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Purpose. To investigate the effects of the modification of the copoly-
mers poloxamer 407 and poloxamine 908 on the physical and biologi-
cal properties surface modified polystyrene nanospheres.

Methods. A method to modify poloxamer 407 and poloxamine 908,
introducing a terminal amine group to each PEO chain has been devel-
oped. The aminated copolymers can be subsequently radiolabelled
with Iodinated (I'?%) Bolton-Hunter reagent. The aminated copolymers
were used to surface modify polystyrene nanospheres. The physical
and biological properties of the coated nanospheres were studied using
particle size, zeta potential, in vitro non-parenchymal cell uptake and
in vivo biodistribution experiments.

Results. The presence of protonated amine groups in the modified
copolymers significantly affected the physical and biological properties
of the resulting nanospheres, although the effects were copolymer spe-
cific. The protonated surface amine groups in both copolymers reduced
the negative zeta potential of the nanospheres. Acetylation of the
copolymer’s free amine groups resulted in the production of nano-
spheres with comparable physical properties to control unmodified
copolymer coated nanospheres. In vivo, the protonated amine groups in
the copolymers increased the removal of the nanospheres by the liver
and spleen, although these effects were more pronounced with the mod-
ified poloxamer 407 coated nanospheres. Acetylation of the amine
groups improved the blood circulation time of the nanospheres provid-
ing modified poloxamine 908 coated nanospheres with comparable bio-
logical properties to control poloxamine 908 coated nanospheres.
Similarly, modified poloxamer 407 coated nanospheres had only
slightly reduced circulation times in comparison to control nanospheres.
Conclusions. The experiments have demonstrated the importance of
copolymer structure on the biological properties of surface modified
nanospheres. Modified copolymers, which possess comparable proper-
ties to their unmodified forms, could be used in nanosphere systems
where antibody fragments can be attached to the copolymers, thereby
producing nanospheres which target to specific body sites.

KEY WORDS: Poloxamer; poloxamine; nanospheres; drug target-
ing; copolymer modification.

INTRODUCTION

The surface modification of model polystyrene nano-
spheres, by the adsorption of poly(ethylene oxide) (PEO) con-
taining block copolymers, has been demonstrated to reduce
protein adsorption in vitro and extend the circulation time in
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vivo of the resulting nanospheres (1,2). Recently, we have
shown that two such copolymers, poloxamer 407 (P-407) and
poloxamine 908 (P-908) can also modify the surface of
biodegradable PLGA nanospheres, producing corresponding
biodegradable nanosphere systems which also displayed
extended circulation in vivo (3). Such systems have potential
for both targeted drug delivery and diagnostic imaging applica-
tions. However, the main limitation of surface modified nano-
spheres is the potential desorption of the adsorbed block
copolymers from the nanosphere surface. Waltrous-Peltier ez al.
(4) suggested that desorption of Pluronic® F108 from poly-
styrene nanospheres can occur after 6 hours in vivo and
Vandorpe et al. (5) also suggested from in vivo biodistribution
studies that poloxamine 908 could be displaced from the sur-
face of polyphosphazene nanospheres. To investigate this prob-
lem systematically, both in vitro and in vivo, first requires the
production of radiolabelled block copolymers. In addition, it is
essential that the radiolabelled copolymers retain the physical
and biological properties of the original unmodified copoly-
mers. We have recently reported the modification of poloxamer
407 and poloxamine 908 (6), introducing a terminal amino
group into each PEO chain in the copolymers, to produce
diamine poloxamer 407 (DA P-407) and tetramine poloxamine
908 (TA P-908). We then described the subsequent radio-
labelling of the modified copolymers which allowed an investi-
gation into the stability of adsorbed copolymer layers on the
surface of polystyrene and PLGA nanospheres after incubation
with serum in vitro.

The modified copolymers could have other applications
apart from the ability to be radiolabelled and thereby allow an
investigation of the stability of adsorbed copolymers. Recently,
Zalipsky et al. (7) have developed liposomes containing amino-
PEG-phosphatidylethanolamine which displayed comparably
extended circulation times to the unmodified PEG-lipid con-
taining liposomes. The amino group on the PEG-containing
liposomes allowed the surface attachment of specific antibod-
ies which could allow the liposomes to target specific body
sites. The aminated forms of P-407 and P-908 could also be
used to produce a comparable targeting nanosphere system, but
only if the aminated copolymers retain the physical and biolog-
ical properties of the unmodified copolymers.

In this paper, the effects of copolymer modification on the
physical and biological properties of polystyrene nanospheres
coated with the modified and radiolabelled copolymers was
investigated. Firstly, the effect of the introduction of terminal
amine groups into P-407 and P-908 was studied, where the
amine groups were either uncapped (and hence protonated at
physiological pH) or where the amino groups had been acety-
lated (‘capped’) to remove the positive charged groups in the
copolymers. The particle size, zeta potential, in vitro non-
parenchymal cell uptake and biodistribution of the nanospheres
coated with the modified copolymers were studied and com-
pared to nanospheres coated with unmodified forms of the
copolymers. Secondly, the capped modified copolymers were
used to investigate the possible desorption of block copolymers
from nanospheres in vivo. The capped copolymers were used to
coat nanospheres where either the copolymer or the nanosphere
core was radiolabelled and from differences in the biodistribu-
tion of the two systems, desorption was assessed.
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METHODS

Copolymer Modification and Radiolabelling

Commercial grade P-407 and P-908 (gift from BASF,
Parsippany, New Jersey, USA) were modified and radiola-
belled as described in detail in Neal et al. (6) Briefly, the
copolymers were aminated via a two stage reaction mechanism.
A 20% w/v solution of copolymer in CH,Cl, was reacted with
a two fold molar excess of tosyl chloride and pyridine at room
temperature for 24 hours. The tosyl ester product was obtained
and subsequently reacted with 25% v/v NH; in H,O for
6 hours at 120°C to produce the aminated copolymer (DA P-407
or TA P-908). The aminated copolymers (50 mg) were then
radiolabelled with 6 MBq of 1125 Bolton-Hunter reagent
(185 MBg/ml) (Amersham International, Amersham, UK.) in
1 ml of tetrahydrofuran (THF) for 24 hours, with excess radio-
label removed by a combination of GPC and dialysis. The effi-
ciency of the radiolabelling was approximately 20%. Unreacted
amino groups were either left in the protonated form or acety-
lated (‘capped’) with acetic anhydride to remove the positive
charge. A 5 molar excess of acetic anhydride was added to the
reaction contents 24 hours after the addition of the I'** Bolton-
Hunter reagent and the reaction was left to proceed for a further
24 hours before separation of the ‘labelled capped’ copolymers
was carried out as before.

Nanosphere Coating

Polystyrene nanospheres (PS) (IDC, Washington, USA)
61 £ 9.1% nm in size were used for all the experiments and
were coated with either modified or unmodified copolymers
through a 12 hour incubation of equal volumes of a 1% w/v
solution of copolymer with a 1% w/v suspension of nano-
spheres. Excess copolymer was removed from all systems by
dialysis against double distilled water using Spectrapor CE
(Spectrum Medical Industries, LA, USA) dialysis membrane
(molecular weight cut off 100,000 Da). The nanosphere sys-
tems produced could be separated into two main groups:

Nanospheres Coated to Investigate the Effects of
Copolymer Modification

The effect of copolymer modification, through the amina-
tion of P-407 and P-908, was investigated using three nano-
sphere systems. PS nanospheres were coated with either
unmodified copolymers (P-407, P-908), uncapped modified
copolymers (DA P-407, TA P-908) or capped modified copoly-
mers (capped DA P-407, capped TA P-908). The unmodified
copolymer coated nanospheres were prepared as the control
systems, with two modified versions of the copolymers used to
produce two other sets of coated nanospheres. The three sets of
nanospheres were then used to investigate the effects of copoly-
mer modification. For such experiments, the physical and bio-
logical properties of the nanospheres were studied.

Nanospheres Coated to Assess Copolymer Desorption In Vivo

As described above, the capped modified copolymers
were also used to investigate the desorption of block copoly-
mers from PS nanospheres in vivo. Two nanosphere systems
were produced; where either the radiolabel was attached to the
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copolymer (unlabelled PS nanospheres coated with 1'%

labelled, capped copolymers) or the radiolabel was attached to
the nanosphere (I'** labelled PS nanospheres coated with unla-
belled capped copolymers). Differences in the biodistribution
of the nanosphere systems would imply that some degree of
copolymer desorption had occurred. Thus, the in vivo biodistri-
bution of the nanospheres was followed.

Physical Characterisation of Nanospheres

The effect of copolymer modification on the physical
properties of nanospheres, surface modified with P-407 and
P-908 was assessed through a comparison of the particle size
and zeta potential of the nanospheres. The particle size of the
nanospheres was determined using a Malvern M4700 series
PCS (Malvern Inst., UK) with the Z average and polydispersity
determined from at least 3 x 6 measurements for each sample
and using Contin analysis mode. The adsorbed copolymer layer
thickness was calculated from the difference in particle size
between the coated systems and naked PS nanospheres. The
zeta potential of the nanospheres was determined in 1 mM
HEPES buffer (Sigma, UK) pH 7.4 using a Malvern Zetasizer
IV (Malvern Inst., UK). Each sample was measured three times
with four measurements per run. The zeta potential is expressed
as the mean * s.d.

Biological Characterisation of Nanospheres

The biological properties of the modified copolymers
were investigated in vitro and in vivo.

In Vitro Uptake of Nanospheres by
Non-parenchymal Liver Cells

The uptake of nanospheres by non-parenchymal liver
cells in vitro was determined for coated polystyrene nano-
spheres, which had been radiolabelled with lodine!'? using the
method of Huh et al. (8). Labelled nanospheres were coated
with the modified or unmodified forms of P-407 and P-908 as
described. The non-parenchymal cell uptake, both in the pres-
ence and absence of fresh rat serum was determined as
described by Dunn et al. (9). Briefly, non-parenchymal cells
were isolated from 200 * 10 g female wistar rats using a colla-
genase liver perfusion method followed by low and high speed
centrifugation before the use of a Nycodenz density gradient to
separate the Kupffer and endothelial cells from cellular debris.
The cells were then diluted to a concentration of approxi-
mately 2 x 10 cells/ml. 200 ug of each nanosphere system was
then mixed, in triplicate, with 1 ml of cell suspension and 1 ml
of HBSS buffer, gassed with 95% O,: 5% CO, and then incu-
bated for 1 hour at 37°C. For studies on uptake in the presence
of serum, freshly prepared rat serum was added at a concentra-
tion of 5% v/v. After incubation, excess particles were
removed from the cells by repeated washing, and the activity
associated with the non-parenchymal cells was determined
using a Gamma counter (LKB 182 Compugamma, LKB
Wallac, Finland) and expressed as a percentage * s.d. of the
added nanosphere activity. Statistical differences between the
non-parenchymal cell uptake of uncoated and coated nano-
spheres, and between the coated systems were evaluated using
the student-t test (P > 0.05).
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In Vivo Biodistribution of Nanospheres

The biodistribution of the nanosphere systems was deter-
mined in the rat model. The experiments were performed for
three main reasons. Firstly, the effect of copolymer modifica-
tion in vivo was investigated using the same systems used in the
in vitro physical and cell uptake experiments. Secondly, as
described, the production of the radiolabelled copolymers
allowed experiments to be performed that would assess the
extent of any desorption of I'?* |abelled P-407 or P-908 from PS
nanospheres in vivo. Finally, the biodistribution of the free
radiolabelled copolymers were determined.

The biodistribution experiments were performed using
groups of three 150 £ 10 g female Wistar rats. Each group
received an intravenous injection via the lateral tail vein of 1 mg
of nanosphere system. 20 pl blood samples were taken from
the contralateral tail vein after 5, 15, 30, 60, 120 and 180 min-
utes, at which point the animals were killed using intravenous
injections of 0.4 ml pentobarbitone 60 mg/ml (Sagatal®). The
liver, spleen, lungs, kidney and thyroid were then removed and
along with blood samples, counted for radioactivity using a
gamma counter. Carcass associated activity was determined
using a well counter (Model SD1, Oakfield Instruments Ltd.,
Eynsham, U.K.). A blood volume of 7.5% body weight was
assumed (10). The results were calculated as a percentage of
the dose injected and are expressed as a mean + s.d. Statistical
differences between the nanosphere systems were evaluated
using the student-t test.

RESULTS

Physical Characterisation of Nanospheres

The particle size, adsorbed layer thickness and zeta poten-
tial of PS nanospheres coated with the modified or unmodified
forms of P-407 or P-908 are presented in Table 1. The main
effect of copolymer modification was to cause changes in the
zeta potential of the coated nanospheres. Nanospheres coated
with uncapped modified copolymers displayed a much less
negative zeta potential than the unmodified systems; with the
TA P-908 coated PS system even displaying a positive zeta
potential. However, when the nanospheres were coated with the
capped copolymers, the zeta potentials of the nanospheres was
comparable to the nanospheres coated with the unmodified
copolymers. The effect of copolymer modification on the
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adsorbed layer thicknesses produced by the copolymers was
less clear with only small differences seen between the nano-
spheres. Thus, it would appear that amine substitution of the
copolymers affected the zeta potential and to a small degree the
adsorbed layer thickness of the resulting nanospheres. When
the free amine groups were subsequently capped, the nano-
spheres displayed similar physical properties to the unmodified
copolymer coated nanospheres.

Biological Characterisation of Nanospheres

In Vitro Uptake of Nanospheres by
Non-parenchymal Liver Cells

The uptake of the nanospheres, coated with the modified
and unmodified forms of P-407 and P-908, by the non-
parenchymal liver cells, in the presence and absence of serum
are shown in Table II. In the absence of serum, all the copoly-
mer coated nanospheres showed a significantly reduced cell
uptake. This is in agreement with previous studies (11). In the
presence of serum, the uptake of all the nanospheres by the
non-parenchymal cells were reduced, as seen previously by
Muir et al. (12). The results obtained in the presence of serum
also illustrate the effect of copolymer modification on particle
uptake by non-parenchymal cells. For both the P-407 and P-908
systems, the highest cell uptake is seen for the nanospheres
coated with the uncapped modified copolymers, suggesting that
the free amine groups caused an increase in the phagocytosis of
the nanospheres. Capping of the amine groups reduced the
uptake of the nanospheres, however, the uptake of the capped
modified systems was still significantly higher than for the con-
trol unmodified nanospheres.

In Vivo Biodistribution Studies

The in vivo biodistribution experiments were carried out to
evaluate the effect of copolymer modification, to determine if
any significant loss or desorption of radiolabelled copolymers
from PS nanospheres occurred in vive and to follow the bio-
distribution of the free radiolabelled copolymers.

Figures 1 and 2 and Table III show the circulation profiles
and organ distributions three hours post dose of the nanos-
pheres prepared to investigate the effects of copolymer modifi-
cation. The data highlight that copolymer modification affected
the biodistribution of coated nanospheres, but the effects were

Table L. Particle Size and Zeta Potential of PS Nanospheres Coated
with Modified or Unmodified P-407 and P-908

Particle size
z average (nm)

Zeta potential (mV)

Adsorbed layer in HEPES 1 mM pH 7.4

Nanosphere system mean = SD thickness (nm) mean = SD
Uncoated PS 60 nm 73.8+£0.5 -55.8%8.5
P-407 coated PS 89.0+0.7 7.6 -18.3%25
DA P-407 coated PS 91.0+1.4 8.6 —47%23
Capped DA P-407 coated PS 90.5*x0.6 8.4 -145%12
P-908 coated PS 915+09 8.9 -12.5%2.1
TA P-908 coated PS 93.8+0.8 10.0 +9.6£0.9
Capped TA P-908 coated PS 94.1£0.7 10.2 -10.6£0.9
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Table IL. In Vitro Non-Parenchymal Cell Uptake of Modified
and Unmodified P-407 and P-908 Coated PS Nanospheres

% of Initial nanosphere activity associated with
non-parenchymal cells, Mean + SD

Nanosphere system

Incubation without serum

Incubation with serum

Uncoated PS 60 nm 262112 0.7+£0.1

P-407 coated PS 4.8 +0.2* 0.5+0.1*
DA P-407 coated PS 4.8 £0.3* 1.7+0.1f
Capped DA P-407 coated PS 43+0.2% 1.3+0.17
P-908 coated PS 35+0.1* 0.4 £0.0*
TA P-908 coated PS 5.1 0.2+ 1.3+0.1f
Capped TA P-908 coated PS 3.6+ 1.0* 1.0£0.2°

* Significant reduction (P > 0.05) in cell uptake in comparison to uncoated nanospheres.
¥ Significant difference (P > 0.05) in cell uptake in comparison to unmodified copolymer coated

nanospheres.

copolymer specific. With the P-407 coated nanospheres,
copolymer modification had a dramatic effect on the biodistri-
bution of the nanospheres, especially when the amine groups
were uncapped and hence protonated in vivo. The uncapped
DA-P-407 coated PS nanospheres showed a significantly faster
clearance from the circulation than the control nanospheres
which were in the form of nanospheres coated with unmodified
P-407. This was reflected in the significantly higher liver and
spleen uptake seen with the uncapped DA P-407 coated nano-
spheres. Acetylation of the charged amino groups increased the
circulation times and reduced the liver uptake of the capped DA
P-407 coated nanospheres in relation to nanospheres coated
with uncapped DA P-407. However, the liver uptake and blood
circulation levels three hours post dose were still significantly
lower for the capped DA P-407 coated nanospheres as com-
pared to the control (unmodified P-407 coated nanospheres),
suggesting that the copolymer modification had altered the bio-
logical properties of the copolymers.

With the P-908 systems, the differences between the
nanosphere systems were much smaller, implying that the
copolymer modification of P-908 had a lower impact on the bio-
logical properties of the coated nanospheres when compared
to the equivalent P-407 systems. The circulation profiles and
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Fig. 1. Blood circulation profiles for modified and unmeodified P-407
coated nanospheres.

liver uptake of the nanospheres were comparable. The only sig-
nificant difference in the biodistribution of the nanospheres was
in the spleen uptake values. The splenic uptake of uncapped TA
P-908 coated nanospheres was twice that of unmodified P-908
coated nanospheres. Acetylation of the amine groups in the
copolymer again reduced this uptake, although the splenic
uptake of capped TA P-908 coated nanospheres was still sig-
nificantly above that for P-908 coated nanospheres. The lack of
any major differences in the biodistribution of the capped TA
P-908 coated nanospheres and the control P-908 coated nano-
spheres suggests that copolymer modification, if charged
groups are not present, does not generally affect the biological
properties of P-908.

The capped copolymers, which have comparable (P-908)
or only slightly changed (P-407) biological properties, with
respect to the unmodified copolymers, were then used to inves-
tigate the possible desorption of copolymers from the surface of
PS nanospheres in vivo. Table IV shows the organ distribution
of the different nanosphere systems. The nanospheres were pre-
pared where the radiolabel, used to trace the particles, was
either associated with the nanosphere core or attached to the
adsorbed copolymer. Therefore, differences in the in vivo
behaviour of the two nanosphere systems would imply some
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Fig. 2. Blood circulation profiles for modified and unmodified P-908
coated nanospheres.
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Table ITI. Organ Distributions of PS Nanospheres Coated with Modified
and Unmodified P-407 or P-908 3 Hours After Injection

% of Dose injected, (mean + S.D.)

Organ P-407 on PS DA P-407 on PS Capped DA P-407 on PS
Liver 17.8£0.2 49.4 +5.8* 34.6 £5.9*
Spleen 44%03 157+ 1.5* 54+1.1
Thyroid 08x0.1 1.2£0.1* 0.6+0.2
Blood 70.1£6.5 6.0+3.2* 432%9.1*

P-908 on PS TA P-908 on PS Capped TA P-908 on PS
Liver 146+24 15.0+0.7 17.0+0.3*
Spleen 64102 13.3+1.2% 9.2+0.3*
Thyroid 06+0.2 1.9+09 06+0.2
Blood 60228 532196 73.6 £ 4.0*

*Significant difference (P > 0.05) in comparison to unmodified copolymer coated

nanospheres.

degree of copolymer desorption. As before, the results were
copolymer specific, although the blood circulation profiles for
both sets of the copolymer coated nanospheres (data not
shown) were very similar with only small, non-significant, dif-
ferences identified. With the capped DA P-407 systems, differ-
ences were seen in the liver, spleen and blood levels between
the I'* capped DA P-407 coated PS and the capped DA P-407
coated I'*® PS, although only the difference in the liver uptake
of the nanospheres was statistically significant. These results
suggest that, either the presence of the radiolabel at the end of
the copolymer molecules had affected the interaction of the
coated nanospheres with the biological environment in vivo, or
that some degree of desorption of the labelled DA P-407 had
occurred. With the capped TA P-908 systems, there were no
differences in the biodistribution of the two nanosphere sys-
tems, implying no desorption of capped TA P-908 within the
limitations of the experiment.

A final set of biodistribution experiments was conducted
to follow the biodistribution of the free radiolabelled copoly-
mers. Figure 3 shows the organ distributions of both the
uncapped and capped forms of radiolabelled DA P-407 and TA
P-908. The circulation profiles of the copolymers (data not
shown) revealed that all forms of the copolymers circulated for
extended periods, with the liver being the only major organ
showing uptake. However, the majority of the dose within the

liver can be accounted for as “blood pool” (usually 25% of
blood in the animal will be in the liver). Furthermore, the low
levels of activity associated with the thyroid confirmed that the
radiolabel on the copolymer was stable in vivo. These data,
together with the in vitro stability data presented by Neal et al.
(6), verify that the modified copolymers have been covalently
labelled with I'?5 Bolton-Hunter reagent and the radiolabelled
copolymers were stable both in vitro and in vivo.

DISCUSSION

The purpose of the present studies were twofold; firstly, to
investigate the effect of copolymer modification and radio-
labelling on the properties of polystyrene nanospheres that have
been coated with the modified copolymers and, secondly, to
investigate the stability of the adsorbed copolymer coating lay-
ers on polystyrene nanospheres in vivo. The main reason for
using polystyrene nanospheres throughout these studies was
the large body of evidence that is available on the physical and
biological properties of polystyrene nanospheres surface modi-
fied with poloxamer and poloxamine copolymers. As the
experiments described were planned to investigate the specific
effects of copolymer modification on the properties of coated
nanospheres, it was logical to use a highly studied model sys-
tem as the reference point. In addition, polystyrene nanospheres

Table IV. Organ Distributions for the DA P-407 and TA P-908
In Vivo Desorption Experiments 3 Hours After Injection

% of Dose injected, (mean + S.D.)

I'* capped DA Capped DA P-407 I'*capped TA Capped TA P-908
Organ P-407 on PS on I'®PS P-908 on PS onI'® PS
Liver 13.2+6.5* 346%59 18.0x3.1 17.0+£0.3
Spleen 72+23 54x1.1 8.1x1.8 9.2+0.3
Thyroid 0.2+0.0% 0.6x+0.2 0.2+0.1* 0.6+0.2
Blood 599+ 16.7 432191 70.8+12.3 73.6+4.0

*Significant difference (P > 0.05) between nanosphere systems.
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are readily radiolabelled with 1'% and the stability of the radio-
labelling is good (13). This was important for the desorption
experiments where instability in radiolabelling could have led
to inaccurate conclusions.

The amination of the P-407 and P-908, not only allows
their subsequent radiolabelling with I'? Bolton Hunter reagent,
but also makes it possible to attach antibody fragments or spe-
cific proteins to the copolymers. Such polymers could be then
used to produce nanospheres which target to specific areas of
the body, as has been demonstrated in recent studies with lipo-
somes (14). Reports into the modification of PEG containing
block copolymers and how such modification can effect the
biological properties of nanospheres surface modified by the
copolymers are very limited. Tan et al. (15) described a method
to radiolabel Pluronic® 108 in order to investigate the adsorp-
tion of the copolymer to polystyrene nanospheres. No account
was made for possible changes in properties of the modified
copolymers and the radiolabelled copolymer was not studied
in vivo. Investigations have been made into the effect of the
modification of PEG-lipid copolymers used in the production
of sterically stabilised liposomes, although, all of the liposome
studies have only evaluated the biological effects of copolymer
modification. Zalipsky et al. (7) produced an amino function-
alised PEG2000 conjugate of phosphatidylethanolamine
(amino-PEG-DSPE), which was used to produce liposomes
whose biodistribution was followed in comparison to lipo-
somes produced with methoxy-PEG-DSPE. They found the
two systems gave comparable results in vivo, with both systems
displaying extended circulation. Blume et al. (16) produced
liposomes with COOH-PEG;54,-DSPE which allowed the
attachment of Glu-plasminogen to the terminal carboxyl
groups. The carboxyl PEG containing liposomes displayed a
slightly reduced circulation time in relation to the unmodified
PEG-DSPE containing liposomes. The negatively charged car-
boxyl end group on the PEG was suggested as a possible expla-
nation of the decreased circulation times. Allen et al. (17) used
hydrazide modified PEG-DSPE containing liposomes to permit
the similar attachment of antibodies to the liposomes. They
found the PEG modification did not affect the in vivo distribu-
tion of the liposomes, which they stated was due to the fact that
at physiological pH the hydrazide moiety was uncharged.

In the present work, we have not only investigated the
effects of copolymer modification on the biological properties
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of the copolymer coated nanospheres, but we have also evalu-
ated the changes in the nanosphere’s physical properties. As
with the liposome studies, we have also found that the presence
of charged end groups was important to both the physical and
the biological properties of the nanospheres coated with the
modified copolymers. The observed changes in the zeta poten-
tial of the nanospheres coated with the uncapped modified
copolymers are considered to be due to the free amine groups in
the copolymers being protonated at pH 7.4. The presence of the
protonated amine groups at the ends of the PEO chains would
be expected to further reduce the negative zeta potential of the
nanospheres. In addition, as TA P-908 contained 4 amine
groups per molecule, in contrast to DA P-407, which had two
amine groups per molecule, it was anticipated that the TA
P-908 coated system would show the most reduced zeta poten-
tial. However, it is not just the amount of charge per molecule
that is important; the number of copolymer molecules adsorbed
per unit surface area is also an important factor. When the
nanospheres were coated with the capped modified copoly-
mers, the amine groups have been acetylated and hence the
charge is removed. Therefore, the comparable physical proper-
ties of these nanospheres, in terms of zeta potential and particle
size, in relation to the unmodified copolymer coated nano-
spheres, would have been predicted.

From the physical properties of the coated nanospheres, it
was predicted that the nanospheres coated with the uncapped
modified copolymers would show the most altered biological
properties in relation to the unmodified copolymer coated
nanospheres. This is because although no direct relationships
between zeta potential and the in vitro or in vivo phagocytosis
of nanospheres have been established, many research groups
have shown the importance of surface charge on the in vivo
handling of colloidal carriers (18-22). However, the magnitude
of the changes in the biological properties of the nanospheres
coated with the modified copolymers, especially with the P-407
coated nanospheres, was not totally expected. The uncapped
DA P-407 coated nanospheres displayed a significantly
reduced circulation in comparison to the unmodified nano-
spheres. When the amine groups were acetylated to leave
uncharged end groups on the copolymers, the circulation of the
nanospheres was improved, although the modification of P-407
resulted in a small alteration in the biological properties of the
nanospheres. These observations are in contrast to Zalipsky
et al. (7) who, as described, used protonated amino-PEG in
liposomes which displayed unchanged extended circulation.
Such differences may be due to the concentration of surface
amine groups in the different systems. In addition, the effects of
copolymer modification appear to be copolymer specific, since
the effects of copolymer modification on the two related poly-
mers used in this study were significantly different. As stated,
the presence of protonated amine end groups in DA P-407 sig-
nificantly reduced the circulation of the nanospheres. In con-
trast, protonated TA P-908 coated PS nanospheres, although
displaying similar physico-chemical properties to the DA
P-407 coated PS nanospheres, displayed comparable circula-
tion times to the control nanospheres which were coated with
the unmodified copolymers. The increased hydrophilicity of
P-908 in relation to P-407 may explain why P-908 is able to
form an adsorbed surface layer which is more able to compensate
for any increased interactions with serum components caused
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by the protonated amine groups. Conversely, the relatively less
hydrophilic P-407 copolymer may produce an adsorbed layer
which is only able to prevent opsonisation when the end groups
are totally inert.

These experiments suggest that the theory of steric stabil-
isation can not totally explain the extended circulation of sur-
face modified nanospheres, since small changes in the chemical
structure of sterically stabilising copolymers can significantly
alter the biological properties of the nanospheres. Through the
removal of the protonated end groups in the copolymers we
have produced a modified form of P-908 which had compara-
ble physical and biological properties to the unmodified
copolymer, in terms of the surface modification of polystyrene
nanospheres, as well as a modified form of P-407, which can
surface modify PS nanospheres such that the nanospheres dis-
played only slightly reduced circulation times in vivo.

The production of these modified radiolabelled copoly-
mers has allowed the investigation of the possible desorption of
the copolymers from the surface of the nanospheres in vivo.
This desorption of copolymers from the surface of nanospheres
could be a possible limitation of their extended use. Our studies
have focussed on examining the differences in the biodistribu-
tion of nanospheres, where a radiolabel was either incorporated
in the nanosphere core or on the surface of the adsorbed copoly-
mer. Desorption, would then be identified by differences in the
biodistribution of the two systems. However, it was not possi-
ble to identify any significant differences in the biodistributions
of the nanospheres. Thus, it is difficult to conclude from these
two sets of experiments whether any significant desorption of
the radiolabelled forms of P-407 and P-908 actually occurred.
However, in vitro experiments have been performed, investi-
gating the stability of the adsorbed layers produced by the radio-
labelled capped forms of P-407 and P-908 (both on polystyrene
and PLGA nanospheres), after incubation of the nanospheres
with serum. These experiments, described by Neal ez al. (6),
have clearly identified a serum linked desorption of both
copolymers from polystyrene and PLGA nanospheres and
hence this publication also contains a complete discussion of
copolymer desorption. Briefly, the results indicated that the
extent of the desorption was comparable for both of the copoly-
mers. However, the desorption was found to be nanosphere
dependent with the polystyrene nanospheres showing an
approximate 20% loss of both I'*® capped DA P-407 and I'
capped TA P-908 and the PLGA nanospheres showing a 71%
loss of I'% capped DA P-407 and 78% loss of I'° capped TA
P-908 after 24 hours incubation in serum. After 3 hours incuba-
tion, the time course used in the in vivo experiments presented
in this paper, the in vitro desorption of the radiolabelled copoly-
mers from polystyrene nanospheres was less than 10%. This
relatively low level of desorption would be very difficult to
identify in vivo, due to experimental error, and thus explains the
uncertainty of the in vivo desorption experiments described
above. To obtain conclusive evidence for the in vivo desorption
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of the radiolabelled copolymers, either an extended time course
would be required or experiments could be conducted using
dual labelled nanospheres, where both the copolymer and the
nanosphere core would be radiolabelled with different radiola-
bels, which could then be followed directly for evidence of
desorption.

ACKNOWLEDGMENTS

The authors would like to thank BBSRC for financial sup-
port and Drs. A. E. Church and S. E. Dunn for assistance with
the animal experiments.

REFERENCES

1. M. E. Norman, P. Williams, and L. Illum. J. Biomed. Mat. Res.
27:861-866 (1993).

2. S.S. Davis, L. Iflum, S. M. Moghimi, M. C. Davies, C. J. H. Porter,
I. S. Muir, A. Brindley, N. M. Christy, M. E. Norman,
P. Williams, and S. E. Dunn. J. of Control. Rel. 24:157-163 (1993).

3. S.E. Dunn, M. C. Garnett, S. S. Davis, M. C. Davies, and L. Illum.
J. Control. Rel. 44:65-76 (1997).

4. N. Watrous-Peltier, J. Uhl, V. Steel, L. Brophy, and E. Merisko-
Lieversidge. Pharm. Res. 9:1177-1183 (1992).

5. I. Vandorpe 1., E. Schacht E., S. E. Dunn 8. E., A. Hawley A,, S.
Stolnik S., S. S. Davis, M. C. Garnett, M. C. Davies, and L. [llum.
Biomaterials 18:1147-1152 (1997).

6. I. C. Neal, E. Schacht, S. Stolnik, M. C. Garnett, S. S. Davis, and
L. Ilum. In vitro displacement of adsorbed radiolabelled polox-
amer and poloxamine copolymers from model and biodegradable
nanospheres by rat serum. Submitted for publication (1997).

7. S. Zalipsky, E. Brandeis, M. S. Newman, and M. C. Woodle.
FEBS letters 353:71-74 (1994).

8. Y. Huh, W. Donaldson, and F. J. Johnston. Rad. Res. 60:42-53
(1974).

9. S. E. Dunn, A. Brindley, S. S. Davis, M. C. Davies, and L. Illum.
Pharm. Res. 11:1016-1022 (1994).

10. H. M. Patel, S. N. Tuzel, and B. E. Ryman. Biochim. Biophys.
Acta. 761:142-151 (1983).

11 L. Iltum, L. O. Jacobsen, R. H. Muller, E. Mak, and S. S. Davis.
Biomaterials 8:113-117 (1987).

12. 1. S. Muir, S. M. Moghimi, L. Illum, S. S. Davis, and M. C. Davies.
Biochem. Soc. Trans. 19:329S (1991).

13. C. J. H. Porter. Targeting of colliodal carriers to the bone marrow.
PhD thesis. University of Nottingham (1992).

14. 1. Ahmad, M. Longenecker, J. Samuel, and T. M. Allen. Cancer
Res. 53:1484-1488 (1993).

5. 1. S. Tan, D. E. Butterfield, C. L. Voycheck, K. D. Caldwell, and
J. T. Li. Biomaterials 14:823-833 (1993).

16. G. Blume, G. Ceve, M. D. J. A. Crommelin, I. A. J. M. Bakker-
Woudenberg, C. Kluft, and G. Storm. Biochim. Biophys. Acta.
1149:180-184 (1993).

17. T. M. Allen, A. K. Agrawal, I. Ahmad, C. B. Hansen, and
S. Zalipsky. J. Liposome Res. 4:1-25 (1994).

18. D. J. Wilkins and P. A. Myers. Br. J. Exp. Path. 47:568-576
(1966).

19. R. L. Juliano and D. Stamp. Biochim. Biophys. Res. Commun.
63:651-658 (1975).

20. Y. Tabata and Y. Ikada. Biomaterials 9:356-362 (1988).

21. Y. Tabata and Y. Ikada. J. Coll. Inter. Sci. 127:132-140 (1989).

22. Y. S. Park, K. Maruyama, and L. Huang. Biochim. Biophys. Acta
1108:257-260 (1992).



