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a b s t r a c t

The current study examines the passive pulmonary targeting efficacy and retention of 6 �m polystyrene
(PS) microparticles (MPs) covalently modified with different surface groups [amine (A-), carboxyl (C-) and
sulfate (S-)] or single (PEG1-) and double (PEG2-) layers of �,�-diamino poly(ethylene glycol) attached to
C-MPs. The �-potential of A-MPs (−44.0 mV), C-MPs (−54.3 mV) and S-MPs (−49.6 mV) in deionized water
vailable online 29 September 2010
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were similar; however PEGylation increased the �-potential for both PEG1-MPs (−18.3 mV) and PEG2-MPs
(11.5 mV). The biodistribution and retention of intravenously administered MPs to male Sprague–Dawley
rats was determined in homogenized tissue by fluorescence spectrophotometry. PEG1-MPs and PEG2-MPs
demonstrated enhanced pulmonary retention in rats at 48 h after injection when compared to unmodified
A-MPs (59.6%, 35.9% and 17.0% of the administered dose, respectively). While unmodified MPs did not
significantly differ in lung retention, PEGylation of MPs unexpectedly improved passive lung targeting

ng su
EGylation and retention by modifyi

. Introduction

Microparticles (MPs) have been extensively studied as carri-
rs for drug delivery as they offer many advantages including the
ontrolled and sustained release of therapeutic compounds and
ocalized delivery of drugs to specific target sites due to size or tar-
eting moieties (Chao et al., 2010; Kutscher et al., 2010; Wattendorf
nd Merkle, 2008). However, in general, upon administration into
he body, MPs are quickly recognized as being foreign and undergo
hagocytosis by the reticuloendothelial system (RES), the body’s
atural defense mechanism (Ahsan et al., 2002; Wattendorf and
erkle, 2008). Therefore to achieve targeted drug delivery to spe-

ific organs, it is required that MPs remain in circulation for a

rolonged period of time to reach the site of action and avoid non-
pecific phagocytosis by the RES.

The physicochemical properties of MPs such as size, hydropho-
icity and surface charge largely influences their uptake by
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rface properties including charge and hydrophobicity but not size.
© 2010 Published by Elsevier B.V.

phagocytic cells and changes their in vivo biodistribution (Alexis
et al., 2008). For example, hydrophobic MPs are more readily taken
up by macrophages than hydrophilic MPs (Tabata and Ikada, 1988).
In addition, MPs with neutral or negative surface charge are less
susceptible to phagocytosis than MPs with positive surface charge
(Meng et al., 2004b; Tabata and Ikada, 1988). Furthermore, phago-
cytosis increases with the absolute magnitude of �-potential for
both negatively and positively charged MPs and decreases as the
�-potential approaches zero (Tabata and Ikada, 1988). Finally, sur-
face properties of orally administered MPs have been shown to be
important in translocation through mucous and intestinal uptake
(Norris et al., 1998, 1999).

Modifying the surface charge of MPs with a hydrophilic poly-
mer such as poly(ethylene glycol) (PEG) is a well known strategy to
avoid capture of MPs by the RES and increase their circulation time
(Dunn et al., 1994; Gref et al., 1994; Illum and Davis, 1987; Illum et
al., 1987; Wattendorf and Merkle, 2008). PEG prevents the adsorp-
tion of proteins on the surface of MPs, due to its steric repulsion
effects, thus reducing opsonization (Alexis et al., 2008).

Physicochemically and biologically inert, rigid PS MPs were cho-

sen as the model system to investigate the effect of PEGylation,
surface functional groups and surface charge on biodistribution and
retention in order to limit or block other possible factors includ-
ing size, shape or flexibility that may influence the outcome of
these experiments. Commercially available PS MPs were used for

dx.doi.org/10.1016/j.ijpharm.2010.09.020
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:sinko@rutgers.edu
mailto:sinko@rci.rutgers.edu
dx.doi.org/10.1016/j.ijpharm.2010.09.020
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ynthesis since they offer several advantages including: a narrow
ize distribution; minimal variability in shape; and availability with
arious surface groups for chemical modification.

The ability to control specific organ distribution by tailoring
he surface charge of MPs is yet to be fully explored. In previous
ork, we have demonstrated that 6 �m PS S- and C-MPs are able

o passively target the lung of Sprague–Dawley rats and transiently
emain entrapped in the lung capillaries for a prolonged period
f time, before clearance to the liver and spleen (Kutscher et al.,
010). In this study, the surface charge of unmodified MPs (A-, C-
nd S-MPs) and PEGylated MPs (PEG1- and PEG2-MPs) was deter-
ined; and the effect of surface charge, surface functional groups

nd PEGylation on passive pulmonary targeting and retention in
prague–Dawley rats is reported.

. Materials and methods

.1. Materials

Bright blue fluorescent, internally labeled 6 �m PS MPs and
on-labeled 6 �m PS MPs with different surface functional groups
amino (A-), carboxyl (C-) and sulfate (S-)] were purchased from
olysciences Inc. (Warrington, PA). PS MPs are manufactured by
he polymerization of styrene with an initiator that contains sul-
ate ions. C-MPs are manufactured by co-polymerizing styrene
ith a carboxylic group containing monomer. A-MPs are man-
factured by converting surface carboxylic groups into amine
roups. Therefore, S-MPs contain sulfate ions on the surface; C-
Ps contain carboxylic and sulfate groups on the surface; and

-MPs contain amine, carboxylic and sulfate groups on the sur-
ace. Polycarbonate filters with a 0.8 �m pore size were purchased
rom Osmonics Laboratory Products Inc. (Minnetonka, MN). �,�-
iamino PEG (DAPEG, 3.4 kDa) was obtained from Nektar Inc.

Huntsville, AL). O-(N-succinimidyl)-1,1,3,3-tetramethyl uranium
etrafluoroborate (TSTU), ethylenediaminetetraacetic dianhydride
EDTA) and dimethyl sulfoxide (DMSO) were purchased from
igma–Aldrich Co. (St. Louis, MO). Fluorescamine was obtained
rom Roche Diagnostics, Division of Hoffmann LaRoche Inc. (Nut-
ey, NJ). Male Sprague–Dawley rats (300 ± 50 g) were purchased
rom Hilltop Lab Animals, Inc. (Scottdale, PA). Rats were fed a stan-
ard rat diet, had free access to water and were housed in a room
ith a 12 h light–dark cycle for at least 1 week before the study. All

at studies were performed in AAALAC accredited animal facilities
nder approved protocols from the Rutgers University Animal Use
nd Care Committee.

.2. Methods

.2.1. Synthesis of PEGylated MPs (PEG1- and PEG2-MPs)
C-MPs were washed three times with distilled water and resus-

ended in anhydrous DMSO. The carboxyl groups on the surface of
Ps were activated by reacting with TSTU in anhydrous DMSO at

oom temperature (RT) while agitating for 15 min (Scheme 1, step
). After the activation of carboxyl groups, ethanol was added to

he DMSO suspension to reduce the density of the solution to be
ess than 1 g/mL to cause the MPs to sediment. The activated MPs

ere collected by centrifuging for 5 min at 10,000 × g. Excess TSTU
as removed by washing the reaction mixture with DMSO/ethanol

1:1) three times. PEG1-MPs were prepared by addition of acti-

ated MPs to a 3-fold excess of DAPEG in DMSO in order to avoid
ny possible cross-linking between microspheres (Scheme 1, step
). The extent of reaction was monitored by fluorescamine assay
Udenfriend et al., 1972), which quantifies the number of primary
mines remaining on the surface of MPs.
Scheme 1. Synthesis of PEGylated MPs (PEG1- and PEG2-MPs) from C-MPs. Reagents
and conditions: (A) TSTU, DMSO, RT, 15 min; (B) DAPEG (3.4 kDa), DMSO, RT 24 h; (C)
EDTA, DMSO, RT, 8 h; (D) TSTU, DMSO, RT, 15 min; and (E) DAPEG (3.4 kDa), DMSO,
RT 24 h.

The fluorescamine assay was performed as follows. After the
initiation of the DAPEG reaction, 10 �L samples from the reac-
tion mixture were obtained at predetermined times in duplicate
or triplicate. The samples were washed twice with deionized
H2O:ethanol (10:1) to remove unconjugated DAPEG and cen-
trifuged at 10,000 × g for 8 min. The washed PEG1-MPs were then
dispersed in 150 �L of 0.2 M borate buffer (pH = 9) before the addi-
tion of the fluorescamine (Fluram®). The fluorescent signal of each
sample was corrected by the number of MPs determined using a
Coulter counter.

To attach a second layer of PEG, the surface of PEG1-MPs was
modified with carboxyl groups using the following procedure.
PEG1-MPs (as prepared above) were added to a 5-fold excess of
anhydrous EDTA (used as a branching agent) in DMSO (Scheme 1,
step C). The reaction was allowed to proceed until no primary
amine groups were detected on the surface of MPs using the flu-
orescamine assay. Unreacted EDTA was removed by washing MPs
with DMSO/ethanol (1:1) three times, followed by drying under
vacuum. PEG2-MPs were prepared by reacting the EDTA modified
PEG1-MPs with DAPEG using the procedure described in step B.
The reaction was also monitored for completion using the fluo-
rescamine assay. PEGylated MPs were dried under vacuum and kept
at 4 ◦C for future experiments.

2.2.2. Particle characterization
2.2.2.1. Scanning electron microscopy (SEM). MPs were washed
twice with methanol and dried using a CentriVap concentra-
tor (Labconco Corp., Kansas City, MO) for 30 min. The MPs were
fixed on aluminum stubs with conductive tape and coated with
gold–palladium for 2 min at 30 mA and 5 × 10−2 mbar in an argon
atmosphere, using a Balzer SCD 004 Sputter Coater. The MP coated
stubs were then examined using an SEM (AMRAY 1830 I) with an

EDX 9800 X-ray system and a Robinson backscatter detector.

2.2.2.2. �-Potential. The �-potential of the MPs was measured
in deionized water using a BI-Zeta Plus �-potential analyzer
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Brookhaven Instrument Corp., Holtsville, NY). MPs were diluted
ith water to a concentration of 37.5 �g/L. The �-potential of MPs
ith different surface functional groups (A-, C- and S-MPs) and

EGylated MPs (PEG1- and PEG2-MPs) was measured in a series
f buffers with pH ranging from 2 to 9. The buffers with pH ranging
rom 2 to 7.05 were prepared by adjusting the pH of 1 mM phos-
hate buffer with 0.01 N hydrochloric acid. The buffers with pH
anging from 7.17 to 9 were prepared by adjusting the pH of 1 mM
orate buffer with 0.01 N NaOH. MP samples were dispersed in the
uffers in duplicate and stood overnight before measurement. The
-potential measuring platinum electrodes were pre-equilibrated
ith the buffers for 30 min before the measurement. �-Potential
as measured twice for each sample and an average of ten readings
as reported for each measurement.

It is known that the absolute value of the �-potential of the
icelle system decreases with increasing concentration of elec-

rolytes in solution (Shimada et al., 1995; Zeisig et al., 1996). To
btain the intrinsic �-potential of MPs without a significant effect
ue to the adsorption of dissociated salt ions, buffer systems with

ow ionic strength (1 mM) were used for �-potential measurement
f MPs at different pH’s.

.2.3. Biodistribution of MPs with various �-potentials

.2.3.1. Preparation and administration of MPs. PS MPs with dif-
erent surface functional groups (A-, C- and S-MPs) or PEGylated
erivatives (PEG1- and PEG2-MPs) were washed several times using
istilled water before being suspended in 0.9% NaCl containing 0.1%
ween 80 (20 mg MPs/mL). MPs were fully suspended in solution
y sonicating and vortexing immediately prior to IV administra-
ion. MPs (4 mg) were administered intravenously into the lateral
ail vein of conscious rats. The animals were kept under close obser-
ation for any signs or symptoms of embolism for 6 h or until
uthanized. At predetermined time points, animals were eutha-
ized by CO2 asphyxiation. The lung, right kidney, heart, spleen
nd a portion of the right lobe of the liver were collected for fur-
her processing. The rest of the liver was removed and weighed to
etermine the total MP retention in the liver.

.2.3.2. MP recovery from organs. The analytical method for quan-
ification of PS MPs in organs has been described elsewhere and

odified as follows (FMRC, 1999). Organ samples were digested
sing freshly prepared 4 N KOH in 2% Tween 80. An internal stan-
ard of 6 �m bright blue fluorescent PS MPs (0.5 mL, 0.025 w/v%)
as added to each sample. The digested samples were then filtered

hrough 0.8 �m polycarbonate filters and washed with 2% Tween
0 (2 × 10 mL) followed by phosphate buffer (1 × 10 mL, 43.2 mM
H2PO4 and 131 mM K2HPO4). After lightly vacuum drying, the
lter containing the MPs was carefully transferred to a polypropy-
ene tube and stored in the dark at room temperature until further
nalysis.

.2.3.3. Quantitation of MPs using a fluorescence spectrophotometer.
ollowing MP recovery by the filter, MPs were resuspended in 2 mL

ig. 1. Scanning electronic micrographs of MPs. (A) C-MPs; (B) PEG1-MPs; (C) magnificatio
o unmodified MPs; however there is no noticeable change in size or shape.
f Pharmaceutics 402 (2010) 64–71

of 0.1% Tween 80 and their turbidity was measured using a fluores-
cence detector (F-7000 Fluorescence Spectrophotometer, Hitachi
High Technologies America, Inc., Pleasanton, CA). The excitation
and emissions wavelengths of the non-dyed MPs (A-, C-, S-, PEG1-,
and PEG2-MPs) were both set to 500 nm, whereas the excitation
and emissions wavelength of the bright blue fluorescent MP inter-
nal standards were set to 365 and 435 nm, respectively. The MPs
and internal standards were quantified in triplicate against a stan-
dard curve that determined the number of MPs vs. fluorescence
signal.

2.2.4. Statistical analysis
Experimental values are expressed as mean ± standard devia-

tion. Differences between experimental groups were tested using
a one-way ANOVA with Tukey post-hoc analysis at ˛ = 0.05 using
GraphPad Prism v.4.0c (GraphPad Software, San Diego, CA). The
regression analysis of the standard curves was performed using
least squares linear regression (Microsoft Excel v.9.0). Figures were
generated by GraphPad Prism v.4.0c.

3. Results

3.1. Synthesis of PEG1-MPs and PEG2-MPs

PEG1- and PEG2-MPs were obtained by PEGylating C-MPs with
DAPEG and this reaction was monitored using a fluorescamine
assay. Fluorescamine binds to the primary amine groups on DAPEG
resulting in a fluorescence signal, which was monitored during the
synthesis procedure and normalized to the number of MPs found
in the sample. After 24 h, the coupling of DAPEG to activated C-
MPs approached its maximum fluorescamine signal. Addition of
anhydrous EDTA to PEG1-MPs resulted in a complete quenching of
the fluorescamine signal indicating that all primary/terminal amine
groups on DAPEG had reacted with EDTA. Following the EDTA reac-
tion, PEG1-MPs were reacted again with DAPEG to form PEG2-MPs.
An ∼3-fold increase in fluorescamine signal was detected after a
reaction time of 24 h with DAPEG, confirming the successful attach-
ment of DAPEG to each of the three carboxyl groups on EDTA

3.2. Scanning electron microscopy

MPs (A-, C-, S-, PEG1- and PEG2-) were examined using an SEM.
Unmodified MPs were spherical with smooth surfaces and had
a diameter of 6 �m (Fig. 1A), whereas PEGylated MPs exhibited
slightly irregular surfaces when compared to unmodified MPs, but
did not show any noticeable changes in size or shape (Fig. 1B and
C).
3.3. �-Potential of MPs

The effect of surface charge on the passive targeting and reten-
tion of MPs was investigated by determining the �-potential of MPs
with different surface functional groups (A-, C-, S-, PEG1- and PEG2-

n of PEG1-MPs. The surfaces of PEG1-MPs appear slightly irregular when compared
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Table 1
�-Potential of MPs with different surface functional groups (A-, C-, S-, PEG1- and
PEG2-MPs) measured in deionized water (n = 2).

Formulation �-Potential (mV) (mean ± S.D.)

A-MPs −44.0 ± 5.28
C-MPs −54.3 ± 4.63
S-MPs −49.6 ± 4.06
PEG1-MPs −18.3 ± 3.59
PEG2-MPs 11.5 ± 4.93

Fig. 2. The effect of pH on �-potential of MPs in buffer (pH 2–7:1 mM phosphate
b
u
t

M
D
−
o
t

o

and PEG2-MPs was 82.0% and 98.1%, respectively. However, this

F
(
t
c

uffer, pH 7–9:1 mM borate buffer) (n = 2, mean ± S.D.). The �-potential of the
nmodified MPs (A-, C- and S-MPs) is dominated by the sulfate group found on
he original MPs, whereas PEG masks the negative �-potential.

Ps) in deionized water and in buffers. Addition of a single layer of
APEG to C-MPs, increased the �-potential from −54.3 ± 4.63 mV to
18.3 ± 3.59 mV (Table 1). Moreover, sequential addition of a sec-

nd layer of DAPEG to PEG1-MPs further increased the �-potential
o 11.5 ± 4.93 mV (Table 1).

The �-potential of MPs was subsequently measured over a range
f buffered pH values (pH = 2-9) (Fig. 2). S-MPs and C-MPs dis-

ig. 3. The biodistribution of 6 �m MPs with different surface properties at various time
E) PEG2-MPs (n = 3, mean ± S.D.). The biodistribution of the unmodified MPs is similar and
he PEGylated MPs by one-way ANOVA. (F) Compilation of lung MP retention from (A)–(E)
ompared to S-MPs by one-way ANOVA. (C) is reprinted with permission from Kutscher e
of Pharmaceutics 402 (2010) 64–71 67

played negative �-potential values independent of pH; whereas the
�-potential of A-MPs was positive at low pH (pH = 2 and 3) due to
the protonization of the amine group. PEG1-MPs had a similar �-
potential profile to the A-MPs however, the �-potential remained
∼−40 mV in the pH range of 4–9. PEG2-MPs had an increased iso-
electric point (pI) compared to PEG1-MPs but ended with a similar
�-potential (−40 mV) at both blood and tissue pH (pH 7.4 and 7.0,
respectively) (Deshmukh et al., 2010).

The difference in �-potential between the non-PEGylated (A-,
C- and S-MPs) and PEGylated (PEG1- and PEG2-MPs) MPs indicates
that PEG is able to mask the surface charge of MPs. Therefore, PEGy-
lation is effectively reducing the number of ions that associate with
the MP surface, which leads to a decrease in the magnitude of the
�-potential for PEGylated MPs compared to non-PEGylated MPs.
Moreover, the �-potential is not different within either group at
physiological pH, suggesting that these studies are able to effec-
tively look at PEGylation, surface charge and surface functional
groups as important mediators of passive pulmonary targeting and
entrapment.

3.4. In vivo biodistribution of surface modified MPs

The percentage of MPs with different surface functional groups
recovered from organs at various time points after IV administra-
tion is illustrated in Fig. 3. The A-, C- and S-MPs showed similar
retention and biodistribution patterns (Fig. 3A–C). Although C-
MPs seem to have higher average pulmonary targeting (80.3%) 1 h
after administration when compared to S-MPs (64.9%) and A-MPs
(63.1%), the pulmonary targeting efficacy of C-MPs was not found to
be significantly different. Thus the surface functional groups of MPs
did not have significant effect on their lung retention and in vivo
biodistribution. PEGylated MPs, however, demonstrated improved
pulmonary targeting and retention compared to unmodified MPs.
The initial (1 h after administration) lung targeting of PEG1-MPs
retention was statistically similar to the unmodified MPs. The lung
retention of PEG1-MPs at 6 and 48 h and PEG2-MPs at 6 h was signif-
icantly greater than the retention of the unmodified MPs (Fig. 3F).
After 48 h following MP administration, <10% of the S-MPs, 16%

points. Biodistribution of MPs (A) A-MPs; (B) C-MPs; (C) S-MPs; (D) PEG1-MPs; and
their resulting lung AUCs (Table 2) are statistically different than the lung AUCs of

; *P < 0.05 compared to A-, C- or S-MPs; #P < 0.05 compared to A- or S-MPs; †P < 0.05
t al. (Kutscher et al., 2010).
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Table 2
Lung retention AUCs of the MPs obtained from data shown in Fig 3.

Formulation AUC0–48 h (% × h) (mean ± S.D.)

A-MPs 17.0 ± 2.03
C-MPs 18.9 ± 1.75
S-MPs 16.3 ± 0.24
PEG1-MPs 36.7 ± 8.12*

PEG2-MPs 31.0 ± 4.43*

The AUCs of the unmodified MPs (A-, C- and S-MPs) were not significantly different
from each other (P > 0.05). The AUCs of the PEGylated MPs (PEG1- and PEG2-MPs)
were not significantly different from each other (P > 0.05). However the AUCs of the
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When Coulombic forces are near or below van der Waals attractive
EGylated MPs (PEG1- and PEG2-MPs) were different from the AUC of the unmodi-
ed A-MPs at a statistically significant level (P < 0.05).
* P < 0.05 compared to A-, C- or S-MPs by one-way ANOVA.

f the C-MPs and 18% of the A-MPs remained in the lung, which
as significantly less than PEG1-MPs (56.8% remaining). PEG2-MPs

34.5% remain) also showed enhanced retention at 48 h when com-
ared to S-MPs, however there was no statistical difference to A-
r C-MPs.

The area under the lung retention percentage time curve (AUC)
f unmodified and PEGylated MPs was calculated using the trape-
oidal rule from 0 to 48 h (Table 2). It was found that the AUCs of
oth the PEGylated MPs were significantly larger than the unmod-

fied MPs (P < 0.05).
The AUCs of the unmodified MPs (A-, C- and S-MPs) were not

ignificantly different from each other (P > 0.05). The AUCs of the
EGylated MPs (PEG1- and PEG2-MPs) were not significantly differ-
nt from each other (P > 0.05). However the AUCs of the PEGylated
Ps (PEG1- and PEG2-MPs) were different from the AUC of the

nmodified A-MPs at a statistically significant level (P < 0.05).

. Discussion

.1. Surface characteristics of MPs effect phagocytic uptake

It is well known that the PEGylated MPs possess stealth prop-
rties and thus are able to bypass uptake by macrophages (Dunn
t al., 1994; Gref et al., 1994; Moghimi, 2002; Stolnik et al., 1994).
owever, PEGylated MPs have been reported to be phagocytosed
y A549 epithelial cells as efficiently as unmodified MPs (Chao et al.,
010). This unexpected uptake of PEGylated MPs could represent
nother important cancer targeting element for this drug delivery
ystem. However, the mechanism of phagocytosis of MPs might be
ifferent among cell types. For example, albumin-coated MPs were

nternalized as readily as for the uncoated MPs in two epithelial
ell lines, A549 and Calu-3 (Foster et al., 2001). However, when
ptake of albumin-coated MPs in macrophages, neutrophils and
onocytes was studied, phagocytosis was greatly reduced (Ayhan

t al., 1995; Roser et al., 1998). This was most likely because the RES
as not able to recognize albumin-coated MPs as foreign matter.
n the other hand, opsonized MPs were shown to increase their
ptake by RES (Armstrong et al., 1997; Prior et al., 2002; Roser et
l., 1998) and other phagocytotic cells (Ulusoy and Onur, 2003), as
psonization of colloidal system was essential for the uptake by
ES.

Surface properties of MPs (e.g., hydrophilicity and �-potential)
re believed to play an important role in phagocytosis by
acrophages (Muller et al., 1997; Walter et al., 2001). However the

xact relationship between MP surface properties and phagocyto-
is is controversial. For example, in some studies it was observed
hat an increase in the hydrophilicity of MPs resulted in decreased

hagocytosis (Harper et al., 1991; Muller et al., 1997); whereas Wal-
er et al. initially reported no difference in phagocytic efficiency
y macrophages and dendritic cells for MPs composed of poly-
ers with varying hydrophilicity (Walter et al., 2001). However,
f Pharmaceutics 402 (2010) 64–71

the same research group later demonstrated that MPs composed of
a hydrophobic polymer (PLA) were phagocytosed by macrophages
and dendritic cells to a significantly greater extent than the ones
composed of less hydrophobic polymers (PLGA 75:50 and 50:50)
(Prior et al., 2002). Furthermore, the number of particles taken
up by macrophages was not proportional to their hydrophilicity
(Ayhan et al., 1995), which led to the conclusion that, in addition
to the hydrophilicity of the particles, the overall surface charges
presented on the surface of particles also play a critical role in
determining the phagocytotic activity of RES.

In general, cells possess a net negative �-potential. Therefore,
the electrostatic attraction between the cell membrane and MP
surface with opposite charge causes an increase in the adhesion
of MPs to the cells, leading to an increase in phagocytosis. In fact,
less negatively charged PLA and PLGA MPs were phagocytosed
more efficiently by monocytes/macrophages (Prior et al., 2002). In
addition, opsonized particles with less negative �-potential were
also phagocytosed more efficiently. Macrophages and dendritic
cells had significantly higher phagocytosis activity to PS parti-
cles with positive �-potential due to a poly-l-Lysine coating than
to the same particles with or without a bovine serum albumin
coating (Thiele et al., 2001). However, because both macrophages
and dendritic cells are antigen-presenting cells (APCs), it was not
known if there were receptors that existed on the surface of
macrophages or dendritic cells specific to lysine. Otherwise, the
higher uptake of poly-l-lysine coated particles by the cells might
be due to a specific antigen–antibody type of interaction rather
than to the positive �-potential. Conversely, others reported dimin-
ished phagocytosis of particles by macrophages with decreased net
negative �-potential (Roser et al., 1998; Tabata and Ikada, 1988).
The least phagocytosis was observed for particles with net surface
charge close to zero (non-ionic) in both studies. The discrepancy
was possibly due to the alteration of the �-potential, which also
modified other particle properties (Prior et al., 2002). A simple
and straightforward method to study the biological/physiological
effect of �-potential of particles while maintaining all other phys-
ical/chemical properties constant was proposed. Manipulation of
the final surface functional group could potentially change the �-
potential.

The ability to manipulate �-potential in a predictable way on
particulates has been shown to be a potentially important ele-
ment in designing drug delivery systems. Phagocytic uptake rate
of PEG coated MPs and nanoparticles (NPs) was inversely propor-
tional to the �-potential magnitude of the particles (Fontana et al.,
2001; Gbadamosi et al., 2002). In other words, micelle systems with
less negative �-potentials would bypass the phagocytic uptake by
either alveolar or hepatic macrophages in the systemic circulation.
However, the MPs and NPs investigated had �-potential in nega-
tive range (−81.5 to −29.8 mV for the MPs and −18.5 to −5.1 mV
for the NPs). Although micelle systems with large �-potentials tend
to protect MPs from RES uptake and thereby increase blood circu-
lation times, it is not known if the same tendency would be valid
for particles with positive �-potentials.

4.2. PEGylation of MPs changes their �-potential

In general, the smaller the absolute value of the �-potential
a colloidal system carries (i.e., the closer to zero), the lower the
Coulombic repulsive forces between MPs exist. The result is an
increased potential for aggregation/flocculation making it more dif-
ficult to maintain a stable, well-suspended solution (Shaw, 1980).
forces, the colloidal system is unable to return to a well-suspended
form. When the �-potential reaches zero (i.e., the isoelectric point),
MPs have the least repulsive force and are the least stable. There-
fore, a traditional approach for maintaining a stable colloidal
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ystem involves tailoring the solvent pH well away from its iso-
lectric point (Hunter, 2001). This approach was supported by the
esults of this study.

PEGylated MPs had smaller �-potential values over a wide pH
ange compared to unmodified MPs. This caused PEGylated MPs
o flocculate more easily than unmodified MPs, especially in high
onic strength buffers and basic solutions similar to physiological
onditions. In the more PEGylated PEG2-MPs, flocculation was more
ronounced compared to PEG1-MPs when visualized by an optical
icroscope. Overall, increased PEGylation of MPs made the par-

icles problematic to handle. For example, it became difficult to
easure the �-potential of PEGylated MPs because they adhered

o the surface of cuvettes and could not move freely in the electric
eld. Moreover, when PEGylated MPs were centrifuged to form a
ellet, it was nearly impossible to resuspend them in solution, even
fter prolonged sonication. This occurred because the centrifugal
orce provided the PEGylated MPs enough energy to overcome the
oulombic repulsive force between them and eventually the MPs
eared one another and aggregated. PEGylation beyond two lay-
rs caused MPs to become ‘sticky’ due to the positive charges on
he surface of MPs (data not shown); therefore, only PEG1-MPs and
EG2-MPs were investigated in this research project.

Based on the MP �-potential measurements, it was hypothesized
hat both the steric hindrance caused by PEG molecule and the pos-
tive charges on the DAPEG influenced the changes in �-potential.
t was shown that by grafting PEG onto the surface of colloidal
ystems, the �-potential of the systems increases regardless of the
harges that the PEG carried (Dong and Feng, 2004; Fontana et al.,
001; Gref et al., 1994; Meng et al., 2004a; Muller and Kissel, 1993;
aravanan and Subramanian, 2005; Vila et al., 2004; Wakebayashi
t al., 2004; Zeisig et al., 1996). Nevertheless, although changes in
-potential have been shown to be proportional to the molecular
eight and the density of the PEG used, the contribution of charges

f the PEG to the changes in �-potential has not been elucidated.
PEGylation has been widely used to form stealthy particles

hich avoid uptake by the RES (Meng et al., 2004a). The role of
EGylation is primarily to adjust surface hydrophilicity, thereby
educing protein adherence and opsonization; it has also been
hown to change �-potential. For example, covalently grafting PEG
nto PS MPs (1.45 �m) reduced the negative �-potential of the MPs
Meng et al., 2004a). This reduction of �-potential was proportional
o the surface PEG density. Similarly, the increased surface density
f PEG in PEG-PLA NPs resulted in reduced negative �-potentials
Vila et al., 2004). In addition, rather than being reduced, the �-
otential of poly(ethyl cyanoacrylate) NPs (Fontana et al., 2001)
nd albumin (Muller and Kissel, 1993) were increased, as well as
eing shown to be proportional to the molecular weight of PEG. Fur-
hermore, the �-potential of alumina (Saravanan and Subramanian,
005) and pDNA micelles (Wakebayashi et al., 2004) also increased

n the presence of a PEG coating.

.3. The effect of surface functional group, �-potential and
EGylation on the biodistribution of MPs

In a previous study, we reported that size plays an important
ole in the biodistribution of both S- and C-MPs (Kutscher et al.,
010). The 6 �m PS MPs showed a biodistribution pattern that was
ifferent from both larger (10 �m) and smaller (2, 3 �m) MPs. More
han 60% of the S-MPs were found in the lung after 1 h following
dministration, gradually decreasing to less than 10% after 7 days

ollowing administration (Fig. 3C). MPs that cleared from the lung
ere deposited in the liver (82%) and spleen (11%). This result was

onsistent with previous reports (Rhodes and Croft, 1978), where
articles of 4–12 �m were found to be entrapped not only in the

ung but also in the liver and spleen. The in vivo kinetics of 6 �m MPs
of Pharmaceutics 402 (2010) 64–71 69

(i.e., initial entrapment in the lung followed by gradual clearance to
liver and spleen) was clearly distinguished from MPs of other sizes
(Kutscher et al., 2010).

In general, intravenously administered particles and micelle
systems (such as liposomes) are cleared from the circulation by RES
uptake or mechanical capillary filtration (Bradfield, 1984; Petrak,
1993). The particles do not migrate to other organs over time unless
they are metabolized or degraded. However, intravenously admin-
istered 6 �m MPs are able to selectively target the lung before
clearance to the liver and spleen. This important finding, that the
critical diameter of MPs for passive entrapment in the lung is 6 �m,
provided the basis for the development of an IV administered MP-
based passive pulmonary targeting drug delivery system for the
treatment of lung cancer (Chao et al., 2010; Kutscher et al., 2010).

Further improvement to passive pulmonary targeting was
achieved by attachment of DAPEG onto the surface of MPs, which
improved the targeting and retention of the system possibly due
to the stealth property of PEG and the �-potential effect. PEGy-
lated MPs had significantly better lung targeting and retention
(i.e., increased AUC) than unmodified MPs. At 1 h, there was no
statistical difference between MPs, indicating that surface charge
or functional groups may not play a critical role in initial lung
retention. However, we demonstrated that over time, there was
enhanced lung retention of less negative PEGylated MPs, which
was most likely due to increased cellular interactions once PEG1-
MPs become entrapped in capillaries. These findings are consistent
with the concept that electrostatic interactions between the MPs
(negatively charged) and capillary endothelial cells (also negatively
charged) may influence the clearance of the MPs. MPs which were
more negatively charged (unmodified MPs) may be able to more
easily pass through the capillary due to charge–charge repulsion
at the cell-MP border. In addition, MPs that are more positively
charged might interact more with the endothelial cell surface and
be hindered. These possible electrostatic interactions are consis-
tent with the finding that positively charged liposomes have been
shown to have a longer circulation time in rats (half-life up to 20 h)
than their anionic counterparts (half-life less than 1 h) (Senior and
Gregoriadis, 1982). Moreover, PEGylation has been well reported
to decrease the amount of protein adsorbed to the surface of MPs
(i.e, become stealthy) and as a result, to decrease any cellular
adhesion that is not due to a charge–charge interaction (Meng et
al., 2004a). The exact role of protein adsorption to MPs and their
subsequent interaction with the cell’s surface remains to be fully
understood.

In addition, coating poly(d,l-lactide-co-glycolide) (PLGA) par-
ticles with PEG increased blood circulation time and changed
body distribution in mice (Illum and Davis, 1987). The most
noticeable change in organ distribution was in the liver where
66% of uncoated PLGA particles were captured 5 min post-
injection, whereas only 30% of PEG-coated PLGA particles were
retained after 2 h (Illum and Davis, 1987). Similarly, only 40%
of PEG-coated polyalkylcyanoacrylate (PACA) NPs were found
in the liver 24 h post-injection, whereas 90% of uncoated
poly(hexadecylcyanoacrylate) (PHCA) NPs were found in the liver
3 min after injection. On the other hand, a high concentration of
PACA NPs was found in the spleen (Peracchia et al., 1999). These
reports as well as the results of the current biodistribution and
retention study of the surface-modified MPs demonstrate the crit-
ical role of surface properties of colloidal systems on their in vivo
kinetics.

Of note, the final biodistribution of PEGylated MPs was similar to

the unmodified MPs, thus implying that the addition of PEG to MPs
altered the initial in vivo kinetics of MPs but did not affect the final
body clearance. This finding suggests that modifying the surface of
MPs with PEG may be an important strategy for enhancing lung
retention. Furthermore, it suggests that the surfaces of MPs can be
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odified to optimize lung retention while not affecting eventual
ung clearance.

Interestingly, PEGylated liposomes may also play a significant
ole in treating diseased lung. For example, by increasing the den-
ity of PEG on the surface of liposomes, not only was there an
ncrease in the circulation half-life, but also the localization of lipo-
omes increased in infected lung (Schiffelers et al., 1999). This is
ue to the leaky vasculature associated with infected lung, which
ould allow for increased particle accumulation at the interstitial

issue space. Furthermore, negatively charged liposomes adminis-
ered IV to mice accumulated more efficiently in macrophages than
iposomes with neutral or positive charges (Fidler et al., 1980).

In another study, the localization of liposomes coated with PEG
2.0 kDa) that contained varying amounts of charged phospholipids
as used to treat infected lung tissue in a rat model of unilateral
neumonia (Schiffelers et al., 1999). Liposomes containing either
mol% or 10 mol% PEG localized in the infected left lung; however

he addition of negatively charged phospholipids to the liposomes
esulted in ∼2-fold reduction in localization.

A few recent studies have looked at organ targeting of surface
odified NPs. Selective targeting of nanostructured lipid carriers

NLCs) to the lung was accomplished by using PEG-40 stearate and
EG-100 stearate to modify the surface charge of NLCs (Zhang et al.,
008). The addition of the PEG coating decreased the surface charge
f NLCs from −33 mV to about −10 mV. IV injection of PEG-NLCs
ncapsulating 10-hydroxycamptothecin (HCPT) into mice resulted
n a 40-fold higher concentration of HCPT in the lung, compared to
ncoated NLCs containing HCPT (Zhang et al., 2008).

Thus, at this time, the ability to control specific organ distribu-
ion by tailoring the surface charge of MPs is yet to be fully explored.
n particular, the effect of charge on the in vivo fate of MPs could
e further elucidated if the biodistribution and retention of charge-
hanged PEGylated MPs with identical size and PEG density were
tudied. Moreover, by further understanding the effect of surface
harges on colloidal systems, possible mechanisms of the biodis-
ribution and retention might be suggested that could guide the
uture direction of drug delivery system design and development.
owever, further elucidation of these effects was beyond the scope
f this study.

. Conclusion

In the current study, the effect of surface functional groups
nd PEGylation on the biodistribution and retention of rigid non-
egradable MPs was assessed in rats. These results suggest that
EGylation of rigid PS MPs significantly increases lung entrap-
ent and transient retention in Sprague–Dawley rats; however

urface functional groups do not appear to significantly change lung
etention. Given the observed lung targeting and prolonged reten-
ion properties of PEGylated rigid non-degradable 6 �m injectable

Ps with their eventual clearance to the liver, it is entirely likely
hat administration on a weekly or monthly basis is possible with
ighly potent therapeutics. This long-term, passive lung targeted
rug delivery platform offers a potentially significant alternative
o multiple daily administrations using inhalation. Increased lung
issue residence times of PEGylated MPs, which are entrapped in
he pulmonary vasculature, may offer significant advantages when
reating diseases involving the alveolar region such as asthma,
mphysema, tuberculosis, interstitial pulmonary disease, cystic
brosis or disseminated lung cancer; as this injectable drug delivery
oute offers a unique clearance mechanism compared to inhaled

edications which have low initial targeting efficiency. We are

ow in the process of extending these studies by systemati-
ally altering the deformability/rigidity or �-potential of PEGylated
Ps to further examine lung targeting, distribution and reten-

ion.
f Pharmaceutics 402 (2010) 64–71
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