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Fig. 5. Subcellular localization of ZnPP micelles. (a) shows the ER localization of ZnPP micelles. ZnPP micelles (red) and DIOC6 (green) were visualized by confocal laser microscopy.
(b) shows the colocalization of ZnPP micelles (red) with HO-1 (green). Cells were grown to logarithmic phase, incubated with 30 uM of ZnPP and SMA-ZnPP for 2 h. ER was stained
by DIOC6 and HO-1 was visualized with FITC-conjugated to anti-rabbit IgG. Scale bar shows 20 pm in length.

3.5. Liberation of free ZnPP from PEG-ZnPP

As shown in Fig. 1, in the PEG-ZnPP, two PEG chains are covalently
linked to the spacer ethylenediamine that is conjugated to the carboxyl
group of protoporphyrin I[X. ZnPP is a competitive inhibitor of HO-1 thus
PEG-cleavage might be critical step to exert HO-1 inhibitory activity. We
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next examined the intracellular processing of PEG-ZnPP by HPLC
analyses. K562 cells were treated with PEG-ZnPP for 5 h at 37 °Cin RPMI
medium and intracellular PEG-ZnPP or its hydrolysed products was
extracted by ethanol followed by HPLC analyses. As shown in Fig. 9,
parental PEG-ZnPP had a retention time at 6.3 min and intracellular
PEG-ZnPP after incubation with cells and extraction showed delayed
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Fig. 6. Intracellular uptake of ZnPP micelles at different temperature. Intracellular ZnPP (red) in K562 cells treated with 20 M of (a) ZnPP, (b) SMA-ZnPP and (c) PEG-ZnPP for 2 h at
37 °C (left panel) and at 4 °C (right panel) were visualized by confocal laser microscopy. Amount of ZnPP in K562 cells treated with (d) ZnPP, (e) SMA-ZnPP and (f) PEG-ZnPP were

quantified by FACS analysis.
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Fig. 7. Inhibition of intracellular uptake of ZnPP micelles by endocytosis inhibitors. K562
cells were treated with ZnPP (black column), SMA-ZnPP (gray column) and PEG-ZnPP
(white column) with or without indicated endocytosis inhibitors. Cells were
preincubated with these inhibitors for 60 min prior to addition of ZnPP micelles.
Intracellular amount of ZnPP was quantified by FACS analysis.

retention time at 7.1 min indicating the processing of PEG-ZnPP in cells
or cell periphery (Fig. 9a). Furthermore this cleaved PEG-ZnPP was also
found to have HO-1 inhibitory activity (Fig. 9b).

4. Discussion

The most important properties for anticancer drugs are summer-
ized as follows; (i) selective accumulation of the drugs in the tumor
tissue, (ii) efficient intracellular uptake, and (iii) access of active
component to the intracellular target molecules. To confer these
properties to the candidate drugs, a numbers of methods may be
possible. One of the most universal tumor selective targeting is based
on the EPR (enhanced permeability and retention) mechanism
dependent selective targeting, in which macromolecular formulations
are preferred. The first such example is the conjugation of SMA and
proteinaceous drug neocarzinostatin (NCS) resulting SMANCS [15,26~
28]. For this purpose, encapsulation of the low molecular weight
drugs into the micelles or liposome, or conjugation to polymeric
carriers such as SMA, HPMA (N-(2-hydroxypropyl)methacrylamide),
PEG or other block copolymers with biocompatible and carrier
properties. These methods can improve the physicochemical and
pharmacokinetic properties of low MW drugs, or various proteins
[15,18,29-31].

Both PEG-ZnPP and SMA-ZnPP exhibit micellar property and have
molecular weight of about 140 kDa and 90 kDa respectively and mean
size distribution about 180 nm and 50 nm respectively. Both PEG-ZnPP
and SMA-ZnPP showed high water solubility and accumulate more
selectively in the tumor tissue, and they exert potent anti-tumor activity
when injected i.v. [8,11].

Although we have characterized in vivo body distribution and anti-
tumor effect of both PEG-ZnPP and SMA-ZnPP, mechanism of cellular
uptake and intracellular localization remained to be clarified. For this
reason, mechanism of cellular uptake and intracellular fate of these
micelles were investigated. Very recently, we have reported that growth
or DNA synthesis of human chronic myeloid leukemia (CML) derived
cell line K562 cells were suppressd by PEG-ZnPP and SMA-ZnPP [7]. In
the present study, we report that both PEG-ZnPP and SMA-ZnPP were
internalized in K562 cells at different rate. Fluorescent intensity of ZnPP
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Fig. 8. Stability analysis of SMA-ZnPP and effect of various amphiphilic agents for
bursting of micelles. (a) Fluorescence intensity of SMA-ZnPP incubated with different
concentration of lecithin for 30 min or SDS for 15 min was measured by fluorescent
spectroscopy. (b) Fluorescence intensity of SMA-ZnPP was measured as the micelles
were incubated with lecithin at pH 7.5 (square) or pH 5.5 (triangle). (¢) Fluorescence
intensity of SMA-ZnPP incubated with 150 pg/ml (triangle) and 50 pg/ml (square) of
mouse liver microsomal fraction for indicated time.

derivatives is highly dependent on its conformational states, m—m
stacked form or dispersed free form. Compact molecular packing of ZnPP
in SMA micelles quenched fluorescence perhaps by m-m stacking or
energy transfer (Figs. 3a and 8). Thus it may be difficult to compare
among the intracellular amounts of three ZnPP derivatives by
fluorescent intensity such as flowcytometry due to possible quenching
(Fig. 6). In the organic solvent such as ethanol, in which ZnPP derivatives
are dispersed states, three ZnPP derivatives showed comparable
fluorescent intensity (Fig. 3a). This result indicates that fluorescent
intensity in ethanol correlates with ZnPP amount of the ZnPP de-
rivatives. Thus we extracted intracellular ZnPP derivatives in ethanol to
represent the realistic amount of ZnPP, SMA-ZnPP and PEG-ZnPP in
cells. SMA-ZnPP is about 2.5 times more rapidly internalized into the
cells than PEG-ZnPP at 300 min (Fig. 3). Increment of uptake when
compared from 30 min to 300 min of SMA-ZnPP is 5 times more than
PEG-ZnPP (Fig. 3). FACS analysis also supports the faster uptake of SMA-
ZnPP; intracellular fluorescent intensity of SMA-ZnPP was 7 times
higher than that of PEG-ZnPP at 5 h (Fig. 6). This suppressed uptake of



374 H. Nakamura et al. / Journal of Controlled Release 155 (2011) 367-375

RT=6.3min RT=7.1min

Intact PEG-ZnPP Intracellular PEG-ZnPP

40.0 1
35.0 4
30.0 -
25.0 A
20.0 A
15.0 4
10.0 A
5.0
0.0 -

@ pEG-ZnPP {RT=6.3min)
% Cleaved PEG-ZnPP (RT=7.1min}

Heme oxygenase activity O
{nmol biliverdin/mg/h)

Ou {control) 2uM v OuM
Concentration of PZP

Fig. 9. Intracellular processing of PEG-ZnPP. (a) Shows HPLC analysis of intact PEG-ZnPP
(left panel), PEG-ZnPP (right panel). (b) Shows HO-1 inhibitory activity of intact PEG-ZnPP
(black column) and cleaved PEG-ZnPP (gray column). Both PEG-ZnPP were preincubated
with mouse liver cytosol and spleen microsome for 30 min at 25 °C prior to addition of
hemin as a substrate of HO-1 enzyme reaction. HO-1 activity was measured as described in
the text.

PEG-ZnPP may be caused by the fact that hydrated PEG-layer of the PEG
micelles interferes the interaction with receptor site on the cell surface
that is involved in endocytotic uptake of micelles. This suppressed
intracellular uptake is named PEG-dilemma [32,33]. Meanwhile,
intracellular uptake of SMA-ZnPP was very active and almost compa-
rable to that of free ZnPP. This may be due to the affinity between the
hydrophobic residue of SMA and surface receptor. Free ZnPP is
internalized most rapidly among the three tested ZnPP derivatives.
Nevertheless free ZnPP is poorly water soluble and thus difficult for
clinical application, and more important, as small molecule it may
disappear from the circulation so rapidly that it never shows EPR effect
for tumor delivery. Namely, PEG and SMA based micelle formulation
gives high water solubility and improved pharmacokinetic property
including high plasma concentration and antitumor activity of ZnPP.
However, PEG-ZnPP showed much less efficient cell uptake. As a result
PEG-ZnPP exhibited less cytotoxic activity in the in vitro setting
compared to free ZnPP or SMA-ZnPP (data not shown). Whereas SMA
micelles confer the micellar capacity for efficient cell uptake as reported
for SMANCS [34,35].

Cell membrane forms a barrier impermeable to large molecules
above about 1 kDa. However, cells are equipped with active transport
systems across the cell membrane called endocytosis for most
macromolecules such as micelles, liposomes, antibody and DNA/
RNA complex. Endocytotic cellular uptake is believed to be more
active in dividing cells such as tumor cells than non-dividing normal
cells. Previously, SMANCS was shown to undergo endocytotic
pathway for its antitumor activity. Namely SMANCS is rapidly
internalized into the cells [34,35]. Many other macromolecular
drugs such as liposomes and HPMA conjugated drugs also show
endocytotic cellular internalization [20-22].

In this study we showed that free ZnPP, SMA-ZnPP micelle and
PEG-ZnPP conjugate were internalized by endocytotic pathway. It is
considered that at low temperature (below 20 °C), endocytotic uptake
of macromolecules was suppressed probably due to suppressed ATP
generation by oxidative phosphorylation. Thus suppressed internal-
ization at low temperature (4 °C) and rapid uptake at 37 °C indicate
that endocytosis is the major mechanism of cellular drug uptake

(Fig. 6). In addition, it should be noted that in this study, the
fluorescent intensity of ZnPP, SMA-ZnPP and PEG-ZnPP is directly
detected by flowcytometry, not through ethanol extraction method,
because of the difference of fluorescent efficiency of ZnPP and
derivatives as discussed above, it is difficult to compare the
internalized amount of SMA-ZnPP and PEG-ZnPP. Intracellular uptake
of ZnPP was significantly inhibited by amiloride, which is a
macropinocytosis inhibitor, suggesting that the cellular internaliza-
tion of ZnPP is partially mediated by macropinocytotic pathway, a
type of endocytosis. Cellular uptake of PEG-ZnPP was suppressed by
sucrose, and cellular uptake of SMA-ZnPP was suppressed by sucrose
and colchicine. Unfortunately precipitates were formed when
amiloride was added to SMA-ZnPP that made analysis difficult.
These results suggest that PEG-ZnPP is internalized by clathrin
dependent endocytosis, whereas SMA-ZnPP is internalized not only
by clathrin dependent endocytosis but also probably via microtubule
dependent endocytosis mechanism. It seems that several different
pathways may be involved in internalization of ZnPP, SMA-ZnPP and
PEG-ZnPP. Further investigations are needed to clarify this point.

Protoporphyrin IX (PP) itself doesn't have HO-1 inhibitory effector *
cytotoxicity as previously shown. However, ZnPP and both ZnPP
micelles were shown to inhibit HO-1 in the cell [8,9], and cells treated
with ZnPP and both ZnPP micelles showed the fluorescence spectrum
corresponding to free ZnPP, the zinc coordinated form of protopor-
phyrin IX. This result suggests that after the internalization, both ZnPP
micelles still exist as zinc in the tetrapyrrole, an active HO-1 inhibition
form of Zn-protoporphyrin IX.

Fluorescence microscopy under a confocal laser microscope, based
on the fluorescence of ZnPP was carried out in this study. As shown in
Fig. 8, SMA-ZnPP micelle was shown to exhibit less fluorescence
compared with free ZnPP in test tube as it was expected so because
the fluorescence of SMA-ZnPP was quenched due to -t interaction in
the packed micelle. However, we found fluorescence of ZnPP micelles
appeared eventually in the cells, indicating free ZnPP was released
from the micelle to exhibit fluorescence. Namely, these results
suggested that unique fate of SMA-ZnPP micelles being uncoated in
the cells. Moreover as shown in Fig. 4a and b, fluorescence by SMA-
ZnPP was found at cellular membrane as well as ER compartment after
treatment for first 15 min-120 min. In contrast, PEG-ZnPP (Fig. 4c)
showed very weak fluorescence at the ER compartment after the same
time. HO-1 was also localized at the ER, colocalization with the
fluorescence of ZnPP (see Fig. 5 merge). These results are consistent
with an interpretation that ZnPP micelles exert cytotoxic activity
through inhibiting to the HO-1 enzyme as free ZnPP.

ZnPP is thought to be tightly packed in the center core of SMA-
ZnPP micelles (Fig. 1) as judged by quenching of its fluorescence and
emergence of fluorescence upon disruption of the micelles (Fig. 2),
suggesting that the liberation of free ZnPP from SMA-ZnPP micelle is
needed to exert HO-1 inhibitory activity. Recently, Regehly et al.
reported that SMA-ZnPP micelles exist as a free ZnPP-form in the cells
and seem to be associated with hydrophobic environment such as
lipid bilayer of cellular compartment, the data based on flash
photolysis measurement of singlet oxygen [36]. Consistent with this
previous report, release of free ZnPP may be brought about by micelle
disintegration in the cells caused by the amphiphilic components in
cells, particularly cell membrane such as phosphatidyl choline. We
therefore examined this process of the ZnPP release in vitro from its
SMA-ZnPP micelle with lecithin and microsomal membrane fraction,
which was obtained from the tissue homogenate followed by
ultracentrifugation at 100,000 g ppt (precipitate). Release of ZnPP
was more rapid at pH 7.5 than pH 5.5. These observations suggest that
disruption of SMA-ZnPP micelles proceeds in the presence of
membrane component of cells as well as binding to lipophilic
compartments in the cell such as ER compartment.

Recently Huan et al. synthesized PEG-lipid derivatives linked via
ester linkage, ether linkage and amide linkage respectively. They
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showed that PEG-lipid linked via ester linkage is most susceptible to
PEG cleavage [37]. We also confirmed that PEG-ZnPP linked via ether
linkage was more stable than PEG-ZnPP conjugated via ester linkage,
and cleavage of ester linkage was accelerated by serum component
(unpublished data). Along this line we clarified that PEG-ZnPP
containing ester linkage is cleaved intracellularly (Fig. 9a). These
findings suggest that ester linkage between PEG and ZnPP is the
cleavable site by enzyme dependent or independent hydrolytic
mechanisms (Fig. 1a). After cleavage of PEG-ZnPP still have HO-1
inhibition activity (Fig. 9b).

In conclusion, we demonstrated here the uptake of different
micelle preparations of ZnPP and their fate in the cells. SMA-ZnPP is
internalized into cells much more rapidly than PEG-ZnPP by
endocytotic pathway, followed by release of free ZnPP in the presence
of membrane components. ZnPP is mainly colocalized with HO-1 at ER
compartment and inhibits HO-1 activity which leads to higher
oxystress then cell death. PEG-ZnPP is also internalized in cells slowly
by endocytotic pathway and subjected of hydrolytic cleavage by
either protease or esterase inside of, or in the vicinity of, the cells.
PEG-ZnPP also shows colocalization with HO-1 and inhibits the HO-1
activity perhaps after the cleavage of PEG bond.
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Abstract

Xanthine oxidase (XO) is the major source of superoxide anion (O,") that is associated with various reactive oxygen
species (ROS) related diseases. 4-amino-6-hydroxypyrazolo([3,4-dlpyrimidine (AHPP) is a potent XO inhibitor
discovered in Maeda’s laboratory, which is now being developed for the treatment of ischemia reperfusion injury
and inflammatory diseases. However, the poor aqueous solubility of AHPP at physiological pH hampers its clinical
development. To overcome this drawback, in the present study water soluble polyethyleneglycol conjugated
AHPP (AHPP-PEG) was synthesized via two different approaches, which resulted in two derivatives of AHPP-PEG,
namely, mono-AHPP-PEG and bis-(AHPP)-PEG depending on the number of AHPP on PEG chain. We characterized
both conjugates by UV, FTIR spectroscopy and elemental analysis. Dynamic light scattering and Sephadex G-100
chromatography studies revealed mean particle size of 164.1 and 218.8nm and Mw. equivalent to 107 and 126 kDa
for mono-AHPP-PEG and bis-(AHPP)-PEG, respectively. Further, XO inhibitory activity for mono-AHPP-PEG and bis-
(AHPP)-PEG were found with Ki of 0.23+0.03 and 0.21£0.03 pM, respectively. In vivo pharmacokinetic study showed
longer circulation time of AHPP-PEG conjugates compared to free AHPP. These results indicate AHPP-PEG conjugates
have better potentials with supramolecular assemblies in aqueous medium and may become a good candidate for
the treatment of ROS related diseases.

Keywords: Pharmacokinetics, superoxide anion, xanthine oxidase, AHPP, inflammation targeted, cytoprotection

Introduction

Xanthine oxidase (XO) is known to exist in many tissues
including heart and they catalyses the two-step oxida-
tion of hypoxanthine (Figure 1), from hypoxanthine to
xanthine, and then xanthine to uric acid (Cappola et al.
2001; Freehold et al. 1972; Feigelson et al. 1957). XO is
well known as a major enzyme to generate superoxide
anion (0,~) that is a major type of reactive oxygen spe-
cies (ROS) involved in many diseases and disorders,
including damaged tissues as well as in the vascular sys-
tem (Adachi et al. 1993; Jarasch et al. 1981; Jarasch et al.
1986; Oates et al. 2001; Pacher et al. 2006). Moreover,
superoxide anion radical (O,) immediately reacts with

nitric oxide (NO) at diffusion dependent velocity to form
more toxic peroxynitrite (ONOO"), which is principally
involved in the pathogenesis of various inflammatory
disorders including viral and bacterial infections (Oda
et al. 1989; Huie et al. 1993; Radi et al. 1991; Crow et al.
1995; Gryglewski et al. 1986; Moncada et al. 1991). In this
connection, we previously verified that inhibition of xan-
thine oxidase resulted in the prolongation of biologic t, ,
of NO in vivo, which consequently resulted in the lower-
ing of blood pressure.

Thus, inhibiting XO may become a therapeutic to
many diseases including inflammation and hyperten-
sion. Among inhibitors of XO, allopurinol is used in
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Figure 1. The degradation pathway of purine. XO catalyze the
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oxidation of xanthine to uric acid. This enzyme plays important
role in catabolism of purine. In the reaction of xanthine to uric
acid, an oxygen atom is transferred from molyobdenum to
xanthine.

clinic for the treatment of hyperuricemia, but the effect
of allopurinol is not dose-dependent, at higher dose
it becomes substrate of XO (Miyamoto et al. 1996).
Recently, we developed 4-amino-6-hydroxypyrazolo
[3,4-d] pyrimidine (AHPP), one of the pyrazolopy-
rimidine derivatives that has exhibited potent XO
inhibitory activity. However, AHPP per se shows poor
aqueous solubility, which prevents clinical develop-
ment. To overcome this drawback in the current study,
we synthesized two water-soluble conjugates of AHPP
(4-amino-6-hydroxypyrazolo [3,4-d] pyrimidine) with
PEG (polyethyleneglycol).

In addition, the present AHPP-PEG conjugates
are designed to exhibit macromolecular nature and
thus showed longer plasma half-life and selectively

© 2011 Informa UK, Ltd.
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accumulation in inflammatory tissues by taking advan-
tage of the enhanced vascular permeability and retention
(EPR) effect (Matsumura et al. 1986; Maeda et al. 2001a,
2001b). Thus, AHPP-PEG conjugates may become a new
candidate for ROS related diseases such as inflammatory
disease. In this study, the synthesis and characterization
of AHPP-PEG were investigated. The in vivo pharmacoki-
netics was also discussed.

Materials and experimental methods

Materials
Poly(oxy-1,-2-ethanediyl)-a-methyl-w-[2-[(2,5-
dioxopyrrolidinyl)oxy]-2-oxoethyoxy]-PEG ~ (Sunbright
ME-020AS; Mw 2280; PDI 0.2) was obtained from NOF
Corp., Tokyo, Japan. 4-amino-6-hydroxypyrazolo- {3,4-d]
pyrimidine (AHPP), xanthine, polyethylene glycol (mean
Mn, 2000), 4-phenylspiro[furan-2(3H)-1’-phthalan]-3,3’-
dione (fluorescamine), 2,4,6-trinitrobenzenesulfonic
acid (TNBS), trichloroacetic acid and other reagents of
reagent grade, were purchased from Wako Pure Chemical
Industries (Osaka) and were used without further puri-
fication. 4-nitrophenyl chloroformate, Bovine milk xan-
thine oxidase (XO) was purchased from Sigma-Aldrich
Chemical Co, (St Louis, MO, USA). AHPP and xanthine
solutions were prepared by dissolution in 0.25M NaOH
at a concentration of 0.1 M and were diluted to appropri-
ate concentration with distilled water or physiological
saline. All other solvents and chemical reagents were
purchased from commercial sources and used without
further purification.

Experimental methods

Synthesis of mono-AHPP-PEG conjugated micelles

As depicted in the reaction Scheme 1, 100 mg (0.661
mmol) of 4-amino-6-hydroxypyrazolo [3,4-d] pyrim-
idine (AHPP) was first dissolved in 15 mL of 0.1 M
NaOH solution at room temperature, under stirring
for 15 min. Then the solution was cooled to 0-4°C,
1.322 g (0.661 mmol) of poly(oxy-1, 2-ethanediyl)-
o-methyl-w-[2-(2,5-dioxopyrrolidinyl)oxy]-2-
oxoethyoxy]-PEG (PEG ME-20AS, NOF Corp.) in
20 mL chloroform was added drop wise for 40 min at
4°C with vigorous stirring. When the addition of PEG
was completed the reaction mixture was vigorously
stirred for next 2h at 4°C. The reaction between two
components in two layers will undergo as interfa-
cial conjugation reaction under vigorous stirring.
Then, the chloroform layer containing the final
product (lower layer) was separated by using sepa-
rating funnel. Chloroform was removed by using a
rotary evaporator in vacuum and the conjugate was
precipitated by addition with acetone. The resul-
tant viscous product was then dissolved in 40 mL
deionized water and lyophilized to obtain fluffy
colorless product of mono-AHPP-PEG, conjugate
(1.23 g; 87% based on AHPP). By addition of about
50 mL of water to mono-AHPP-PEG, it was readily
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Scheme 1. Synthetic scheme for synthesis of mono-AHPP-PEG
conjugate. 0.1M NaOH, CHCL,, 0°C, pH 9.0; 0.1M HCl, room
temperature, pH 1.5.

solubilized, spontaneously formed micelles. The
solution was then subjected to gel chromatography
with Sephadex G-100 Fine column (@1.5x87 cm)
(Amersham Biosciences AB, Uppsala, Sweden);
Elution peaks corresponding to absorption of AHPP-
PEG conjugate at 270 nm was collected, lyophilized
and used for further analysis.

Synthesis of bis-(AHPP)-PEG conjugate

As depicted in the reactions Scheme 2, bis-(AHPP)-
PEG synthesis was carried out via two-step processes,
involving activation of PEG with 4-nitrophenyl chloro-
formate using a method reported (Varonese et al. 1985;
Varonese et al. 2005 ), followed by interfacial reaction
with AHPP. Briefly, to a solution of 5.0g (2.5 mmol)
PEG in 20 mL dry dimethylformamide (DMF), 1.3g (6.4
mmol) of 4-nitrophenyl chloroformate was added by
several aliquots. After stirring this reaction mixture at
room temperature for 24h, 250 mL of dry diethyl ether
was added to precipitate the product. The precipitates
were then collected by filtration and washed three times
with diethyl ether, and the residue was redissolved
in acetonitrile:ethylether (1:3 v/v). The product was
allowed to precipitate at 4°C for 2 h. Finally, the activated
PEG was collected by filtration and dried under vacuum
(yield 4.8 g). Further, bis-(AHPP)-PEG was synthesized
following the same protocol as used above to synthesis
of mono-AHPP-PEG. Yield of bis-(AHPP)-PEG obtained
was 1.39g(91.4%).

Gel filtration chromatography of AHPP-PEG micelles

For purification and characterization of AHPP-PEG
micelles, gel chromatography with Sephadex G-100
superfine (AmershamBiosciences AB, Uppsala, Sweden)

was performed by using column of @1.5x 87 cm, eluted
with 0.1 M bicarbonate pH 8.2. Each eluted 3.1 mL frac-
tions were monitored by UV absorption at 270 nm, and
peak fractions were collected followed by dialysis and
lyophilized. The lyophilized powder thus obtained was
subjected to further characterization by UV-visible and
FTIR spectroscopy. To estimate the apparent molecu-
lar size of the AHPP-PEG conjugates the size exclu-
sion chromatography was performed using various
known molecular weight globular proteins as reference
standards.

Dynamic light scattering (DLS)

DLS studies were carried out with a Photal DLS-7000
HLs laser-light scattering spectrophotometer (Otsuka
Electronics, Osaka, Japan), equipped with a 10 mW He-Ne
(632.5 nm) laser light source. For DLS measurements, the
scattering angle was fixed at 90° and the temperature of
the sample was maintained at 25.0+0.01°C. Particle size
determination was carried out using samples at concen-
tration of 2.5mg/mL prepared in 0.15M NaCl/0.01M
sodium phosphate buffer (pH 7.4), which yielded the
optimal counts.

UV-visible spectroscopy

UV/visible absorption spectra were recorded on a spec-
trophotometer (Model UV/Vis-550, JASCO Corp., Tokyo,
Japan). The drug concentration was quantified using
absorption at 270 nm, based on a standard curve for free
AHPP in 0.1 M NaOH (by further diluting 100-10 pM with
buffer at pH 8.5).

Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectra were recorded
on a FT/IR-4200 spectrometer (JASCO Corp., Tokyo,
Japan) using KBr discs. The KBr discs were prepared
using Jasco MP-1 minipress unit.

Fluorescence spectroscopy

Fluorescence spectra were recorded on F-2500 fluores-
cence spectrophotometer (Hitachi, Tokyo). The sample
solutions of AHPP and AHPP-PEG conjugates were excited
at270.0nm (corresponding to Amax of AHPP) and emission
for fluorescence from 280.0 to 500.0 nm were measured.

Elemental analysis

Analysis of the AHPP-PEG conjugates after purification
by Sephadex column chromatography and drying over
P,0, for three days in vacuum were carried out for hydro-
gen, carbon and nitrogen.

Quantification of amino group after PEGylation by 2,4,6-
trinitrobenzendsulfonic acid (TNBS) and fluorescamine assay
The degree of PEG conjugation to AHPP was measured
by quantifying the primary amino group by the TNBS
(Stocks et al. 1986) with modifications. AHPP, mono-AH-
PP-PEG and bis-(AHPP)-PEG (for details see Figure 5A)
were dissolved in 0.01M NaOH and further diluted to
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final concentrations with 0.1M borate buffer (pH 8.0).
Then, 0.1mL of 0.1M TNBS (Wako Pure Chemicals,
Osaka) solution was added and vortexed for five minutes.
Their absorbances were recorded at 355.0 nm. Moreover,
quantification of amino groups was also carried out by
use of fluorescamine (4-phenylspiro{furan-2(3H)-1"-
phthalan}-3,3"-dione) assay. Briefly, solutions of AHPP
and AHPP-PEG conjugates were prepared with a final
concentration of 1.0-8.0 pM/mL by serial dilutions using
0.1 M borate buffer (pH 8.0), and 0.5 mL of fluorescamine
(Wako Pure Chemicals, Osaka) solution (0.3 mg/mL in
acetone) was added. The mixture was vortexed for 2min
and the fluorescence was measured using a florescence
spectrophotometer (F-2500, Hitachi High-Technology
Corp., Tokyo); excitation at 390.0 nm was used and emis-
sion at 475.0 nm was measured.

Release of AHPP-PEG conjugate from its micelle

The release of AHPP-PEG conjugate from the micelles
in vitro was verified by placing the micellar solutions
(2.0mg in 1.0mL of 0.2M phosphate buffer) in sealed
dialysis tubes (Mw cut-off 10,000; Spectapor, Spectrum
Laboratories, San Diego, CA). The sealed dialysis tubes
were submerged in 35.0mL of (i) pH 6.0 of 0.2M phos-
phate buffer; (ii) pH 7.4 of 0.2M phosphate buffer, and
(iii) pH 9.0, 0.2M carbonate buffers. The dialysis bags
were then incubated with reciprocal shaking of the dialy-
sis bath at 1 Hz for several hours at 37°C. The release from
the dialysis bags were quantified spectroscopically by
measuring absorbance at 270 nm.

Measurement of XO activity and inhibition by AHPP-PEG
conjugates

Formation of uric acid from xanthine was measured by
absorbance at 290nm with upon addition of xanthine
oxidase (XO). Briefly, AHPP and xanthine were dissolved

© 2011 Informa UK, Ltd.

in 0.1M NaOH at first, and then diluted with 10mM
sodium phosphate buffer (pH 7.4) final concentration of
about 100 uM. Bovine milk XO stock (23 unit /mL, Sigma-
Aldrich) was diluted to 330 mU/mL with phosphate buffer
(pH 7.4) and further diluted to 1.5 mU/mL. Cuvette con-
taining 1.5 mU/mL of XO (final concentration) in 10mM
sodium phosphate buffer (pH 7.5), graded amounts
of xanthine, mono-AHPP-PEG and bis-(AHPP)-PEG,
respectively, were added to start the reaction (for details
see Figure 8). The velocity of uric acid formation at 25°C
was determined as evidenced by the increase in absor-
bance at 290nm.

In vivo pharmacokinetics of AHPP-PEG micelles

Male ddY mice of 6-week were used in the pharmacoki-
netics study of AHPP-PEG conjugates. mono-AHPP-PEG
and bis-(AHPP)-PEG (dissolved in physiological saline)
or free AHPP (dissolved in 0.01M NaOH) was injected
intravenously (i.v.) at 10mg/kg (AHPP equivalent). After
scheduled intervals, mice were killed and blood was col-
lected in the presence of heparin. Then, 100 pL of plasma
obtained by centrifugation (3500rpm for 20min) was
diluted with 850 pL of saline and 50 uL of trichloroacetic
acid was added to precipitate plasma proteins. The pre-
cipitated plasma proteins was removed by centrifuge
(3000 rpm for 15min) and 500 uL supernatant was diluted
with 1.5mL of saline and fluorescence was measured by
fluorescence spectrophotometer at 270nm excitation
(corresponding to AHPP) and peak emission at 356.0 nm.

Results

Synthesis and characterizations of AHPP-PEG micelles

In the first method, mono-AHPP-PEG was synthesized
using NOF PEG (ME-20 AS) which resulted in a water-
soluble derivate of AHPP. In the second method, an
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Figure 2. Characterization of AHPP-PEG micellar conjugates. (A) UV-vis spectroscopy of mono-AHPP-PEG (a) and bis-(AHPP)-PEG (b) in
0.025M NaOH, concentrations used; 0.05mg/mL. Inset image is for the UV absorption spectrum of AHPP. The A, for AHPP undergoes a
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activated PEG derivative was first synthesized employing
PEG derivative of an active carbonate of p-nitorophenyl-
chloroformate as described in Scheme 2. Both conjugates
exhibited good water solubility up to 50 mg/mL (48 mM
AHPP eqvt.), which is more than adequate concentra-
tion for dose escalation for clinical applications, and far
greater than free AHPP (<0.05mg/mL).

Characterization of AHPP-PEG conjugates

In both cases of AHPP-PEG conjugates, they were puri-
fied by Sephadex gel G-100 chromatography prior to
their characterization by UV, IR spectroscopes. Figure 2A
shows the UV-visible absorption spectra of mono-AHPP-
PEG (a), and bis-(AHPP)-PEG (b), respectively. Free
AHPP (Figure 2A, inset image) had a very strong absorp-
tion peak at 254 nm at higher pH 11.0, whereas at lower
pH 7.5 the peak maxima shifted to 270 nm. The content
of AHPP in the AHPP-PEG conjugates was calculated by
specific UV absorption based on plotting a standard curve
of free AHPP at pH 8.5 in 0.2M phosphate buffer. In the
elemental analysis, mono-AHPP-PEG conjugate showed

AHPP-PEG potent xanthine oxidase inhibitor 959

a content of N, 2.84; C, 53.30; H, 8.51 and bis-(AHPP)-
PEG conjugate showed N, 5.52; C, 52.39; H, 8.19; which is
similar to the calculated value of N, 2.94; C, 53.50; H, 8.60
and N, 5.51; C, 52.90; H, 8.24 for mono-AHPP-PEG and
bis-(AHPP)-PEG, respectively. As the PEG contains no
nitrogen, the presence of nitrogen in AHPP-PEG micelles
reflects the conjugation.

The extent of the reaction between primary amino
groups of AHPP with activated PEG following the S 2 type
of reaction mechanism. Formation of AHPP-PEG con-
jugate between AHPP and PEG was confirmed by FTIR
spectroscopy (Figure 2B). In FTIR spectrum, the N-H
stretching of primary amine at 3350.0 cm™ disappeared,
and the peak at 1643.05 and 1708.6cm™ indicated the
presence of-C=0 groups, suggesting the conjugation of
amine group of AHPP to the PEG.

Sephadex gel chromatography of AHPP-PEG
conjugates

The calculated mean molecular weights based on
chemical formula of PEG was mono-AHPP-PEG and
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Figure 3. Sephadex G-100 purification and gel size exclusion chromatography of pegylated AHPP and standard proteins. (A) Standard
proteins and AHPP-PEG conjugate. Detection wavelengths were 280.0nm and 270.0 nm for standard proteins and AHPP-PEG conjugates,
respectively. (B) Plot of relative molecular weight vs. fraction volume (mL) to determine the micellar size of AHPP-PEG conjugates.
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bis-(AHPP)-PEG conjugates are 2.2 and 2.3kDa, respec-
tively. However, Sephadex G-100 superfine (Amersham
Biosciences AB, Uppsala, Sweden) high resolution gel
chromatography showed a large apparent molecular sizes
of 107kDa and 126kDa (Figure 3A), based on the stan-
dard proteins molecular weights markers [IgG, 155kDa;
bovine serum albumin (BSA), 67kDa; lysozyme, 14 kDa]
as shown in Figure 3B. These results indicates that, irre-
spective of the molecular size (2.2kDa) of PEG chain, self-
associate to form supramolecular assemblies in aqueous
medium, similar to that reported earlier for several
PEGylated micellar drugs and conjugates (Harada et al.
1999; Otsuka et al. 2003; Ideta et al. 2005; Veronese et al.
2005). The present result is also similar to that observed

with the earlier preparation of polyethylene glycol-zinc
protoporphyrin (PEG-ZnPP) and styrene-maleic acid
copolymer-AHPP (SMA-AHPP) micelles in our laboratary
using styrene-maleic acid (SMA) copolymer, where these
conjugates shows large molecular size of about 116kDa
and 67kDa, respectively, by Sephadex gel chromatogra-
phy (Sahoo et al. 2002; Fang et al. 2009a). It is anticipated
that these macromolecular conjugates are capable of uti-
lizing the EPR effect for tumor selective delivery (Maeda
et al. 2009b; Matsumera et al. 1886; Maeda et al. 2001c).

Solution behavior of the AHPP-PEG conjugates as
analyzed by dynamic light scattering (DLS)

The micellar structure of the AHPP-PEG conjugates was
further elaborated by DLS studies. The mono-AHPP-PEG
and bis-(AHPP)-PEG micelles exhibited a mean particle
size of 164.1nm (Figure 4A) and 218.8nm, respectively
(Figure 4B). These are in line with the recently reported
SMA-AHPP (Fang et al. 2009a) and PEG-ZnPP (Sahoo
et al. 2002; Iyer et al. 2007b) micelles, which behave in
a similar fashion forming self-assembled associations in
aqueous solution. This result indicates that the micelles
prepared by mono-AHPP-PEG conjugate have tighter
interaction between PEG and AHPP resulting in smaller
size of micelles than bis-(AHPP)-PEG. Moreover, there
may be hydrophobic interaction among AHPP mole-
cules as head group and PEG as hydrophilic tail (Nishide
etal. 1977).

In addition, the results from gel chromatography
showed a relatively smaller size than that of DLS. This is
probably due to the interaction between AHPP-PEG and
gel which resulting in a apparently smaller size, and it
may thus not reflect the real size of AHPP-PEG micelle.

Quantification of amino group after conjugation

with PEG

Loss ofthe primary amino group after reaction was quan-
tified by two methods; (a) TNBS and (b) fluorescamine
method. Degree of modification by TNBS was 87.47%
and 91.2% for mono-AHPP-PEG and bis-(AHPP)-PEG
conjugates respectively (Figure 5A). The fluorescamine
assay results 88.22 and 93.98% for mono-AHPP-PEG
and bis-(AHPP)-PEG conjugates respectively indicating
most of the AHPP are reacted with polyethylene chains
(Figure 5B).

Release of AHPP-PEG conjugate from the micelles
Because the AHPP-PEG is linked by covalent bond, free
AHPP will not released in physiological condition. The
release study is thus designed to investigate the release of
AHPP-PEG conjugate from its micellar form. To support
this notion, we found that no precipitation was observed
both inside and outside the dialysis bag even after cen-
trifugation because AHPP will precipitate in this condi-
tion if it is cleaved from AHPP-PEG. It is thus indicates
that released AHPP is coupled with PEG.

As shown in Figure 6, very slow release rate was
found in aqueous medium, about 1.1-1.2% per day for
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the mono-AHPP-PEG (Figure 6A) and 1.5-1.6% per
day for bis-(AHPP)-PEG (Figure 6B). Furthermore, the
release below critical micellar concentration (CMC) level
(0.3mg/mlL) was carried out and it was observed that
below CMC level the release was fast i.e. almost 100%
released within 3-4h. Whereas, above CMC level the
release was relatively slowi.e. 1.1-1.5%/day.

Stability studies of AHPP-PEG micelles

AHPP-PEG conjugates forms micelles in aqueous solu-
tions, was further supported by a study using fluorescence
spectroscopy. Namely, free AHPP in alkaline solution
showed a strong fluorescence in 325-425nm range
upon excitation at 270.0 nm; however, when AHPP-PEG
micelles dissolved in aqueous solutions, where it exists
as densely packed form, the fluorescence of AHPP-PEG
was almost quenched (Figure 7A) suggesting AHPP-PEG
behaves as micellar structure, and the -7 interaction of
AHPP quenches fluorescence due to energy transfer in
the pack state as in micelle though in aqueous solution.

© 2011 Informa UK, Ltd.

Similar phenomena have been reported for the micellar
drugs using SMA containing doxorubicin and pirarubi-
cin in our previous work (Greish et al. 2004; Greish et al.
2005). Using fluorescence spectroscopy, we investigated
the stability of AHPP-PEG micelles in various buffers
with different pH 5.0-10.0. As shown in Figure 7B, the
guenched states of fluorescence intensity of AHPP-PEG
were observed over the range from pH 5.0 to 10.0, indi-
cating the compact micellar structure is stable over a
wide pH range.

The micellar stability and nature of AHPP-PEG con-
jugates in aqueous medium was further studied by fluo-
rescence spectrophotometer and change of size of the
micelles was monitored by DLS (figure 7C). When AHPP-
PEG micelles were dissolved in distilled water or in neutral
pHs up to pH 8.5 the integrity of micelles was conserved
constant size at about 170 and 220nm for mono-AHPP-
PEG and bis-(AHPP)-PEG conjugates, respectively.

To study the stability of AHPP-PEG micelles under dif-
ferent pH conditions, or in presence of strong base, we
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titrated the micellar solutions (1 mg/ml.) against 0.1 M
NaOH solutions, while monitoring the particle size by
DLS and pH simultaneously (for details see Figure 7C).
When 0.1 M NaOH was added drop wise into AHPP-PEG
micellar solution (with increasing pH), it makes the
micelles more and more unstable. At the end of titration,
at pH 10.5+0.1 units, the micellar size suddenly becomes
very large ~1100 nm indicating the rupture or aggregation
of micelle, corresponding to the inflection point in the
curve (Figure 7). Both conjugates show similar stability
and inflection point nearly at pH 10.5. Above the inflec-
tion point, we observed the disruption of micelles (burst
effect), leading to an abrupt increase in the particle size.

Measurement of XO inhibitory activity by

the AHPP-PEG conjugates

The initial velocity of uric acid formation was mea-
sured in the presence of various concentrations of

xanthine and the XO inhibitors. Figure 8 shows the
summary of the results of XO inhibition activity. AHPP
inhibited XO in a competitive manner with an appar-
ent inhibition constant Ki of 0.18+0.02 pM, which
was consistent with previous result (Fang et al. 2009a;
Miyamoto et al. 1996). The apparent inhibitory con-
stants (Ki) for mono-AHPP-PEG and bis-(AHPP)-PEG
were estimated to be 0.23+0.03 puM and 0.21+0.03
WM, respectively. Both the AHPP conjugates show XO
inhibition, which is comparable to native AHPP indi-
cates AHPP-PEG conjugates itselfis active towards XO.
Similarly, PEGlylated AHPP conjugates may inhibit XO
in a competitive manner.

In vivo pharmacokinetics of AHPP-PEG micelles

PEG-AHPP conjugates showed superior in vivo pharma-
cokinetics in ddY mice. The macromolecular micellar
formulation of AHPP-PEG have relatively long circulation

Journal of Drug Targeting
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time: even 24 h after i.v. injection, about 35% remained in
circulation, whereas more than 70% AHPP was cleared
within 4 h after administration (Figure 9).

Discussion

In the present work, we synthesized PEG conjugated
AHPP, which spontaneously formed micelles. Both con-
jugates showed potent XO inhibitory activity comparable
to free AHPP and other polymer styrene-co-maleic acid
copolymer (SMA) conjugated AHPP (Fang et al. 2009a).
More importantly, the AHPP-PEG conjugates showed

© 2011 Informa UK, Ltd.

higher water solubility, which overcame the main draw-
back of native AHPP (which is practically water insol-
uble). The optimum AHPP content in the AHPP-PEG
conjugates was about 7.5% for mono-AHPP-PEG and
15.1% for bis-(AHPP)-PEG, respectively.

Mean molecular weights of these conjugates of
PEG-AHPP are about 2.2 and 2.3kDa for mono-
AHPP-PEG and bis-(AHPP)-PEG), respectively. However,
Sephadex G-100 gel chromatography and DLS studies of
AHPP-PEG conjugates indicated that they form supramo-
lecular self-assembled association to form micellar struc-
turein aqueous system; the critical micellar concentration
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Figure 8. Lineweaver-Burk plot of PEG-AHPP conjugates for
analysis of the XO inhibitory effects. (A) AHPP, (B) mono-AHPP-
PEG and (C) bis-(AHPP)-PEG on the XO catalyze the oxidation
of xanthine to uric acid. XO inhibitory activity of AHPP and
AHPP-PEG conjugates was measured by measuring the rate of
the uric acid formation in the presence of XO was determined
spectrophotometrically. Concentrations and symbols for both
conjugates used were: 0, ¢ 0.4, m; 1.4, a; 2.4, and X, 4.4 uM.
The apparent Ki values for AHPP, mono-AHPP-PEG and bis-
(AHPP)-PEG were estimated to be 0.19+0.03, 0.23+0.03 pM and
0.21£0.03 pM, respectively.

(CMC) of both AHPP-PEG conjugates was found to be
about 0.3 mg/mL; therefore, above CMC level the AHPP-
PEG conjugates will behave as macromolecule in blood
circulation, thus exhibiting long plasma circulation time as
evidenced by in vivo pharmacokinetics study (Figure 9).
It is well known that biocompatible macromolecules
show many beneficial characteristics such as prolonged

800
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Figure 9. Pharmacokinetics of AHPP-PEG and native AHPP in
blood of ddY mice. AHPP-PEG or native AHPP was injected i.v.
into ddY mice via the tail vein. After scheduled intervals, mice
were killed, blood was collected, and blood concentrations of
AHPP and AHPP-PEG were measured as described in “methods”.
Values are means + SE; n=3.

in vivo half-life. For instance, the pyran copolymer-SOD
derivatives synthesized in our laboratory showed pro-
longed plasma half-life of 6.0h compared with ~4min
for the native SOD (Oda et al. 1989; Ogino et al. 1988).
The result from this study (Figure 9) is in consistent to the
previous reports. Furthermore, a PEGylated nanoscale
polymeric carrier system provides stealth characteristics
thereby prolonging plasma circulation time in vivo by
avoiding uptake by reticuloendothelial system or phago-
cytic leukocytes (Sahoo et al. 2002; Greish et al. 2005).

The concept of macromolecular drugs is now widely
applied in various clinical fields. For example, use of
native interferon therapy has been almost replaced
by PEG-interferon therapy (Iyer et al. 2006; Duncan
et al. 2003; Vicent et al. 2006). PEG-ademase and PEG-
aspargase are used for the severe combined immuno-
deficiency disease and leukemia respectively (Duncan
et al. 2003). PEG is well accepted as safe drug carrier.
Previously in our laboratory, pegylated anticancer
agents like zinc protoporphyrin showed good tumor
selectivity by taking advantage of EPR effect (Maeda
et al. 2009a; Iyer et al. 2007a; Iyer et al. 2006). Thus,
conjugates of AHPP-PEG not only resolves the problem
of water-solubility, but it may take advantage of the
pharmacokinetic merits because of its macromolecular
micelle nature. Studies on cooperativity in the self-as-
sembly of PEG-ZnPP, SMA-Pirarubicin, and SMA-ZnPP
have been reported very recently (Sahoo et al. 2002;
Iyer et al. 2007b; Greish et al. 2004; Fang et al. 2003). It
was observed that AHPP-PEG micelles are more stable
over the wide range of pH (5.0-10.0) probably because
of strong interaction between AHPP head molecules,
in the core of the micelles by forming hydrophobic
associations.

The use of AHPP in vivo was first examined in sponta-
neous hypertensive rat (SHR model) for its antihyperten-
sive effect (Miyamoto et al. 1996); wherein it was found
that AHPP could reduced the blood pressure of SHR rat
to ~70% of the initial blood pressure (Donald et al. 2009;
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Miyamoto et al. 1996). It may thus be anticipated that the
AHPP conjugated to PEG may improve the in vivo char-
acteristics of the drug several folds, warranting further
investigations.

Accordingly, from biological point of view, the princi-
pal objective of AHPP-PEG conjugation is to improve the
pharmacokinetic drug profile. Along these lines AHPP-
PEG conjugates may not only useful as an antihyperten-
sive agent, but also may be beneficial for the treatment of
ROS associated diseases such as heart diseases, preven-
tion of ONOO™ - mediated cytotoxicity and several others
ROS related diseases. In addition, due to its macromo-
lecular nature, AHPP-PEG conjugates may accumulate
in the site of interest such as inflammation via the EPR
effect (Maeda et al. 2001a), thus demonstrating its effect
much selectively, whereas greatly decreases the potential
side effects to the host.

In conclusion, we successfully synthesized AHPP-PEG
conjugates by utilizing two different approaches. AHPP-
PEG derivatives exhibit much improved water solubility
and superior in vivo pharmacokinetics as well as potent
XO inhibiting activity. As XO is the major cause of O, in
many diseases, we thus anticipate the application of
AHPP-PEG conjugates for the treatment of ROS related
diseases, which warrants further investigations.
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ARTICLE INFO ABSTRACT

Article history: Polymeric micelles carrying the heat shock protein 90 inhibitor tanespimycin (17-N-allylamino-17-
Received 9 May 2011 demethoxygeldanamycin) were synthesized using poly(styrene-co-maleic acid) (SMA) copolymers and
Received in revised form 28 July 2011 evaluated in vitro and in vivo. SMA-tanespimycin micelles were prepared with a loading efficiency of
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93%. The micelles incorporated 25.6% tanespimycin by weight, exhibited a mean diameter of 74 7 nm by
dynamic light scattering and a zeta potential of —35 & 3 mV. Tanespimycin was released from the micelles
in a controlled manner in vitro, with 62% released in 24 h from a pH 7.4 buffer containing bovine serum

Available online 12 August 2011

gﬁ ‘gg;f:ycm albumin. The micellar drug delivery systems for tanespimycin showed potent activity against DU145
17-AAG human prostate cancer cells, with an ICsp of 230 nM. They further exhibited potent anti-cancer activity

invivo in nu/nu mice bearing subcutaneous DU145 human prostate cancer tumor xenografts, with signif-
icantly higher anticancer efficacy as measured by tumor regression when compared to free tanespimycin
at an equivalent single dose of 10 mg/kg. These data suggest further investigation of SMA-tanespimycin
as a promising agent in the treatment of prostate cancer.

Polymeric micelle
Prostate cancer

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Heat shock protein 90 (Hsp90) is a 90 kDa chaperone protein
that facilitates the cellular response to stress by regulating the
folding and activity of many client proteins, which include critical
growth-stimulating proteins involved in the malignant transfor-
mation of various cancers (Sharp and Workman, 2006). Hsp90
expression is elevated during cellular stress conditions such as
heat, pH, and glucose deprivation (Buchner, 1999) and in a vari-
ety of cancers including melanoma, leukemia, colon, lung, breast,
and prostate (Fukuyo et al., 2010).

Geldanamycin (GDM), a benzoquinone ansamycin derived from
Streptomyces hygrocopicus, is a naturally occurring inhibitor of
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Hsp90 and has been studied extensively as an anticancer agent
(Porter et al., 2009). GDM binds to the N-terminal ATP-binding site
of Hsp90 and induces degradation of its client proteins (Whitesell
and Lindquist, 2005). This ability of GDM to alter multiple onco-
genic pathways makes GDM an attractive therapeutic compound.
However, the clinical use of GDM has been limited by multiple
factors. It exhibits high hepatotoxicity at therapeutic doses in ani-
mal models (Supko et al,, 1994), is poorly soluble in water, and
is metabolically unstable (Fukuyo et al., 2010). A GDM deriva-
tive 17-N-allylamino-17-demethoxygeldanamycin (tanespimycin,
17-AAG) has been widely investigated as an alternative to GDM,
and has shown less toxicity and comparable activity compared to
GDM in mouse models (Kelland et al.,, 1999; Burger et al., 2004).
This drug was the first-in-class Hsp90 inhibitor to enter clini-
cal trials (Banerji et al., 2005). Although the therapeutic index
for tanespimycin is increased as compared to GDM, dose limit-
ing toxicity is still due to hepatic and gastrointestinal symptoms
(Sausville et al., 2003). Delivery of tanespimycin is difficult due
a poor aqueous solubility of 0.02-0.05mg/mL (Ge et al., 2006),
requiring the use of surfactants such as Cremophor® EL, which are
known to induce histamine release, resulting in hypersensitivity
reactions and anaphylaxis (Rowinsky and Donehower, 1995), and
are further associated with hyperlipidaemia, abnormal lipoprotein
patters, aggregation of erythrocytes, and peripheral neuropathy
(Gelderblom et al., 2001).
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Polymeric carriers can increase the solubility of poorly water
soluble drugs and can accumulate in tumor tissues via the
“enhanced permeability and retention” (EPR) effect (Matsumura
et al,, 1987; Greish et al.,, 2003), thereby increasing the therapeu-
tic index for a given chemotherapeutic agent. Polymeric micelles
are characterized by a hydrophilic shell which interacts with an
external aqueous environment and a hydrophobic core which acts
as a depot for hydrophobic drugs. Polymeric micelles were first
reported as potential carriers for use in cancer treatment in the
early 1980s (Gros et al., 1981) and the field has matured to include a
number of candidates currently under clinical investigation (Blanco
et al,, 2009).

The use of poly(styrene-co-maleic acid) (SMA) micelles as drug
carriersis currently under investigation (Iyer et al., 2007; Daruwalla
et al., 2010). SMA has been proven to be biologically safe and is
used clinically in SMANCS, a conjugate of half-butyl SMA bound
to the antitumor protein neocarzinostatin (Maeda, 2001). Previous
studies have demonstrated immunopotentiating activity associ-
ated with SMA moieties, in contrast to immunosuppression that is
typically induced by conventional chemotherapeutics (Suzuki et al.,
1988, 1990). The styrenic core of SMA micelles has been character-
ized by a high glass transition temperature (Rodriguez et al., 2008)
and a large microviscosity (Claracq et al., 2002), which may help
facilitate higher stability and more controlled release rates of drugs
from the micelle core. In addition, the hydrophilic surface of SMA
micelles is comprised of carboxyl terminated maleic acid groups,
allowing easy surface modification or conjugation with targeting
moieties.

Previous work by our group (Borgman et al., 2009; Larson et al.,
2010) and others (Kasuya et al., 2002) has described the use of
HPMA copolymers as drug carriers for geldanamycin derivatives. In
these systems, geldanamycin derivatives are covalently bound to
the polymer backbone via the lysosomally degradable Gly-Phe-Leu-
Gly linker (Subr et al., 1988), resulting in highly stable conjugates
with drug release occurring via lysosomal degradation following
endocytosis. The use of such systems however requires chemical
modification of geldanamycin to facilitate conjugation, and such
modifications result in a decrease in the activity of geldanamycin.
Self-assembled drug delivery systems do not suffer from this lim-
itation as the drug is most often bound to the carrier through
non-covalent hydrophobic interactions.

In the present study, SMA was used to prepare polymeric
micelles containing the Hsp90 inhibitor tanespimycin. The micelles
were characterized for drug loading efficiency, drug content, size,
and zeta potential. The release rate of tanespimycin from the
micelles and the ability of the micelles to inhibit the growth of
DU145 human prostate cancer cells in vitro were evaluated. An
in vivo preliminary single dose study evaluating the efficacy of
the micelles was performed in nu/nu mice bearing DU145 human
prostate cancer xenografts.

2. Materials and methods
2.1. Materials

Geldanamycin (NSC 122750) was kindly supplied by the
National Cancer Institute Developmental Therapeutics Program
(NCI DTP). Allylamine was supplied by Alfa Aesar (Ward Hill, MA,
USA). Cumene terminated poly(styrene-co-maleic anhydride) was
obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA) and sup-
plied with a 1.3:1 mole ratio of styrene:maleic anhydride, an
average My of approximately 1600 as determined by GPC, and an
acid number of 465-495 mg KOH/g. N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDAC) was obtained from
Sigma-Aldrich Corp. Bovine serum albumin (BSA) fraction V was

obtained from MP Biomedicals (Solon, OH, USA). Polyoxy! castor oil
(Cremophor® EL) was obtained from BASF Corp. (Florham Park, NJ,
USA). Poly(ethylene glycol) 400 was obtained from Dow Chemical
Corp. (Petaluma, CA, USA).

2.2. Cell lines and culture

The human prostate cancer cell line DU145 (ATCC, Rockville,
MD, USA) was maintained in Eagle’s minimum essential medium
(ATCC) supplemented with 10% heat inactivated fetal bovine serum.
Cell lines were cultured at 37°C in a humidified atmosphere of
5% CO;. For all procedures, cells were harvested using TrypLE™
Express (Invitrogen, Carlsbad, CA) and cell lines were maintained
in a logarithmic growth phase during all studies.

2.3. Synthesis of tanespimycin

200 mg (0.357 mmol) of GDM was dissolved in 10mL anhy-
drous dimethylformamide (DMF) at ambient temperature. 80.1 uL
(1.07mmol) of allylamine was added and the solution was kept
under nitrogen, protected from exposure to light, and allowed to
stir overnight at ambient temperature. The color of the solution
changed from bright yellow-orange to dark purple and completion
of the reaction was monitored by TLC on silica gel with chloro-
form:MeOH [9:1] as mobile phase by the disappearance of GDM.
DMF was removed by rotary evaporator, and the resulting crude
product was recrystallized from H,O:EtOH [4:1]. The precipitate
was analyzed by electrospray ionization mass spectrometry (ESI-
MS).

2.4. Preparation of SMA-tanespimycin

Preparation of SMA micelles was similar to the method pre-
viously reported with modifications (Greish et al., 2004). First,
poly(styrene-co-maleic anhydride) was hydrolyzed under aqueous
alkaline conditions. Deionized water was adjusted to pH 14 with
4N NaOH and heated to 70°C. Poly(styrene-co-maleic anhydride)
was added under stirring and the solution was maintained at pH 14
and 70°C. The resulting hydrolyzed SMA solution was adjusted to
pH 7.0 with 1N HCl, diluted to a final concentration of 50 mg/mL,
and allowed to cool to ambient temperature. 12 mL (600 mg SMA)
was removed and diluted to approximately 60 mL with deionized
water. 200 mg of tanespimycin was dissolved in minimal DMSO,
and added drop wise while stirring, resulting in a cloudy solution.
The solution was then adjusted to a pH of 5.0 and 600 mg EDAC in
5mL deionized water was added drop wise at pH 5.0 and allowed
to stir for 30 min. Next, the solution was adjusted to pH 10.5 by
the addition of 1N NaOH, the pH was subsequently adjusted to
7.0 with 1N HCI, and the resulting solution was filtered to remove
undissolved tanespimycin. 1 N HCl was then added dropwise to the
filtrate to precipitate the micelles. The precipitated micelles were
then centrifuged and purified by washing repeatedly with cold
0.01 N HCI in deionized water. Residual water/HCl was removed
by lyophilization to obtain the final SMA-tanespimycin product.

2.5. Loading efficiency of SMA-tanespimycin

For the purpose of this study, loading efficiency is defined as the
total weight of the drug in the final SMA-tanespimycin product
divided by the initial weight of the drug introduced for micel-
lar preparation. A standard curve was prepared by serial dilution
of tanespimycin in DMSO and quantification of the drug was by
UV spectrometry at 335 nm. Loading efficiency and drug content
were then obtained by dissolving SMA-tanespimycin in DMSO and
measuring absorbance at 335 nm in comparison with the standard
curve.
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To ensure that the drug was unmodified during micelle prepa-
ration, SMA-tanespimycin was further analyzed by reversed phase
high-performance liquid chromatography (RP-HPLC). Analysis was
performed with an Agilent 1100 LC system equipped with an All-
tech Alltima C18 5pum 150 x 4.6 mm column and a photo diode
array detector scanning at 200-500 nm. The mobile phase consisted
of deionized water and acetonitrile (ACN), at the following gradi-
ent: analysis time 0 min, 35% ACN; 15 min, 65% ACN; 25 min, 75%
ACN; 30 min 95% ACN; 39 min, 100% ACN; 40 min, 65% ACN. A post
time of 5 min was used to allow column equilibration between sam-
ples. The flow rate was maintained at 1.0 mL/min throughout and
the sample injection volume was 20 pL. Samples of tanespimycin
and SMA-tanespimycin were prepared in deionized water:ACN
[65:35] and injected for analysis. The Amax of tanespimycin at
335nm was used for final quantitative analysis.

2.6. Size and zeta potential of SMA-tanespimycin

SMA-tanespimycin was prepared in 50 mM sodium phosphate
buffer pH 7.4 at a concentration of 1.0 mg/mL for analysis. All mea-
surements were performed at 25 °C. A Malvern Zeta Sizer ZEN3600
(Malvern Instruments Inc., Westborough, MA) was used to deter-
mine mean Z-average size, size distribution and zeta-potential. All
measurements were performed on three separately prepared sam-
ples.

2.7. Drug release from SMA-tanespimycin

The release of tanespimycin from the micellar preparations
was evaluated using a dialysis method and compared to the
release in a standard vehicle formulation of EtOH:Cremophor®
EL:PEG 400 [2:1:1] (EtOH:CrEL:PEG) (Zhong and Licari, 2005).
SMA-tanespimycin was prepared at a concentration of 2.5 mg/mL
(0.625 mg/mL tanespimycin) and drug-EtOH:CrEL:PEG was pre-
pared by dissolving tanespimycin in EtOH:CrEL:PEG followed by a
10x dilution to yield a final concentration of 0.625 mg/mL. Sam-
ples were prepared in a 50mM sodium phosphate buffer pH
7.4 or phosphate buffered saline (PBS) pH 7.4 with 40 mg/mL
BSA. 4mL of each sample was placed in a dialysis tube with
a molecular weight cutoff of 3500Da and dialyzed against 5L
of either 50mM sodium phosphate buffer pH 7.4 or PBS pH
7.4. Media outside the dialysis membrane was changed periodi-
cally to ensure a constant sink condition. At each predetermined
time point, 200 L of the sample inside the dialysis membrane
was removed and analyzed spectrophotometrically at 335nm.
Quantification of percent release was performed by compari-
son of sample absorbance with calibration curves prepared for
SMA-tanespimycin and tanespimycin-EtOH-CrEL:PEG for each test
condition. All experiments were performed in triplicate. Percent
release is reported as mean + standard deviation,

2.8. Invitro growth inhibition against human prostate cancer
cells

The ability of the SMA-tanespimycin to inhibit the growth
of DU145 human prostate cancer cells was evaluated using
a 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium,monosodium salt (WST-8) cell
viability assay. 3000 DU145 cells per well were plated in 96-well
plates for 24 h. Cell culture medium was then removed and cells
were treated with SMA-tanespimycin, tanespimycin dissolved in
EtOH:CrEL:PEG, or controls for 72 h. Following treatment, medium
was removed and wells were washed with 200 L PBS. 100 p.L of
10% (v/v) WST-8 reagent in complete growth medium was added
to each well, cells were incubated at 37°C/5% CO, for 120 min
and absorbance at 450 nm minus 630 nm was determined by UV

spectrophotometry. Relative viability was calculated by normal-
ization of the absorbance of untreated cells. All experiments were
performed in triplicate, with n=3 wells per replicate. Non-linear
least-squares regression analysis and calculation of ICsq was
performed using GraphPad Prism.

2.9. Invivo efficacy

Six-week-old athymic (nu/nu) mice were obtained from Charles
River Laboratories (Davis, CA, USA) and used in accordance with
the Institutional Animal Care and Use Committee (IACUC) of the
University of Utah. Mice were anesthetized using 4% isoflurane
mixed with oxygen followed by subcutaneous injection of 1 x 107
DU145 cells per flank (n=5 mice per treatment group). When
the mean tumor size had reached approximately 50 mm?3 (about
10 days after tumor inoculation), the mice were treated with a
single injection of either saline (control), free tanespimycin dis-
solved in DMSO, or SMA-tanespimycin at a dose of 10mg/kg
drug equivalent. The animals were routinely monitored and tumor
growth was measured twice weekly and tumor volume was calcu-
lated as length x width? x 57/6. Tumor volumes at each time point
were normalized by the initial tumor volume and are reported as
mean + standard error of the mean. Animal weights were also mea-
sured at each time point and normalized to initial weight reported
as mean =+ standard deviation.

2.10. Statistical analysis

For release studies, tumor regression, and animal weight data,
differences between data sets were determined by two-way
repeated measures ANOVA using GraphPad Prism. Where differ-
ences were detected, a Bonferroni post-test was used to test for
significance between groups. The significance level was set to
a=0.05 for all statistical tests.

3. Results and discussion
3.1. Synthesis and preparation of SMA-tanespimycin

The development of polymeric micelles in drug delivery has
primarily focused on the use of amphiphilic block copolymers
with poly(ethylene glycol) (PEG) as the hydrophilic segment and
a polyester or a poly(amino acid) derivative as the hydrophobic
segment (Croy and Kwon, 2006). The loading of hydrophobic drugs
and the assembly of such copolymers into micellar structures is
commonly performed using methods such as: (1) basic equilibra-
tion, (2) dialysis, (3) oil/water emulsion, (4) solution casting, or (5)
freeze drying (Gaucher et al., 2005). The present study describes
polymeric micelles prepared by varying the pH of an aqueous
solution containing poly(styrene-co-maleic acid) copolymers and
tanespimycin, as a hydrophobic drug.

Tanespimycin was synthesized from GDM, and the resulting
purple solid was collected and identified as tanespimycin by ESI-
MS. SMA-tanespimycin was prepared by varying the pH of an
aqueous solution of hydrolyzed SMA (Fig. 1).

3.2. Characterization of SMA-tanespimycin

The preparation of polymeric micelles as drug carriers often
employ methods that result in either low loading efficiency or
low drug loading capacity (Park, 2007). Using the aforemen-
tioned process, hydrolyzed SMA incorporated tanespimycin with
a loading efficiency of 93% (Table 1), a significant improvement
over previous studies describing polymeric micellar formula-
tions of tanespimycin (Xiong et al, 2009; Shin et al, 2009).



