radioacti- ©
vity levels in the liver increased with timé=ig. 5). = 5 :z
The effect of nanoparticle composition in the cap-
ture of the PLGA-mPEG nanoparticles in the liver 1 ) 3 4 5 6
was the reverse of that observed in the blood: the hours

nanoparticle compositions exhibiting high rate of

blood clearance exhibited low rate of accumulation Fig. 5. Biodistribution of radioactivity with time in blood,

in liver and vice versa R’ig 5) The radioactivity liver, spleen and bones following the i.v. administration of
. . o L 125.cA-labeled PLGA-MPEG ticles of different -

levels in the spleen increased slowly with time and .-~ MPEE nanoparticies of different compo

reached 2-5% of the dose 6h post-administration
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Fig. 6. Biodistribution of radioactivity with time in lungs, mus-
cles, intestines and urine following the i.v. administration of
125.CA-labeled PLGA-mPEG nanoparticles of different compo-
sition in mice.

with the different nanoparticle compositiorisig. 5).
The PLGA—-MPEG(34) nanoparticles exhibited signif-
icantly (P < 0.05) higher accumulation in the bones
(12.5% of the injected dose) than the other nanopar-
ticle compositions (5-8% of the dose) at the end of
the 6-h period studied~g. 5).

The radioactivity dose accumulated in the mus-
cles did not differ between the different nanoparticle
compositions and was lower than 10% for all of
them at the end of the 6-h perio&ig. 6). With all
nanoparticle compositions, low levels of radioactivity
were found in the lungs (1-2.5% of dosdjid. 6).
With all nanoparticle compositions, the amount of ra-
dioactivity excreted in intestines and urine increased
slowly with time, to reach a total level of 6—-8% at the
end of the sampling period={g. 6). No significant
difference in the excretion rate could be observed be-
tween the different nanoparticle compositions. With
all nanoparticle compositions, the radioactivity lev-
els in other tissues not included figs. 5 and 6
were very low at all times post-administration. For
example, the %dose of radioactivity measured in kid-
neys was 0.8-1.9%, in stomach 0.4-0.9%, in brain
0.1-0.5% and in thyroid 0.1-0.3% of the injected
dose.

4. Discussion

In this work, the physicochemical properties, the
in vitro stability and the biodistribution properties of
PLGA-mPEG nanoparticles having different compo-
sition (PLGA/MmPEG ratio) were investigated. Con-
ventional PLGA nanoparticles were also included in
this study for comparison reasons. The PLGA-mPEG
nanoparticles had-potential values relatively close
to neutral due to the presence of PEG on their surface
which covers the surface charges, whereas the PLGA
nanoparticles had a highly negatiggootential. Also,
the PLGA—-mPEG nanoparticles were smaller than
the PLGA nanoparticles and their size decreased as
their PEG content (MPEG/PLGA ratio) increased
(Table ). The latter would indicate that PEG is able to
moderate the association of the copolymer molecules
during the formation of the particles and may be con-
sidered to be an indirect evidence of the micellar-like
structure of the PLGA-mPEG nanopatrticles prepared
in this study Riley et al., 1999%.
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The colloidal stability of the nanoparticles was first be related to the lower rigidity of the cores of these
evaluated by their resistance to aggregation in the particles and to the higher mobility of their chains,
presence of electrolytes. The nanoparticle composi- which would probably facilitate their aggregation in
tions with relatively high PEG content, such as the the presence of Ga or with incubation time.
PLGA-mMPEG(70) and PLGA—-mPEG(34) nanoparti-  We have observed that the nanoparticles with high
cles, were more stable than the nanoparticle compo- PEG content undergo significant degradation during
sitions with relatively low PEG content, such as the the first 7 days of incubation at 3T in vitro (they
PLGA-mMPEG(495) and PLGA—-mMPEG(256) nanopar- loose approximately 50—70% of their mass, depend-
ticles, in the presence of increasing concentrations ing on their composition)Avgoustakis et al., 2002
of sodium sulfate Kig. 1). The lower stability of The higher degradation of the nanoparticles with
the nanoparticles with relatively low PEG content in relatively high PEG content may also contribute to
the presence of sodium sulfate may be attributed to the their reduced stability (increased aggregation during
incomplete coverage of nanoparticle surface by the storage) compared to the nanoparticles with relatively
PEG chains. Under the stress generated by Brownianlow PEG content, which exhibit lower degradation.
collisions, the PEG chains are unable to prevent close When the nanoparticles were incubated at4inder
approach of the nanoparticles. Then, when the sur- no agitation, both the collisions and the degradation
face charge of the nanoparticles is neutralized by the of the nanoparticles were probably slowed down, and
electrolyte, the van der Waals attraction between the all nanoparticle compositions appeared to be equally
PLGA cores leads to nanopatrticle flocculation. The stable (no aggregation occurred) during the period of
flocculation of the nanopatrticles having relatively high 6 days investigated.
PEG content at high sodium sulfate concentrations In order to investigate the biodistribution proper-
may be attributed to the decreased solvency power of ties of the PLGA and PLGA-mPEG nanoparticles,
water for PEG at these high concentrations 0,30 the nanoparticles were labeled wifif9l-CA. The
At sodium sulfate concentrations exceedingéilpeint free 129-CA had completely different biodistribution
for the PEG, the PEG chains become dehydrated, theproperties than the'?%-CA-labeled nanoparticles
interaction between the PEG chains becomes attrac-(Fig. 4). For example, it was rapidly removed from
tive, and nanopatrticle flocculation occuRilgy et al., the blood pool, falling to less than 7% of the dose
1999. 2min post-injection. Also, it exhibited a high accu-

In contrast to the results obtained with sodium sul-
fate, the PLGA-mPEG(495) and PLGA-mPEG(256)
nanoparticles, which have relatively low PEG con-
tent, appeared to be more resistant to Ga@duced
flocculation (i.e. they exhibited a lower size variation
as the concentration of Caflncreased) than the
PLGA-mMPEG(70) and PLGA—-mPEG(34) nanoparti-
cles, which have relatively high PEG conteRid. 2).

mulation in the muscle tissue (35.2% of dose at 2 min
post-injection). On the contrary, tHé%-CA-labeled
PLGA-mPEG nanoparticles were slowly removed
from blood, reaching the low radioactivity levels
that the free label reached within 2min at 24h
post-administration, and did not have the tendency to
accumulate in muscles (the %dose measured in mus-
cles 2min post-administration was 4.5%). Further-

The same result was obtained when the nanoparti- more, in the case of the PLGA-mPEG nanoparticles,

cles were incubated at 3T during a period of 6
days Fig. 3. Based on NMR dataStolnik et al.

the radioactivity levels in spleen increased slowly
with time during the whole period tested, starting

(2001)suggested that the nanoparticles prepared from from 1.7% at 2min and reaching 5.9% at 24h. On

PLA-PEG copolymers with low molecular weight
PLA blocks (i.e. nanoparticles with high PEG con-

the contrary, in the case of the free label, the radioac-
tivity in the spleen did not change with time, being

tent) are in a less solid state than the nanoparticlesaround 1% at all times post-administration. These

prepared from PLA—PEG copolymers having high
molecular weight PLA blocks. Thus, the lower stabil-
ity of the PLGA—mMPEG nanopatrticles with relatively
high PEG content in the presence of Ca@hd upon

incubation at 37C observed in the present study may

results would indicate that the label was still asso-
ciated with the PLGA-mPEG nanoparticles during
the 24-h period tested and that these nanoparticles
were slowly captured by spleen macrophages during
this period. Also, the radioactivity measured in the
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thyroid tissue was very low (lower than 0.3% of the
dose) during the 24h investigated, indicating that
125 was not liberated from thé?3I-CA label during
that period. Finally, in vitro studies demonstrated that
about 80% of the label remained associated with the
nanoparticles after 6-h incubation ¥¥I-CA-labeled
PLGA-mMPEG nanoparticles in serumgnagi et al.,
2001). Therefore,'?9-CA was considered to be a
suitable label in order to follow the tissue distribution
properties of the different PLGA-mPEG nanoparticle
compositions during a period of 6 h, which was the
major objective of our in vivo study.

All PLGA-mPEG nanoparticle compositions ex-
hibited prolonged residence in blood, compared to
the conventional PLGA nanoparticle$aple 1 and
Figs. 4 and » The major pathway for the removal of
all PLGA-mPEG compositions from blood appeared

125

now become sufficiently low to permit the nanopar-
ticles to reach tissues that the bigger nanoparticles
cannot. As it can be seen ifable 1 the size of
PLGA-mPEG(61) and PLGA-mPEG(34) nanopar-
ticles is lower than 70nm. As a result, the blood
circulation time of PLGA—mPEG(61) and especially
PLGA-MPEG(34) nanoparticles was lower than that
of PLGA—mPEG(153) nanoparticlefi@. 5. It may

be possible that these relatively small nanoparticles
can penetrate more efficiently than the bigger nanopar-
ticles through the fenestrae in the endothelial lining
of the liver and associate with parenchymal cells.
This would explain the increased liver accumula-
tion of the PLGA—MPEG(61) and PLGA-MPEG(34)
nanoparticles compared to the PLGA-mPEG(153)
nanoparticles, which are biggeffable 1. Stolnik

et al. (2001)reported that their preliminary results

to be the nanoparticle capture in MPS tissues, and suggest that small sterically stabilized particles can

especially in the liver Kig. 5. Comparatively, little
radioactivity (6—8% of dose) was excreted in urine

distribute mainly to the parenchymal cells of the liver
after i.v. injection.

and intestines during the 6-h period investigated, and  Further, evidence that the small PLGA-mPEG
the radioactivity did not appear to accumulate in any nanoparticles are more highly distributed in the body
other tissue during that perio#i@. 6). A composition may be considered to provide the higher accumula-
effect on the blood clearance rate of PLGA-mPEG tion of the PLGA-mPEG(34) nanoparticles in bones
nanopatrticles is clearly evidenfiy. 5. An increase (Fig. 5. PLGA—-mMPEG(34) nanoparticles had the
in the PEG content of the PLGA-mPEG nanopar- smallest size (57.5nm) of all nanoparticle composi-
ticles (i.e. a decrease of the PLGA/mMPEG ratio) tions investigatedTable 1. The higher accumulation
caused initially a decrease in the rate of nanoparticle of these nanoparticles in bone marrow may be the
clearance, but a further increase in the PEG contentresult of their small size. The major part of the ra-
of nanoparticles caused an increase in the rate of dioactivity measured in the bones is considered to
nanoparticle clearance from blood. This result may result form nanoparticle capture in phagocytic retic-
be attributed to the effect the composition of the uloendothelial cells lining the vascular sinusoids of
nanoparticles has on the PEG density on nanopar-bone marrow. However, this has to be demonstrated

ticle surface and the size of the nanoparticles. An
increase in the PEG content of the nanoparticles,
from composition PLGA-mMPEG(256) to composition
PLGA-mMPEG(153), causes initially an increase in the
PEG density on nanoparticle surfacklle 1 Speg
values) and a more effective steric barrier is formed
on nanoparticle surface, inhibiting nanoparticle op-
sonization and phagocytocis. As a result, the blood
circulation time of the PLGA-mPEG(153) nanopar-
ticles was higher than that of PLGA—mPEG(256)
nanoparticles Kig. 5. With a further increase in
the PEG content of nanoparticles, compositions
PLGA-mPEG(61) and PLGA-mPEG(34), PEG may
still form an effective steric barrier on nanoparticle

with appropriate tissue fractionation experiments.
No significant differences between the different
PLGA-mPEG nanoparticle compositions were ob-
served in the accumulation of the nanopatrticles in the
other animal tissued={(g. 6).

With the exception of the PLGA-mPEG(61) nano-
particles, the effect of the nanoparticle composition
on the tendency of the PLGA-mPEG nanoparticles
to accumulate in the spleen was similar to the effect
the nanoparticle composition had on nanoparticle
tendency to accumulate in the liver: the compositions
exhibiting low liver accumulation also exhibited low
spleen accumulation and vice vergag( 5). It should
also be noted that the PLGA-mPEG nanoparticles

surface, the size however of the nanoparticles has exhibited higher accumulation in the spleen than the
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PLGA nanoparticlesKig. 4), possibly due to their = References
reduced sequestration by the liver.
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