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Abstract The aim of the present work is to investigate
the effect of PEG content in copolymer on physicochemi-
cal properties, in vitro macrophage uptake, in vivo
pharmacokinetics and biodistribution of poly(lactic acid)
(PLA)—poly(ethylene glycol) (PEG) hemoglobin (Hb)-
loaded nanoparticles (HbP) used as blood substitutes. The
HbP were prepared from PLA and PLA-PEG copolymer of
varying PEG contents (5, 10, and 20 wt%) by a modified
w/o/w method and characterized with regard to their
morphology, size, surface charge, drug loading, surface
hydrophilicity, and PEG coating efficiency. The in vitro
macrophage uptake, in vivo pharmacokinetics, and bio-
distribution following intravenous administration in mice
of HbP labeled with 6-coumarin, were evaluated. The HbP
prepared were all in the range of 100200 nm with highest
encapsulation efficiency 87.89%, surface charge —10 to
—33 mV, static contact angle from 54.25° to 68.27°, and
PEG coating efficiency higher than 80%. Compared with
PLA HbP, PEGylation could notably avoid the macrophage
uptake of HbP, in particular when the PEG content was
10 wt%, a minimum uptake (6.76%) was achieved after
1 h cultivation. In vivo, besides plasma, the major cumu-
lative organ was the liver. All PLA-PEG HbP exhibited
dramatically prolonged blood circulation and reduced liver
accumulation, compared with the corresponding PLA HbP.
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The PEG content in copolymer affected significantly the
survival time in blood. Optimum PEG coating (10 wt%)
appeared to exist leading to the most prolonged blood
circulation of PLA-PEG HbP, with a half-life of 34.3 h,
much longer than that obtained by others (24.2 h). These
results demonstrated that PEG 10 wt% modified PLA HbP
with suitable size, surface charge, and surface hydrophilicity,
has a promising potential as long-circulating oxygen carriers
with desirable biocompatibility and biofunctionality.

1 Introduction

Early attempts to use stroma-free hemoglobin (Hb) as
blood substitutes were limited by such problems as renal
toxicity, rapid clearance from circulation, and other
adverse effects [1-3]. These problems seem to be related to
the lack of cellular structure of red blood cells (RBCs), and
it is expected that they will be solved by the encapsulation
of Hb [4]. In recent years, biodegradable polymer-based
Hb-loaded nanoparticles (HbP), which mimics the structure
of the native RBCs, have been rapidly developed [5, 6]. As
a blood substitute, HbP is desired to retain in blood cir-
culation and functions as the native RBCs with long-term
carrying/delivering oxygen. However, due to the rapid
removal from blood circulation by the mononuclear
phagocyte system (MPS) after intravenous (i.v.) adminis-
tration, the circulation time of HbP in blood is relative
short, and thus greatly underscores the oxygen-carrying
capacity of polymeric nanoparticles [7, 8]. It is well-
established that phagocytosis is a cellular phenomenon and
initiated by the attachment of the foreign particles to the
surface receptors of the phagocytic cells [9]. And this
attachment can be facilitated by the absorption of plasma
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proteins (opsonins) to the particle surface [10, 11].
Therefore, it is clear that fabrication of HbP with a surface
that can evade opsonin adsorption and the subsequent
clearance from the blood by phagocytic cells is one of the
key fundamental issues necessary to engineer long-circu-
lating HbP.

It has been accepted that the physical and chemical
properties of the nanoparticles, including particle size,
surface charge, and surface hydrophilicity, are important
parameters that determine their biological fate after i.v.
administration [12—14]. The desired diameter of intravas-
cular long-circulating nanoparticles has been reported
within a relatively narrow range (70-200 nm) [15-17]. The
opsonization of hydropholic, negative nanoparticles, as
compared to hydrophilic, neutral nanoparticles, may occur
more quickly due to the enhanced adsorption of opsonins
on their surfaces [18]. So, many approaches have been
developed for constructing hydrophilic, charge-neutral
surface of the nanoparticles. Among them, incorporation of
poly(ethylene glycol) (PEG) during nanoparticle formation
either through covalent attachment of PEG to surface
functional groups or through physical adsorption of PEG to
the surface, has illustrated an obviously decreased uptake
by cells of MPS and an increased circulation time [19, 20].
Also, in the case of polymer-based nanoparticles, PEG
chains can be incorporated as copolymer throughout the
particles so that some surface PEG chains are always
“visible” even after the degradation of the surface layers. It
has been hypothesized that PEG chains on the surface of
nanoparticle will form a “cloud” of hydrophilic steric
barrier, probably due to its high hydrophilicity, chain
flexibility, electrical neutrality and absence of functional
groups, which prevent interactions with opsonins in vivo
[18, 21]. Due to the unique effectiveness, the PEGylated
polymers have also been attracted to develop long-circu-
lating HbP in the past few years. Chang et al. for example,
who firstly developed artificial RBCs based on microen-
capsulation of Hb with poly(lactic acid) (PLA) membrane,
have reported that the half-life of the PLA-PEG nano-
capsules in rats was elongated from 2 h to 24.2 h after
PEGylation [22-24]. Additionally, the half-life (160 min)

of nano-sized PCL-PEG HbP was prolonged approxi-
mately 7.2 times longer than the corresponding nano-sized
PCL HbP following i.v. administration in mice [25].
However, up to date, there is little information available
concerning the effect of PEG content in copolymer on
long-circulating property of PEGylated HbP used as blood
substitutes.

In this study, HbP using PLA-PEG copolymer of
varying PEG content (5, 10, and 20 wt%) as matrix poly-
mer were fabricated by a modified double emulsion (w/o/w)
solvent diffusion/evaporation method. The objective is
to determine the optimal PEG coating on particle surface
for the engineer of prolonged circulation of HbP. As a PEG
Mw of 5 k has proved to be a threshold for maximum
reduction of protein adsorption, we investigated the influ-
ence of PEG content in copolymer at this PEG Mw in this
work [26]. For this purpose, we first presented data on the
effect of PEG content (wt%) on certain basic physico-
chemical properties of PLA-PEG HbP. The biological
behaviors of these HbP labeled with 6-coumarin were
investigated in terms of the pharmacokinetics and biodis-
tribution following i.v. administration in healthy ICR mice.
To have a better understanding of their in vivo clearance by
MPS system, especially their interaction with macro-
phages, the in vitro phagocytosis test was also studied.
PLA HbP were used as control and their biological
behaviors were investigated in this study for comparison

purpose.

2 Materials and methods
2.1 Materials

PLA (Mw 40 k), PLA-PEG (Mw 150 k, Mwp A:MWpgg =
19:1; Mw 110k, Mwpa:Mwpgg = 9:1; Mw 40k,
Mwpp a:Mwpgg = 4:1) were supplied by DaiGang Bio-
technology Co. Ltd, Jinan, and characterized with regard
to their compositions and molecular weights by GPC and
'"H-NMR (Table 1). The PLA-PEG diblock copolymers
used in this study are indicated as PLA-PEG (PEG weight

Table 1 Physicochemical characteristics of PLA HbP and PLA-PEG HbP of varying PEG contents (5, 10, and 20 wt%)

Particle type Mw (kDa) PI Size (nm) Zeta potential Hb EE (%) Contact angle (°) PEG coating

(mV) efficiency (%)
PLA 40 1.321 178 £5 —325+£13 80.36 + 1.47 72.56 £+ 0.58 81 +2
PLA-PEG(5%)* 150 1.282 185 £ 4 —229 £+ 1.8 82.75 + 1.56 68.27 £+ 1.05 85 +4
PLA-PEG(10%)* 110 1.347 164 £7 —189 £ 0.7 87.89 + 2.62 62.59 + 1.37 91 £ 1
PLA-PEG(20%)* 40 1411 122 +9 —11.8 £ 1.1 71.13 £ 1.75 5425 £ 1.12

* The PEG molecular weight is constant, according to the provider, 5 kDa

All values indicate mean + SD for n = 3 independent experiments
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percentage of the total polymer). Purified bovine Hb in
lyophilized form was purchased from YuanJu Biotechnol-
ogy Company, Shanghai. ICR mice were obtained from
Shanghai Animal Center, Chinese Academy of Science,
Shanghai, China. All other reagents and solvents were of
analytical grade.

2.2 Methods
2.2.1 HDbP preparation

HbP were fabricated by an improved w/o/w solvent dif-
fusion/evaporation method as previously described by
Zhao et al. [25] with some modifications. Briefly, 0.5 ml
Hb solution with the concentration of 150 mg/ml was
emulsified in 5 ml organic solvent containing PLA or
PLA-PEG (10 mg) and 6-coumarin (10 pg) by ultrasonic
(JYD-900, ZhiXin Instrument Co., Ltd, Shanghai) for 12 s.
Thereafter, the primary emulsion was poured into 50 ml
0.5% poly (vinyl alcohol) (PVA) aqueous solution fol-
lowed by two steps of re-emulsification by a high pressure
homogenizer (AH110D, ATS Engineering Inc., Canada) at
200 bar for 15s and 3 min, respectively. The double
emulsion was subsequently added to 150 ml 0.5% PVA
solution and then was vacuumed to completely remove
the solvents. The HbP were collected by centrifugation
(GL-21M, Shanghai Centrifuge Institute Co., Ltd, Shang-
hai) at 21000g for 60 min, followed by washing with
Millipore water for three times to remove excessive
emulsifier and fluorescent marker before lyophilization.
The entire process was maintained at 4°C by thermostatted
water bath.

2.2.2 HbP characterization

(1) Morphology, size and zeta potential of HbP The mor-
phology of the HbP was observed under scanning electron
microscopy (SEM) (JSM-6360LV/Falcon, JEOL/EDAX,
Japan). Samples were transferred onto a small metal cyl-
inder and coated with gold prior to examination. The
particle size and zeta potential of prepared HbP were
determined by photon correlation spectroscopy (PCS) and
laser Doppler anemometry (LDA) at 25°C under an angle
of 90° in a Zetasizer Nano ZS (Malvern Instrument,
Malvern, UK), respectively.

(2) Measurement of encapsulation efficiency (EE%) The
EE% of HbP was determined by the sulfocyanate potas-
sium method, as previously described by Zhao et al. in
detail [25]. In brief, the amount of entrapped Hb was
determined indirectly by measuring the different amount of
Hb between the initial amount of Hb (Hb,,) and the
amount of free Hb in the supernatant (Hby¢..). So the EE%
was expressed as the following equation:

EE% = (Hbtotal - Hbfree) / Hbyotar X 100%

(3) Surface hydrophilicity of HbP Hydrophilicity of HbP
surface was evaluated by measuring the static contact
angle of particle film as previously described by Cao et al.
[27] with some modifications. Briefly, HbP suspension
(1 mg/ml in Millipore water) was spin-coated onto a
cleaned glass slide (100 x 100 x 1 mm?) at 1500 rpm for
45 s. Thereafter, the glass slides were allowed to dry at
60°C for 24 h to remove the dispersion medium for the
formation of the particle film. To measure the static
contact angle, 5 pl of deionized water was formed on the
testing surface by applying a force on a syringe equipped
with a repeatable dispenser and a needle. The static contact
angle was then observed with a goniometer (OCA20,
Germany) at 25°C interfaced with image-capture software.
In each experiment, a drop of deionized water (5 pl) was
placed on the glass slide sample and the contact angle
measurements were taken by direct reading from the
contact angle goniometer. Each value is the average of five
measurements conducted on different parts of the sample
surface.

(4) Determination of PEG coating efficiency With the
purpose of quantifying the coating efficiency of PEG on the
particle surface, two types of 'H-NMR analysis were
employed [28]. First, for the determination of the real
composition of the particles, they were freeze-dried, dis-
solved in CDCls, and analyzed by "H-NMR (Avance 500,
Bruker, Germany). Second, in order to determine how
much of the PEG was around the particles, the isolated HbP
were suspended in D,O and analyzed then by 'H-NMR.
Under this condition, it was expected that only the PEG
chains migrated to surface and projected towards the
external aqueous phase will be seen by 'H-NMR, while
PLA will remain in a solid core phase and thus invisible.
The PEG coating efficiency was expressed as the per-
centage of soluble PEG coating around the HbP with
respect to the total amount of PEG in the HbP.

2.2.3 Cytotoxicity studies

To investigate the biocompatibility of HbP, an in vitro
experiment was performed using human vascular endothe-
lial cell (EVC-304) culture. Briefly, EVC-304 was seeded at
30,000 cells per well in DMEM complete medium con-
taining 10% fetal bovine serum followed by incubation in
5% CO, incubator at 37°C for 24 h. The cytotoxicity of
nanoparticles was evaluated by determining the viability
of the cells after incubation with different concentrations of
PLA HbP, PLA-PEG(5%) HbP, PLA-PEG(10%) HbP and
PLA-PEG(20%) HbP (from 0.0625 mg/ml to 1 mg/ml) for
48 h. The number of viable cells was determined by the
estimation of their mitochondrial reductase activity using
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the tetrazolium-based colorimetric method. This assay
depends on the cellular reductive capacity to metabolise the
yellow tetrazolium salt, 3-[4,5-dimethylthiazol-2-y1]-2,5-
diphenyltetrazolium bromide dye (MTT), to a highly col-
ored formazan product. At the end of the incubation period
with HbP, cells were incubated with 100 pl of a MTT
solution (5 mg/ml) for 4 h at 37°C. One hundred microliters
of DMSO were then added in order to dissolve the formazan
crystals. The UV absorbance of the solubilized formazan
crystals was measured spectrophotometrically (MULTIS-
KAN MK3, Thermo Electron Corporation, USA) at
490 nm. Cell viability was expressed as the ratio between
the amount of formazan determined for cells treated with
the different HbP suspensions and for control non-treated
cells. Each point was performed in quadruplicate.

2.2.4 In vitro phagocytosis test

(1) Harvesting and culture of macrophages The mouse
peritoneal macrophage (MPM) was chosen to evaluate the
uptake of HbP by cells in vitro. Elicited macrophages were
harvested from the peritoneal cavity of male ICR mice
4 days after intraperitoneal injection of 1 ml 2.9% thio-
glycolate medium (Sigma Chemical Co.). Cells were
washed, then suspended in RPMI 1640 supplemented with
10% heat-inactivated fetal bovine Serum (FBS) (SiJiQing
Biomedical Inc., Hangzhou, China), penicillin G (100 U/ml)
and streptomycin (100 pg/ml). The cells were plated
on 24-well Costar® culture plates (Corning, NY, USA) at a
density of 1.2 x 10° cells/cm?. After incubation for 6 h at
37°C in 5% CO,—95% air, non-adherent macrophages were
washed off with phosphate-buffered saline (PBS, pH 7.4)
and then culture under the same conditions. Media used in
all incubations with HbP contained 10% FBS to account
for possible opsonization events.

(2) In vitro phagocytic uptake Quantitative studies were
determined by analyzing the cell lysate of MPM. Cells
were seeded in 24-well Costar® black plates and incubated
until they formed a confluent monolayer. Upon reaching
confluence, cell uptake of HbP was initiated by exchanging
the culture medium with 100 pl of specified HbP suspen-
sion (200 pg/ml in HBSS) and incubating the cells at 37°C
for 1 h. After that, the cells were detached with trypsin and
dissociated into cell suspension. The cell suspensions were
centrifuged and washed three times with PBS at 4°C to
ensure the removal of excess particles which were not
extrapped by the cells. Cell membrane was permeabilized
with 10% Triton X-100 in acetonitrile solution to expose
the internalized HbP for quantitative measurement. Cell-
associated HbP were quantified by analyzing the cell lysate
in a fluroskan ascent reader (Thermo Labsystems, Finland)
using Aoy = 485 nm, Ao, = 530 nm. Uptake was expres-
sed as the percentage of fluorescent intensity associated
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with cells versus the amount of fluorescent intensity pres-
ent in the feed solution. Each point was performed in
triplicate.

2.2.5 Pharmacokinetics and biodistribution

Female ICR mice, body weight between 25 + 5 g, were
used for pharmacokinetics and biodistribution investiga-
tions. The mice were fasted overnight but had free access
to water. The mice, three per group, were injected intra-
venously into the tail vein corresponding to 10 ml/kg (body
weight of mice) with the various HbP suspensions of
150 mg/ml. After i.v. injection for predetermined time
(5 min, 15 min, 30 min, 1 h, 2h, 3h, 6 h, 12 h, 24 h,
36 h, and 48 h), the mice were sacrificed. Blood samples
(0.5 ml) were obtained by cardiac puncture in preweighed
heparinized capillary tubes. The organs (heart, liver,
spleen, lung, kidney, and brain) were excised and washed
by distilled water.

Pharmacokinetics and biodistribution of HbP were
determined by measuring the fluorescence of 6-coumarin
after their extraction from the HbP in blood or organs into
acetonitrile. The extraction procedure in detail was
described before [25]. The survival amount in blood and
cumulative amount in organs then can be calculated.
The area under the concentration-time curve (AUC) was
calculated using the linear trapezoidal rule during the exper-
imental period (AUC|o4s)). Each point was performed in
triplicate.

2.2.6 Statistical analysis

Results were expressed as mean & SD. All data were
generated in three independent experiments with two or
three repeat. The 7-test and the one-way analysis of vari-
ance (ANOVA) were performed to compare two or
multiple groups, respectively. The difference between
treatments was considered to be significant at a level of
P < 0.05.

3 Results
3.1 Characterization of HbP

Table 1 summarizes the physicochemical characteristics of
the PLA-PEG HbP of varying PEG contents (5, 10, and
20 wt%). For comparison, PLA HbP was also included as
the control. Particle size distribution by DLS showed uni-
modal distribution of the HbP. All the HbP formulated in
this study were found to be in the size range of 100200 nm.
Furthermore, a clear trend of decreasing the particle size
was observed as their PEG content increased. The PLA HbP
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presented the largest negative zeta potential value of
—32.5 mV. Even with the same particle size range, it could
be seen that PEG segments induced a dramatic reduction of
the surface charge, and the extent of reduction varied
depending on the content of PEG. After PEGylation with
5 wt%, 10 wt%, and 20 wt%, the zeta potential value of
HbP decreased progressively to —22.9 mV, —18.9 mV, and
—11.8 mV, respectively. According to the measurement of
EE%, homopolymer PLA yielded a Hb EE% of 80.75%.
After introducing 5 wt% and 10 wt% of PEG block into
PLA chains, the EE% of HbP increased by about 2% and
7%, respectively. But further increase of PEG content to
20 wt% caused an obvious decrease of EE% (71.13%).
Contact angle measurement was applied to evaluate the
surface hydrophilicity of the HbP. In agreement with the
observed effect of the PEG content on the surface charge,
we found that the PEG coating also affected the surface
hydrophilicity of HbP. The static contact angle of the PLA
HbP showed the largest contact angle of 72.56°. In the case
of HbP made of PLA-PEG copolymer, the static contact
angles decreased monotonically from 68.27° to 54.25° with
the increasing PEG content from 5 to 20 wt%, a typical
PEG content-dependent manner. The NMR spectrum
analysis showed that, more than 80% of the PEG chains
were located on the surfaces of the HbP, amounting to the
maximum coating efficiency of 91%.

The typical morphologies of the obtained HbP in freeze-
dried state were depicted in Fig. 1. The SEM micrographs
of PLA-PEG(5%) HbP, PLA-PEG(10%) HbP and PLA

Fig. 1 Images of PLA HbP and
PLA-PEG HDbP of varying PEG
contents (5, 10, and 20 wt%)
taken by SEM. a PLA HbP,

b PLA-PEG(5%) HbP,

¢ PLA-PEG(10%) HbP, and

d PLA-PEG(20%) HbP

J Al ™ Y ]
o B 6 " o g
B ATSkY P WL

HbP revealed their regular spherical shape and relatively
distinct boundary with a smooth surface. But for the HbP
made of PLA-PEG(20%), heavy agglomeration occurred.
In addition, the influence of the PEG content on the sta-
bility of PLA-PEG HbP suspensions was obvious based on
a 5-day suspension stability measurement. Consistent with
their morphology, a high instability was observed for the
PEG content of 20 wt% (data not shown).

3.2 Cytotoxicity of HbP

Human vascular endothelial cells (EVC-304) were chosen
as the in vitro model to assess the cytotoxicity of various
formulations, which mimics the endothelial lining of the
blood vessel wall. The cells were incubated with different
formulations (PLA HbP and PLA-PEG HbP with different
PEG contents) for a period of 48 h at graded doses of the
HbP (from 0.0625 mg/ml to 1 mg/ml), and the results of
MTT assay were shown in Fig. 2. All the HbPs developed
were found to be non-toxic at majority of concentrations
studied. We did not observe a significant difference
(P > 0.05) in the toxicity of different formulations at any
of the concentrations used, although there was a slight
reduction in cell viability at higher concentrations.
Average cell viabilities were between 75% and 115% of
control at the concentrations studied, indicating that
there was no significant cytotoxicity observed for PLA
HbP, PLA-PEG(5%) HbP, PLA-PEG(10%) HbP, and
PLA-PEG(20%) HbP.
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Fig. 2 Cytotoxicity of PLA HbP and PLA-PEG HbP of varying PEG
content (5, 10, and 20 wt%) analyzed by MTT assay. ECV304 cells
were cultured with 0, 0.0625, 0.125, 0.25, 0.5, and 1 mg/ml of HbP
for 48 h at 37°C. Data represent mean + SD, n = 4. *P < 0.05
compared with control non-treated cells

3.3 In vitro phagocytosis test

In the previous reports, 6-coumarin had extensively been
used as a fluorescent marker of polymeric nanoparticles
[29, 30]. Therefore, in this work, 6-coumarin was
employed as the fluorescent marker of HbP to evaluate
their biological behaviors. In order to verify the reliability
of the data obtained from the in vitro and in vivo experi-
ments, in vitro release study of 6-coumarin from the
labeled HbP was first carried out in this study (data not
shown). The results revealed that less than 0.8% of the dye
was released for all the HbP during the 48-h period tested.
Therefore, the 6-coumarin incorporated in the HbP as a
marker could not interfere with their inherent biological
behaviors in vitro and in vivo.

Figure 3 shows the uptake efficiency of PLA-PEG HbP
with different PEG contents and PLA HbP by MPM after

35

30

25

20 |-

Uptak efficiency (%)

*
*
| i

Fig. 3 Phagocytic uptake efficiency of PLA HbP and PLA-PEG HbP
of varying PEG content (5, 10, and 20 wt%) by MPM. (Mean + SD,
n = 3). *P < 0.05 compared with group without PEG (PLA HbP)
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1 h incubation at 37°C. It could be seen that the uptake
percentage of the PLA HbP was about 27%. The PEG
modified HbP reduced cell-associated fluorescence 2 to
4-fold lower than that of the unmodified HbP. Moreover,
when the PEG content increased from 5 to 10 wt%, the
phagocytic uptake percentage of HbP was drastically
reduced by 55% and attained the uptake percentage of
6.76%. However, in contrast to what was expected, upon
increasing the PEG content above 10 wt%, no considerable
attenuation of phagocytic uptake could be observed.

3.4 Pharmacokinetics and biodistribution

To fully describe how the body handles the HbP, the
pharmacokinetics and biodistribution of HbP were moni-
tored and compared. The variation of nanoparticle levels
(percentage injected dose) in blood with time after the i.v.
administration of PLA-PEG HbP and PLA HbP in mice at
a dose of 10 ml suspension/kg (weight of mouse) is shown
in Fig. 4. The half-lives of various formulations are pre-
sented in Fig. 5. It could be seen that all HbP showed the
biphasic clearance profile, with a fast clearance during the
first 6 h followed by a continuous and slow rate of elimi-
nation. But for the PLA HbP, a rapid elimination from the
blood circulation was observed and the remaining dose at
2 h after administration was only 9.74%, with a half-life
(ty2) of 0.08 h. After PEGylation, a significant prolonga-
tion of HbP in blood occurred. The retention of HbP made
of 5, 10, and 20 wt% PEG in the blood circulation after
48 h administration was about 2-, 7- and 5-fold in com-
parison with that of the PLA HbP. It should be noted that
an increase in the PEG content (from 5, 10 to 20 wt%) of
the PLA-PEG HbP caused initially a decrease but later an
increase in the rate of fluorescence blood clearance, with a
minimum clearance rate at a PEG content of 10 wt%. The
ti» of PLA-PEG(10%) HbP was 34.3 h, 107-fold as long
as that of PLA-PEG(5%) HbP and 17-fold as long as that of
PLA-PEG(20%) HbP. The t,,, of the formulations showed
an order of PLA-PEG(10%) HbP > PLA-PEG(20%)
HbP > PLA-PEG(5%) HbP > PLA HbP (Fig. 5).

In this study, the PLA-PEG(10%) HbP exhibiting the
most prolonged blood circulating property was selected to
investigate the fate of HbP in vivo after i.v. administration.
The PLA HbP was also included for comparison. The
distributions of PLA-PEG(10%) HbP and PLA HbP in
various organs for a 48-h period post-administration in
mice are illustrated in Fig. 6 and the AUCs are summarized
in Table 2. In Fig. 6a, for the PLA HbP, the extent of
accumulation was higher for liver, followed by the kidney,
spleen, lung, heart and brain. Upon modification with
PEG, the cumulative amounts of PLA-PEG(10%) HbP
drastically reduced in liver, changed little in heart and
lung, exhibited slightly higher in spleen and kidney, and
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Fig. 4 Plasma clearance of 100

PLA HbP and PLA-PEG HbP
of varying PEG content (5, 10,
and 20 wt%) after i.v. injection

of 150 mg/ml of nanoparticle 80

—n— PLA HbP
—e— PLA-PEG(5%) HbP
—a— PLA-PEG(10%) HbP

suspensions (10 ml/kg) in mice. 9 —v— PLA-PEG(20%) HbP
(Mean + SD, n = 3) 3
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Fig. 5 Half-life in blood
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Fig. 6 Biodistribution of HbP in main organs over time. a PLA HbP and b PLA-PEG(10%) HbP. (Mean + SD, n = 3)

significantly increased in brain. In addition, the PEG con-
tent of PLA-PEG HDP affected their biodistribution mainly
in liver and spleen (data not shown). The most striking
result was seen in the reduction of liver uptake of the
PLA-PEG(10%) HbP, since the AUC for PLA-PEG(10%)

HbP was less than 35% in liver compared with PLA HbP.
Whereas, the AUC for PLA-PEG(10%) HbP in brain
was almost 5 times higher than that for PLA HbP. It
could be seen that, PLA-PEG(10%) HbP and PLA HbP
exhibited similar hepatic distribution profile, with a fast
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Table 2 Tissue distribution of PLA HbP and PLA-PEG(10%) HbP
at 48 h post-injection in mice at a dose of 10 ml/kg

Tissue  PLA HbP PLA-PEG(10%) HbP  Ratio®
AUC3 4 T/Pratio® AUC3,  T/P ratio®
Plasma  354.80 1 2407.6 1 6.79
Heart 753 0.02 8.01  0.003 1.06
Liver  482.59 1.36 16561  0.07 0.34
Spleen 16.31 0.05 1982 0.008 122
Lung 1098  0.03 1137 0.005 1.04
Kidney 5556  0.16 7702 0.03 1.39
Brain 626  0.02 30.63  0.01 4.89

4 AUC .43 (% h), area under the drug concentration-time curve from
0to48 h

° Tissue-to-plasma ratio based on AUCs
¢ Ratio of AUCs (PLA-PEG(10%) HbP to PLA HbP)

accumulation in the first 15 min followed by hepatobiliary
excretion out to 48 h. It should be noted that, the rate of
accumulation in liver for PLA HbP was 2-fold higher than
that for PLA-PEG(10%) HbP at the initial 5 min. This
resulted in an approximate 2-fold lower rate of blood
clearance for the PLA-PEG(10%) HbP compared to that
for the PLA HbP.

4 Discussion

In general, polymeric nanoparticulates can preferentially
accumulate in organs of MPS after i.v. administration
because of their interaction with opsonins and the sub-
sequent endocytosed by phagocytic cells. So far, surface
modification by PEG has been reported to be the most
effective strategy against opsonization and phagocytosis
[19, 20]. Our long-term objective is to investigate the
feasibility of using PLA-PEG HbP as long-circulating
oxygen carriers for i.v. administration. In this work, we
have investigated the effect of increasing the content of
PEG, with a constant chain length 5 k, on the basic phys-
icochemical characteristics, in vitro macrophage uptake, in
vivo pharmacokinetics and biodistributions of HbP made of
PLA-PEG copolymer.

In the past few years, our group have succeeded in
preparing a novel porous HbP with controlled particle size
(70-200 nm) and high encapsulation efficiency (>80%)
[25], inhibited initial burst release of Hb [31], controlled
methemoglobin level and oxygen-carrying capacity near to
that of native BHDb [32]. In this study, PEG was introduced
to modify PLA HbP as copolymer dissolved in the organic
solvent in the formation of primary emulsion. The conse-
quences of this modification on the physicochemical
features of the PLA-PEG HDP of varying PEG contents
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(5, 10, and 20 wt%) were compared in Table 1. We tai-
lored all the HbP in the size range of 100-200 nm in terms
of the long circulating requirement [15—17]. Within this
size range, a clear trend of decreasing the size of the NPs
was observed as their PEG content increase, possibly
because of the amphiphilic nature of these copolymers,
reducing the interfacial tension between the aqueous and
organic phases. The covalent attachment of a neutral
polymer, PEG, produced a neutralization in charge at the
particle surface probably due to the presence of PEG
arranged at their surface which masked the carboxyl end
groups of the PLA chains. PEG is a hydrophilic polymer
compared to the hydrophobic core of PLA and therefore
the higher amount of PEG covering at the surface of the
HbP could account for their higher surface hydrophilicity.
In addition, the flexibility and hydrophilicity can make
PEG chain more likely to be dissolved in water rather than
partitioned in hydrophobic core as evidenced by the NMR
spectra. The results associated with surface charge, surface
hydrophilicity and surface PEG coating efficiency all
illustrated that, a higher PEG content in PLA-PEG HbP, a
higher PEG density of surface coverage.

The data obtained here showed that HbP made of
PEGylated PLA effectively reduced the macrophage
uptake in vitro and prolonged the circulatory half-life in
vivo, and the extent of the reduction increased with the
increasing of the PEG content in the copolymers ranging
from 0 to 10 wt%. To our great knowledge, the absorption
of plasma proteins on particle surface is critical to the
process of phagocytic recognition and clearance from
the bloodstream. From this viewpoint, the reason for the
reduction trend of macrophage uptake and subsequent
blood clearance derived from the PEGylated PLA with the
PEG content from 0 to 10 wt% in the current experiment
was considered. Firstly, the negative charge on the particle
surface obviously decreased with the increasing of the PEG
content from 0 to 10 wt% in the copolymers (Table 1),
which would contribute to the inhibition of interaction
between HbP with plasma proteins, and subsequently
decreased the macrophage uptake and blood clearance. A
correlation between surface charge and opsonization has
also been demonstrated in vitro, showing that neutrally
charged particles have a much lower opsonization than
charged particles [33]. Secondly, a higher PEG content
could form a more dense surface coverage with hydrophilic
PEG chains, which can produce a more hydrated layer on
particle surface that may effectively result in a repulsive
force between the nanoparticles and plasma proteins.

However, the results in this study also indicated when
further increased the PEG content to 20 wt%, the macro-
phage uptake and subsequent blood clearance enhanced
slightly. It is expected that a higher PEGylation could
create a more “stealth” property for HbP. Somewhat
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contradictory to our results is that a “threshold” PEG
content (10 wt%) seems to exist for a maximum inhibition
of macrophage uptake and prolongation of blood circula-
tion time. We believe that the reason thereof may be related
to the PEGylation degree, which affects the nanoparticles,
not only the surface properties, but also the suspension
instability. It is known that a high degree of PEGylation
may change the balance of hydrophilicity and hydropho-
bicity of the nanoparticles, which often results in the
instability of the nanoparticles [34]. The mechanism behind
this phenomenon might be related to the lower rigidity of
the cores of these particles and to the higher flexibility of
their hydrated chains induced by the high PEGylation,
which would probably facilitate their aggregation in the
physiological fluids. Consequently, a rapid clearance from
the blood circulation and a significantly increased accu-
mulation in the spleen occurred as a result of mechanical
filtration for the PLA—PEG HbP formulated with 20 wt%
PEG (data not shown). Stolnik et al. have demonstrated
that the nanoparticles prepared from PLA-PEG copoly-
mers with high PEG content are in a less solid state than
the nanoparticles prepared from PLA-PEG copolymers
with low one based on NMR data [35].

The configuration of the PEG chain on the nanoparticle
surface in water medium was found to play a large role in
the steric repulsion efficacy. The steric repulsion effect
produced by the extended PEG chains on particle surface
projecting towards the external phase may prevent protein
binding and then the interaction of the HbP with macro-
phages, which contribute the major loss of injected dose. In
general, for a low surface coverage on the nanoparticles,
the PEG chains have a larger range of motion and will
typically take on a “mushroom” configuration, where on
average they will locate closer to the surface of the parti-
cles [36]. Very low surface coverage can also lead to gaps
in the PEG protective layers, where opsonins can bind to
the nanoparticle surface freely. On the other hand, at a high
surface coverage, the PEG chains range of motion will be
greatly restricted and most often exhibit a “brush” con-
figuration [36]. Although a high surface coverage
guarantees that the entire surface of nanoparticle is cov-
ered, this also decreases the mobility of the PEG chains and
thus decreases the steric hindrance effect of the PEG layer
[37]. Therefore, the optimal surface coverage of PEG
should assume somewhere between the “mushroom” and
“brush” configurations, where most chains are in a slightly
constricted configuration, but are present at a high enough
density to ensure that no gaps or spaces on the particle
surface are left uncovered. From this viewpoint, it is
hypothesized that for the PEGylated formulations in this
study, when the PEG content was lower than 10 wt% and a
mushroom-like configuration could be formed. But the
surface coverage of PEG is too low to cover the whole

surface of the HbP. In the case of PLA-PEG(10%) HbP in
our study, an appropriate surface coverage of PEG chains
was formed on HbP, where HbP might assume a mixed
configuration between “mushroom” and “brush”. As a
result, an effective shielding against the plasma proteins
and the subsequent decrease of macrophage uptake and
blood clearance were observed. The PLA-PEG(20%) HbP
might present a brush-like configuration, where some PEG
chains was restricted and the shielding effect was attenu-
ated, leading to a slight enhancement of macrophage
uptake. Although PLA-PEG(20%) HbP did not reduce
uptake as effectively as PLA-PEG(10%) HbP, it was
successful in reducing uptake when compared to PLA HbP
and PLA-PEG(5%) HbP.

As aforementioned, the major pathway for the removal
of all the HbP from blood appeared to be the nanoparticle
capture by MPS. As the liver is the main MPS organs, there
seems logical to exist correlation between the level of
increased blood retention and reduced liver uptake. Similar
result was also reported by other group [34]. The signifi-
cant reduction in liver for PEG-based formulation was
probably due to the “invisible” surface induced by PEG
coating, with a low negative charge and a high hydrophi-
licity, which could effectively evade the recognization of
liver macrophages and thus reduce the hepatic deposition.
A relatively high spleen uptake was considered to be a
consequence of the prolonged systemic -circulation of
PLA-PEG HbP, which could reach other MPS organs, such
as spleen [38, 39]. The reason for a progressive increase in
renal sequestration of PLA-PEG HbP at later time points
remains to be clarified, but the higher hydrophilic particle
surface might lead to the desorption of fluorescence from
intact and/or degraded nanoparticles into kidney and
eliminated by urinary excretion during the long circulation
time. The overall biodistribution of the PLA-PEG HbP was
also poor in heart and lung and could be negligible,
whereas it should be noted that the accumulated amounts in
brain increased significantly compared to the PLA HbP.
This indicates the successful delivery of oxygen to brain
and also an enhanced ability to pass the blood-brain barrier
(BBB) depending on the PEGylated formulation.

The blood circulation time is the key parameter deter-
mining the efficacy of i.v. drug delivery system. The
commonly used method to evaluate the blood pharmaco-
kinetics is the in vivo animal experiment, which is very
expensive and time-consuming. In this study, prior to the in
vivo animal study, in vitro macrophage uptake experiment
was carried out to evaluate the phagocytosis of nanoparti-
cles by the macrophages of RES. Serum complement is one
of the most important components of the opsonin system of
the body [40]. In order to describe the substantial process
of phagocytosis in vivo, 10% FBS was employed as the
media used in all incubations with HbP to mimic in vivo
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condition. A comparison of the in vitro macrophage uptake
data and the in vivo animal experiment data obtained
reveal that, the lower the phagocytosis in vitro, the longer
the systemic circulation in vivo. In particular, the value
order of the prolongation in circulating time of nanoparti-
cles was consistent with their different degree of reduced in
vitro macrophage uptake. Therefore, it can be inferred that
the in vitro preliminary phagocytic uptake experiment
could be used to predict the blood circulation longevity of
nanoparticles in vivo.

5 Conclusions

The effects of PEG content on the physicochemical prop-
erties, in vitro macrophage uptake, in vivo pharma-
cokinetics and biodistribution of HbP were illustrated.
The PLA-PEG HbP of varying PEG content (5, 10, and
20 wt%) prepared by a modified w/o/w technique had
small particle size (100-200 nm), less negative charge
(from —22.9 to —11.8 mV) and higher surface hydrophi-
licity (from 68.27° to 54.25°). Compared with PLA HbP,
PEGylation could notably avoid the macrophage uptake of
HbP, in particular when the PEG content was 10 wt% in
PLA-PEG copolymer, a minimum uptake (6.76%) was
achieved. In vivo, PEG content of 10 wt% in copolymer
led to the most extended blood circulation of HbP and
concomitant reduced liver accumulation. The in vivo
behavior of the different PLA-PEG HbP correlated well
with the in vitro manner of macrophage uptake. Combining
the in vitro data with the in vivo data, an optimal PEG
content (10 wt%) seemed to exist for the present formu-
lations in the view of long-circulating property. The results
demonstrated that HbP encapsulated by biodegradable
polymers with appropriate PEG coating may have great
potential to be applied for intravenously long-circulating
oxygen carriers.
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