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N-(2-Hydroxypropyl)methacrylamide copolymer containing hydrazide groups (PHPMA) conjugated with
pirarubicin (THP) via a hydrazone bond (PHPMA-hyd-THP) is a drug conjugate that releases THP in the acidic mi-
lieu of a tumor. PHPMA-hyd-THP has an apparent Mw of 40,000 and a hydrodynamic diameter of 8.2 + 1.7 nm
but no apparent plasma protein binding. PHPMA-hyd-THP possesses two mechanisms of selectivity toward solid
tumors and has potent antitumor action. The first one is drug accumulation in tumors that depends on the

Keywords: i . : ; ‘ i .
H}’YI\:IA polymer conjugate enhanced permeability and retention (EPR) effect, which results in a 4-20 times higher concentration of drug
Pirarubicin (THP) in the tumor than in normal tissues such as the heart, lung, and intestine. This accumulation in tumor tissue is

in great contrast to that of conventional low-Mw THP. The second one is pH-dependent release of drug from
PHPMA-hyd-THP: this conjugate released free THP more efficiently at a lower pH, which exists in tumors, and
exerts cytotoxic activity. Free THP is known for its much faster uptake into tumor cells compared with doxorubi-
cin. Thus, in our in vitro study, PHPMA-hyd-THP showed a higher cytotoxicity at the lower pH of tumor tissue
than at the neutral pH of normal tissue. Furthermore, much more THP was liberated from the conjugate in acidic
tumor tissue than in normal tissue, The EPR effect-dependent accumulation of PHPMA-hyd-THP and tumor-
selective THP release in the tumor tissues led to highly tumor-selective drug accumulation, which continued
for more than 72 h, whereas the lowest free drug concentration was detected in normal tissues at 24 h and no
longer at a later time. In conclusion, we determined in our study here that the acid-cleavable PHPMA-hyd-THP
conjugate had an excellent antitumor effect without appreciable adverse effects.

© 2013 Elsevier B.V. All rights reserved.

Tumor selectivity
Acid-cleavable linkage
Hydrazone

EPR effect

1. Introduction

The tumor-targeting principle of the enhanced permeability and
retention (EPR) effect of macromolecules in solid tumor was originally
described by Matsumura and Maeda in 1986 [1]. The EPR effect is attrib-
uted to (i) the aberrant architecture of tumor blood vessels, (ii) the ele-
vated production of various vascular permeability factors, and (iii) the
lack of functional lymphatic drainage in tumor tissue [1-3]. These
tumor-specific features lead to the accumulation of biocompatible mac-
romolecules in tumor tissue, which results in a superior antitumor effect
with far fewer adverse effects. Recent progress in designing
nanomedicines with antitumor effects has utilized the EPR effect as a
prime principle [4,5]. For macromolecular drug carriers, e.g. liposome,
polyethylene glycol, and poly(N-(2-hydroxypropyl)methacrylamide)
(PHPMA) conjugates were widely used. PHPMA is nontoxic, non-

* Corresponding author at: Institute for DDS, Sojo University, lkeda 4-22-1, Nishi-ku,
Kumamoto 860-0082, Japan. Tel.: + 81 96 326 4114; fax: 481 96 326 3185.
E-mail address: hirmaeda@ph.sojo-u.acjp (H. Maeda).

0168-3659/$ - see front matter © 2013 Elsevier B.V. All rights reserved,
http://dx.doi.org/10.1016/jjconrel.2013.11.011

immunogenic, and ratio of drug to PHPMA can be easily controlled.
High Mw PHPMA (more than 40 kDa) remains in the systemic circula-
tion longer, thus it preferentially accumulates in the tumor tissue by
enhanced permeability and retention (EPR) effect [6]. Therefore, conju-
gation of the antitumor drug to the PHPMA enhances the tumor
accumulation property of the antitumor drug.

During the past decade, many extensive studies failed to determine
the drug characteristics required for selective delivery of the drugs to tu-
mors and for the optimal therapeutic effect. For instance, despite
marked accumulation of macromolecular or liposomal antitumor
drugs in tumors, many cases showed insufficient antitumor effects
[7,8]. This finding may be attributed to inadequate release of drugs at
the tumor site and/or poor intracellular uptake of macromolecular
drugs even when the drug was delivered to the tumor tissue. In
nanomicelles or liposomal drugs, an active pharmaceutical drug is en-
capsulated in the core of the micelles and must be released from the
nanoparticles to exert its therapeutic effect [7,9]. However, these mi-
celles or macromolecular drugs require adequate stability when they
exist in the systemic circulation. Thus, to achieve a superior EPR effect,
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the plasma half-life of these macromolecular drugs must be several
hours or days. Solving these difficult requirements continues to be a
great challenge and has involved various cancer-specific approaches
utilizing proteases, lower pH, redox potential, and external stimuli
such as heat, ultrasound, and light for tumor-selective drug delivery
[8,10].

For this study, we chose a pH-sensitive linker to attach drugs to poly-
mers as a promising strategy for the efficient release of antitumor drugs
from macromolecules at tumor sites. Cleavage and release of drugs must
proceed in lysosomes, with a pH of 5.0-5.5, and in the tumor tissue
(milieu), which has an intrinsic pH of 6.5-6.9. This pH clearly differs
from the neutral pH of 7.4-7.6 in blood or normal interstitial tissue
[11-13]. We report here the development of pH-sensitive water-
soluble polymer-drug conjugates containing a hydrazone bond [14]
that linked THP and poly(N-(2-hydroxypropyl)methacrylamide)
(PHPMA), that was effectively cleaved at the acidic tumor pH of
6.5-6.9, and that liberated free THP. We showed in an earlier study
that an acid-cleavable macromolecular drug with doxorubicin attached
via a hydrazone bond had a much higher cytotoxic effect compared with
the noncleavable drug [15]. Rihova et al. reported that PHPMA conjugat-
ed to doxorubicin via a hydrazone linkage showed pronounced antipro-
liferative activity in K562 cells with a limited lysosome content [13].
Moreover, an acid-cleavable hydrazone conjugate showed superior cy-
totoxicity compared with the lysosomal protease-degradable peptide
conjugate in an in vitro cytotoxicity assay [15,16]. Yang et al. previously
reported that endocytosis, in folate receptor-mediated endocytosis, was
not sufficient to cleave the hydrazone linkage in KB cells [17]. These re-
sults suggest that acid-cleavable conjugates may be partly cleaved out-
side the cells and that released free drug is internalized into the cells,
which leads to cell death. Related to these results, the lower pH of
tumor tissue (6.5-6.9), in contrast to the pH of normal tissue
(7.4-7.6), will facilitate cleavage of the hydrazone bond.

4'-0-Tetrahydropyranyldoxorubicin (pirarubicin, or THP), used in
this study, is an anthracycline antibiotic originally discovered by
Umezawa et al. [18]. THP is approved in Japan for treatment of various
cancers such as breast cancer, head and neck cancer, uterine cancer, leu-
kemia, and lymphoma. Despite its superior antitumor effect, THP, as
with other low-Mw anticancer agents, widely distributed throughout
the body, thus causes adverse effects such as bone marrow suppression
and myocardial infarction. Thus, improved control of the body distribu-
tion of THP is essential.

An important reason for choosing THP, rather than other an-
thracycline antibiotics such as doxorubicin, as the conjugation drug is
that free THP has an intracellular uptake that is about 100 times faster
than that of other drugs [19]. After free THP is delivered to the area
around tumor cells, the cells internalize it very quickly, and it exerts
rapid potent cytotoxic effects—a clear advantage. The slower cell uptake
of doxorubicin, in contrast, may cause diffusion into the systemic
circulation and result in toxicity in the normal tissue.

We expected this pH-sensitive polymer-conjugated drug to accu-
mulate in tumor tissue via the EPR effect and to release free THP selec-
tively in the tumor tissue outside and/or inside the celis, but not much
would be released in normal tissues with pH values at or above 7.0.
This means that the THP-polymer conjugate with the hydrazone bond
to PHPMA (PHPMA-hyd-THP) would confer two types of tumor selec-
tivity, one via the EPR effect and the other via the lower pH environment
of tumor tissue. The result would be excellent antitumor activity with
fewer adverse effects.

2. Materials and methods
2.1. Materials
Male ddY mice were purchased from Kyudo Co., Ltd., Saga, Japan.

Dulbecco-MEM (DMEM) was purchased from Nissui Seiyaku, Tokyo,
Japan. Reagent-grade salts and solvents were purchased from Wako

Pure Chemical Industry, Osaka, Japan. 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from
Dojindo Chemical Laboratories, Kumamoto, Japan. Fetal bovine serum
was purchased from Nichirei Bioscience, Tokyo, Japan.

2.2. Synthesis of PHPMA-hyd-THP

PHPMA-hyd-THP was synthesized as described in a previous paper
but with pirarubicin instead of doxorubicin [13].

2.3. High-performance liguid chromatography (HPLC)

Gel permeation chromatography was performed with a Shodex mul-
timode size exclusion column, Asahipak GF-310 HQ (Showa Denko,
Tokyo, Japan) (300 mm x 7.5 mm), with photodiode array detection
at 488 nm; elution was with dimethylformamide at 0.5 ml/min. Size
exclusion chromatography was performed by using a OHpak SB-804
HQ column (Showa Denko, Tokyo, Japan) (300 mm x 8.0 mm), with
photodiode array detection at 488 nm and 280 nm; elution was with
0.01 M phosphate-buffered 0.15 M saline (PBS) at 0.5 ml/min. Molecu-
lar weight and polydispersity of the PHPMA-hyd-THP conjugate was de-
termined with a Shimadzu HPLC system equipped with RI, UV and
multiangle light scattering DAWN EOS (Wyatt Co., USA) detectors
using a TSKgel G3000SWXL column (300 x 7.8 mm, 5 pm) with a mo-
bile phase consisting of 20% 0.3 M acetate buffer (pH 6.5; 0.5 g/L NaNs)
and 80% methanol at a 0.5 ml/min flow rate.

2.4, Dynamic light scattering and zeta potential

The polymer conjugate PHPMA-hyd-THP was dissolved in PBS at
1 mg/ml and was filtered through a 0.2-um filter attached to a syringe
before analysis at room temperature. The particle size and surface
charge (zeta potential) were measured in PBS by using the ELS-Z2 dy-
namic light scattering instrument (Otsuka Photal Electronics Co. Ltd.,
Osaka).

2.5. Assay to measure release of free THP

PHPMA-hyd-THP was dissolved in 0.1 M sodium acetate buffer
(pH 5.5) or in 0.2 M phosphate buffer (pH 6.8 or 7.4) and was then in-
cubated at 37 °C for the indicated time periods. To quantify the released
free THP from the conjugates, an aliquot of the buffered solutions men-
tioned above was added with an equal volume of 0.2 M sodium bicar-
bonate buffer (pH 9.8) and two times the volume of chloroform
followed by vortexing to extract the free THP in the chloroform phase.
The chloroform phase was then evaporated to dryness in vacuo, and
the pellet was dissolved in acetonitrile. The amount of THP was quanti-
fied by means of HPLC,

2.6. Cytotoxicity assay

Hela cells (human cervical carcinoma) or B16-F10 cells (mouse mel-
anoma) were maintained in DMEM supplemented with 10% fetal calf
serum with 5% CO,/air at 37 °C. To prepare the types of DMEM with dif-
ferent pH values (pH 7.4, 6.9, and 6.5), NaHCO; was added to DMEM
(pH 6.5,0.5 g/l; pH 6.9,1.0 g/l; pH 7.4,3.7 g/1). HeLa cells were then in-
cubated with PHPMA-hyd-THP or free THP for 72 h at different pHs. The
MTT assay was performed to quantify the cytotoxicity, with absorbance
at 570 nm as usual.

2.7. Analysis of intracellular uptake of THP

Hela cells were treated with 100 pg/ml THP-equivalent dose of
PHPMA-hyd-THP for the indicated time periods. After treatment, cells
were washed with PBS and were resuspended in PBS followed by soni-
cation (Hielscher, Teltow, Germany) (30 W, 30 s). To measure the total
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amount of THP, which consisted of parental PHPMA-hyd-THP and re-
leased free THP in the cells, equal volumes of 2 M HCl to the packed
cell volume were added to the cell lysate and incubated at 50 °C for
1 h to hydrolyze the THP derivatives at the anthracycline backbone.
To measure the liberated free THP in the cells, an equal volume of
0.2 M sodium bicarbonate buffer (pH 9.8) was added to the cell lysate,
after which THP was extracted in the chloroform phase and quantified
as before by using HPLC. The amount of THP was measured with a fluo-
rescent detector (excitation wavelength, 488 nm, emission wavelength,
590 nm).

2.8. Measurement of in vivo antitumor activity

The care and maintenance of animals were undertaken in accor-
dance with the Institutional Animal Care and Use Committee of Sojo
University. Mouse sarcoma S-180 cells (2 x 10° cells) were implanted
subcutaneously in the dorsal skin of ddY mice. When tumors reached
a diameter of about 5 mm, 5 or 15 mg/kg THP-equivalent drugs in sa-
line were injected intravenously (i.v.) at a volume of 0.2 ml per
mouse. The tumor volume, body weight, and survival rate were record-
ed throughout the experiment period. The tumor volume (mm?3) was
calculated as (W? x L)/2 by measuring the length (L) and width (W)
of the tumor on the dorsal skin.

2.9. Pharmacokinetics

S-180 tumor-bearing mice were administered 10 mg of THP equiva-
lent/kg of free THP or PHPMA-hyd-THP. At the indicated time periods,
mice were killed, blood samples were withdrawn, and tissues were dis-
sected after perfusion of the vascular void with saline. Each tissue was
homogenized after addition of PBS (900 pl/100 mg tissue). The
amounts of total THP and released free THP in each tissue were mea-
sured as described above.

3. Results and discussion
3.1. Physicochemical characteristics

PHPMA-hyd-THP is composed of poly-HPMA (Mw 38,500; polydis-
persity I, = 2,1) and THP, as Fig. 1A shows. PHPMA-hyd-THP possessed
no free THP (Fig. 1B, dotted peak). Loading of THP in PHPMA-hyd-THP
was 8.6-10% (wt/wt). PHPMA-hyd-THP was highly water soluble
(>50 mg/ml), and its molecular size in aqueous solution was
8.2 4+ 1.7 nm, with a zeta potential of 0.62 4+ 1.6 mV, as determined
by dynamic light scattering (Fig. 1C). Size exclusion chromatography
confirmed the behavior of PHPMA-hyd-THP in aqueous solution; it
existed as a single entity in PBS at pH 7.4 (Fig. 1D). Furthermore,
PHPMA-hyd-THP was stable in mouse plasma, and no obvious plasma
protein binding was observed (Fig. 1D). These data clearly indicated
that PHPMA-hyd-THP had a nano-size structure in aqueous solution
and in the presence of blood plasma; these properties are favorable
characteristics for a prolonged plasma circulation time, and they are
most important for the tumor-targeting EPR effect to occur in vivo.

3.2. Cytotoxicity of PHPMA-hyd-THP in vitro

Cytotoxicity of PHPMA-hyd-THP was investigated by using HeLa and
B16-F10 cells. Free THP showed potent cytotoxicity against both cancer
cell types (ICsp: Hela cells: 0.06 pg/ml; B16-F10 cells, 0.5 pg/ml); cyto-
toxicity of PHPMA-hyd-THP, however, was 5-10 times less than that
of free THP (Fig. 2A and B). The lower cytotoxicity of PHPMA-hyd-THP
may be attributed to its slower intracellular uptake, as seen in
Fig. 2C. The slower intracellular uptake and lower cytotoxicity of macro-
molecular drugs are well-known phenomena; for example, the slower
intracellular uptake of PEG-modified drugs is known as the PEG dilem-
ma [20,21].
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Fig. 1. Chemical structure and properties of PHPMA-hyd-THP. (A) Chemical structure of
PHPMA-hyd-THP. (B) HPLC analysis of PHPMA-hyd-THP. PHPMA-hyd-THP or free THP
was applied to a gel permeation chromatography column (Asahipak GF-310 HQ,
75 % 300 mm). Eluents were detected by means of a photodiode array detector with ab-
sorbance at 488 nm, (C) The apparent hydrodynamic diameter and zeta potential of
PHPMA-hyd-THP at 1 mg/ml dissolved in PBS were measured by dynamic light scattering.
(D) Plasma protein binding of PHPMA-hyd-THP. PHPMA-hyd-THP at 1 mg/ml was incu-
bated with 20% mouse plasma for 60 min, after which size exclusion chromatography
was performed. Eluents were detected with a photodiode array detector, with absorbance
at 280 nm for plasma protein and 488 nm for PHPMA-hyd-THP. See text for details.
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Fig. 2. Cytotoxicity and intracellular uptake of PHPMA-hyd-THP. (A) Hela cells or (B) B16-
F10 cells, plated in 96-well plates, were treated with increasing concentrations of free THP
or PHPMA-hyd-THP at pH 7.4 for 72 h. The MTT assay was used to quantify the surviving
cells, as a ratio of the surviving fraction to the untreated control. Values (%) are means - -
s.d. (C) Intracellular uptake of PHPMA-hyd-THP or free THP by HeLa cells. Hela cells, plat-
ed in 12-well plates, were incubated with free THP or PHPMA-hyd-THP at pH 7.4 for 2 h,
The amounts of intracellular THP were measured by using HPLC.

3.3. Release of active drug from the polymer conjugate and its cytotoxicity

We then examined the behavior of PHPMA-hyd-THP at different pH
values. As shown in Fig. 1A, the hydrazone bond, an acid-cleavable link-
age, was introduced between PHPMA and THP. As expected, free THP
was released more efficiently at acidic pH (Fig. 3A). We then checked
the relationship between the release of free THP from the polymer con-
jugate and cytotoxicity. PHPMA-hyd-THP and free THP were preincu-
bated alone for 15 h at pH 5.5 or 7.4 and were then applied to Hela
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Fig. 3. pH dependence of free drug release from PHPMA-hyd-THP and cytotoxicity. (A) Re-
lease of free THP from PHPMA-hyd-THP at different pH values. PHPMA-hyd-THP at 1 mg/
ml was dissolved in buffers with different pH values, followed by incubation at 37 °C for
the indicated time periods. The amount of released free THP was measured by means of
HPLC. (B) PHPMA-hyd-THP was incubated in different buffers adjusted to pH 5.5 or 7.4
for 15 h before application to Hela cells for 2 h, followed by 72 h of culture in DMEM.
(C) and (D) Hela cells were incubated with increasing concentrations of (C) free THP or
(D) PHPMA-hyd-THP in DMEM adjusted to pH 7.4, 6.9, or 6.5 for 72 h, The MTT assay
was used to quantify surviving cells, as a ratio of the surviving fraction to the untreated
control. (E) Hela cells were incubated with PHPMA-hyd-THP for the indicated time pe-
riods with or without bafilomycin A1 (Baf-A). The free THP ratio in the cells was quantified
by using HPLC. Con, control. Values are means + s.d.
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cells for 2 h, followed by a 72-h incubation. The cytotoxicity of the free
THP was not affected by preincubation conditions at various pH values
(not shown), whereas preincubation of PHPMA-hyd-THP at pH 5.5
greatly enhanced its cytotoxicity (Fig. 3B). This result suggests that the
release of free THP from PHPMA-hyd-THP is critical for its cytotoxicity.

We also investigated the cytotoxicity of PHPMA-hyd-THP at differ-
ent pH values (pH 7.4, 6.9, and 6.5), with pH 7.4 representing normal
tissue and pH 6.5 and pH 6.9 representing tumor tissue. Lower intracel-
lular uptake and, hence lower cytotoxicity of doxorubicin at slightly
acidic pH were previously reported [22]. We also found the pH depen-
dent eytotoxicity of free THP as similar to doxorubicin (Fig. 3C) and like-
wise cellular uptake (data not shown). Free THP had a lower
cytotoxicity when Hela cells were cultured at the lower pH value,
whereas PHPMA-hyd-THP demonstrated a somewhat higher cytotoxic-
ity at lower pH values (pH 6.5 and 6.9) than at pH 7.4 (Fig. 3C and D).
These results suggest that PHPMA-hyd-THP was more toxic in the
tumor tissue environment than in the normal tissue environment,
which indicates a tumor-selective toxicity, as well as tumor-selective
accumulation, as described later.

Another issue is whether the cleavage and release of free drugs from
the polymer conjugate would take place inside or outside the cells.
Malugin et al. previously reported that noncleavable HPMA conjugated
with doxorubicin (HPMA-GG-DOX) showed a much lower cytotoxicity
(10,000 times lower) compared with free doxorubicin [23]. HPMA-
GFLG-DOX, in which doxorubicin was conjugated to polymeric HPMA by
a cathepsin B-cleavable peptide linkage (glycylphenylalanylleucylglycine,
GFLG), had a 10 times higher cytotoxicity than HPMA-GG-DOX, a
noncleavable conjugate, in a study of in vitro cytotoxic activity [23]. The
GFLG linkage can be cleaved by cathepsin B (a lysosomal enzyme) or by
a similar protease in some cancer cells, with the free doxorubicin being re-
leased in the lysosomal compartment, diffusing into the cytoplasm and
nucleus, and then exerting pharmacological activity. This finding indicates
that the liberation of free doxorubicin is critical for its pharmacological
action.

Another biodegradable linkage is the hydrazone bond, which is
utilized to liberate free drugs in acidic milieus such as lysosomal and
cancer environments [13,14]. HPMA-hyd-DOX (polymeric HPMA con-
jugated to doxorubicin via a hydrazone bond) showed a far greater
cytotoxicity (100 times more) than that of HPMA-GFLG-DOX [13]. This
big difference in cytotoxicity between HPMA-hyd-DOX and HPMA-
GFLG-DOX may indicate that part of the hydrazone bond is cleaved out-
side the cells, because intracellular uptake of HPMA macromolecules is
much slower than that of free drugs. We therefore determined the
amount of THP in PHPMA-hyd-THP-treated and free THP-treated cells.
We treated Hela cells with PHPMA-hyd-THP and quantified the
amounts of the intracellular drugs, i.e., free THP and total THP, by
using HPLC. Most of the drugs existed as free THP, not as PHPMA-hyd-
THP, in cancer cells (Fig. 3E). Furthermore, treatment with bafilomycin
A1, a lysosomal V-ATPase inhibitor, did not increase the PHPMA-hyd-
THP ratio inside the cells (Fig. 3E). These results indicate that PHPMA-
hyd-THP was mostly cleaved outside the cells, and then the released
THP was internalized by the cells.

3.4. In vivo antitumor activity of THP-polymer conjugates

We next investigated in vivo antitumor activity of PHPMA-hyd-THP
against mouse sarcoma S-180. Two THP-equivalent doses of free THP
and PHPMA-hyd-THP at 5 mg/kg and 15 mg of THP per kg equivalent
were administered only once via the tail vein at 10 days after tumor
cell inoculation, when the tumor diameter was 5-8 mm. Free THP was
effective at both 5 and 15 mg/kg doses in mice and suppressed tumor
growth throughout the experimental period (3 months); however, ad-
ministration of free THP at 15 mg/kg to tumor-bearing mice caused two
of five mice to die of toxicity (Fig. 4), and the body weight of the mice
was markedly reduced (Fig. 4C). PHPMA-hyd-THP was more effective
than free THP administered at 5 and 15 mg/kg; most mice were

completely cured as of day 90. The more important effects noted in
this group included no body weight loss or acute death, so that all
tumor-bearing mice treated with PHPMA-hyd-THP had survived by
day 90, whereas the group treated with free THP at 15 mg/kg demon-
strated only 40% survival (Fig. 4D).
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Fig. 4. Antitumor activity of PHPMA-hyd-THP in vivo. (A) and (B) PHPMA-hyd-THP or free
THP was administered once at (A) 5 mg/kg or (B) 15 mg of THP per kg equivalent into S-
180 tumor-bearing mice. (C) Body weight change and (D) survival rate after administra-
tion of 15 mg of THP per kg equivalent into S-180 tumor-bearing mice, Values are
means + s.e. (n = 5-6). *One mouse out of five with largest tumor died, tumors of re-
maining mice continue to grow,





