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ABSTRACT: Novel poly(ethylene oxide)-graft-doxorubicin
(PEO-g-DOX) prodrugs with DOX covalently conjugated to
PEO via a pH-sensitive hydrazone bond were developed.
PEO-g-DOX conjugates could be readily prepared in the follow-
ing steps: (i) anionic ring-opening copolymerization of ethy-
lene oxide (EO) and allyl glycidyl ether (AGE) afforded
functional PEO with controlled molecular weights, low poly-
dispersities, and multiple pendant double bonds (PEO-g-allyl); (ii) conjugation of PEO-g-allyl with methyl mercaptoacetate,
followed by treating with hydrazine hydrate, quantitatively transformed allyl into hydrazide groups (PEO-g-hydrazide);
and (iii) DOX was covalently immobilized to PEO-g-hydrazide via acid-labile hydrazone bonds (PEO-g-DOX). Here on the basis
of PEO-g-allyl4.4 (MnGPC = 22 400, PDI = 1.19) and PEO-g-allyl7.1 (MnGPC = 15 300, PDI = 1.16, the subscription refers to number
of allyl groups per chain) two freely water-soluble PEO-g-DOX prodrugs with 2.9 and 3.6 DOX per molecule (denoted as PEO-g-
DOX2.9 and PEO-g-DOX3.6, corresponding to drug loading content of 5.6 and 9.0 wt %, respectively) were obtained. The in vitro
release studies confirmed much faster release of DOX at pH 5.0 and 6.0 than at pH 7.4. For example, approximately 16, 52, and 61%
of drug were released in 22 h, and 23, 83, and 92%of drugwere released in 120 h fromPEO-g-DOX2.9 at pH 7.4, 6.0 and 5.0, respectively.
Notably, confocal laser scanning microscope (CLSM) observations revealed that DOX was released and delivered into the nuclei of
RAW264.7 cells following 24 h of incubation.MTT assays demonstrated that PEO-g-DOX2.9 had pronounced cytotoxic effects to RAW
264.7, HeLa, and 4T1 breast tumor cells with IC50 values of about 26.5, 42.5, and 32.0 μg DOX equiv/mL, whereas the corresponding
polymer carrier PEO-g-hydrazide4.4 was nontoxic. The InVivo pharmacokinetics and biodistribution studies inmice showed that PEO-g-
DOX2.9 prodrugs had significantly prolonged circulation time and enhanced drug accumulation in the tumor as compared with free
DOX. We are convinced that endosomal pH-activatable PEO-g-DOX prodrugs have tremendous potential for targeted cancer therapy.

’ INTRODUCTION

In the past three decades, polymeric prodrugs have received
tremendous interests for cancer therapy.1-4 Unlike self-as-
sembled nanovehicles such as micelles, liposomes, and polymer-
somes that tend to dissociate and release encapsulated drug upon
intravenous administration,5,6 polymeric prodrugs are generally
stable in blood circulation because the drug is covalently linked to
the polymer backbone. Notably, polymeric prodrugs offer several
advantages such as (i) increasing the water solubility of lipophilic
drugs; (ii) protecting drug from aggregation, degradation and/or
deactivation; (iii) enhancing drug bioavailability; (iv) prolonging
blood circulation time; and (v) enabling passive or active target-
ing of drugs to the tumor tissues and cells.7-9 Therefore,
polymeric prodrugs can not only improve the In Vivo drug effi-
cacy but also significantly reduce drug-associated side effects.10 In
recent years, numerous polymeric prodrugs have successfully
been approved for different phases of clinical trials.1,2

Among all biocompatible water-soluble polymers including
poly(N-(2-hydroxypropyl) methacrylamide) (HPMA)11,12 and
dextran,13 poly(ethylene oxide) (PEO),14-16 which is also refer-
red to as poly(ethylene glycol) (PEG), is the most used for
conjugation of anticancer drugs and therapeutic proteins. PEO
possesses several unique properties including excellent solubility
in water and inmany organic solvents, high flexibility, low protein
absorption, lack of immunogenicity and toxicity, ease of manu-
facture, and approval by FDA for human use.17,18 The current
PEO prodrugs are mainly based on methoxy PEO or dihydroxy
PEO, which contain only one or two terminal groups per
polymer chain for conjugation.3 This low functionality of PEO
in many cases presents a severe limitation to drug loading
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capacity. The coupling of amino acids such as aspartic acid to the
PEO ends was reported to overcome this limitation partially.19

Higher drug loading could also be achieved with four-arm star
PEG.20

In this Article, we report on poly(ethylene oxide)-graft-
doxorubicin (PEO-g-DOX) prodrugs cleavable at endosomal
pH for targeted cancer therapy (Scheme 1). PEO-g-DOX con-
jugates were designed based on following considerations:
(i) anionic ring-opening copolymerization of ethylene oxide (EO)
and allyl glycidyl ether (AGE) can afford functional PEOs with
controlled molecular weights and multiple functional groups,21

which not only enable high loading of drugs but also allow facile
design of sophisticated drug delivery systems through conjuga-
tion with, for example, targeting ligands and imaging probes and
(ii) DOX is grafted to PEO via an acid-labile hydrazone bond to
achieve efficient and specific intracellular release of DOX. The
hydrazone bond has shown to be sufficiently stable at pH 7.4 but
readily cleavable at endosomal pH.22-25 Notably, Hrub�y, Ko�n�ak,
and Ulbrich reported synthesis of structurally well-defined
amphiphilic PEO-b-PAGE block copolymers by sequential
ring-opening polymerization of EO and AGE.26 On the basis
of PEO-b-PAGE copolymer, pH-sensitive micelles with DOX
covalently conjugated to the micelle core via a cleavable hydrazone
bond were developed for controlled release of DOX.27 More
recently, Vetvicka, Ulbrich, and coworkers reported that these
pH-sensitive polymeric micellar conjugates of DOX had reduced
systemic toxicity and pronounced therapeutic activity in murine
EL-4 T-cell lymphoma-bearing mice.28 In this study, we were
interested in the development of freely water-soluble PEO-g-DOX
prodrugs in that: (i) unlike micelles that are usually prepared by
solvent exchange method (involving organic solvent), followed by
lyophilization, which often leads to aggregation, prodrugs can
readily and reproducibly be redissolved in the aqueous media
and (ii) prodrugs may overcome the slow and incomplete (<50%)
drug release problem of pH-sensitive micellar drug conjugates,
whichwas attributed to slow diffusion of the cleavedDOX from the
hydrophobic core of the micelle.27,28 Herein the synthesis, pH-
dependent drug release, in vitro cytotoxicity, intracellular release
and trafficking of DOX, in vitro drug efficacy, and In Vivo
pharmacokinetics and biodistribution of PEO-g-DOX prodrugs
were investigated.

’EXPERIMENTAL SECTION

Materials. AGE (99%, Tokyo Kasei Kogyo) was dried with anhy-
drous magnesium sulfate and distilled under reduced pressure. Tetra-
hydrofuran (THF), dimethylformamide (DMF), 2,20-azobisisobutyro-
nitrile (AIBN), diethylene glycol, and 18-crown-6 all were purified prior
to use. Doxorubicin hydrochloride (DOX 3HCl, 99%, Beijing ZhongShuo

Pharmaceutical Technology Development), hydrazine hydrate aqueous
solution (85%, Sinopharm Chemical Reagent), triethylamine (TEA, 99%,
Alfa-Aesar), methyl mercaptoacetate (98%, Alfa-Aesar), and trifluoroacetic
anhydride (TFA, 99%, Alfa-Aesar) were used as received.
Characterization. 1H NMR spectra were recorded on an INOVA

400 MHz nuclear magnetic resonance instrument using deuterated
chloroform (CDCl3) or dimethyl sulfoxide (DMSO-d6) as a solvent.
The molecular weight and polydispersity (PDI) of polymers were deter-
mined with a Waters 1515 gel permeation chromatographer (GPC)
instrument equipped with a Styragel HR 5E THF column (Waters
Chromatography) following an INLINE precolumn and a differential
refractive index detector. The measurements were performed using
THF as an eluent at a flow rate of 0.6 mL/min at 35 �C and a series of
PEO as standard. The fluorescence of DOX was determined using a
Fluoromax-4 spectrofluorometer (HORIBA JOBIN YVON). Excitation
and emission were set at 483 and 560 nm, respectively, with bandwidths
of 5 nm. IR spectra were recorded in KBr pellets on a NICOLET 6700
FT-IR spectrometer.
Synthesis of PEO-g-allyl. Under a N2 atmosphere, anhydrous

THF (5 mL), diethylene glycol (16 mg, 0.258 mmol), THF solution of
potassium naphthalene (844mg, 0.516mmol), and 18-crown-6 (137mg,
0.516 mmol) were introduced in that order into the reaction vessel and
were allowed to react at room temperature (r.t.) for 10 min to yield the
initiator, before being cooled in an ice water bath. To the other cooled
reaction vessel were added under N2 stream cooled EO (8.46 g, 192
mmol) using a two-head needle, anhydrous THF (20 mL), and AGE
(172 mg, 1.51 mmol) via syringes. The mixture was stirred for 10 min,
the initiator was introduced via a cooled syringe under N2 stream, and
the polymerization was allowed to proceed for 48 h at 40 �C. The
polymerization was terminated with several drops of distilled water and
polymer was isolated by precipitation in diethyl ether, filtration, and
drying in vacuo. Yield: 8.12 g (94.1%). 1H NMR (400 MHz, CDCl3):
δ 3.67 (main chain of PEO), 4.0 (d, -O-CH2-CHdCH2), 5.28
(q, -O-CH2-CHdCH2), 5.90 (m, -O-CH2-CHdCH2).
Synthesis of PEO-g-methyl ester. Under a N2 atmosphere, to a

THF solution (20 mL) of PEO-g-allyl (2.15 g, 0.358 mmol allyl group)
was added methyl mercaptoacetate (190 mg, 1.8 mmol) and AIBN (300
mg, 1.8 mmol). The mixture was stirred for 24 h at 60 �C. The polymer
was isolated by precipitation in diethyl ether, filtration, and drying in
vacuo. Yield: 2.05 g (95.5%). 1H NMR (400 MHz, CDCl3): δ 3.67
(main chain of PEO), 3.25 (s, -S-CH2-C(O)-), 2.72 (t, -CH2-
CH2-S-), 1.87 (m, -CH2-CH2-CH2).
Synthesis of PEO-g-hydrazide. To a solution of PEO-g-methyl

ester (1.64 g, 0.268 mmol COOCH3) in THF (20 mL) was added 85%
hydrazine hydrate aqueous solution (1.61 g, 27 mmol). The mixture was
refluxed for 16 h at 70 �C. After most solvent and hydrazine were
removed, the residue was dissolved in D.I. water (20 mL), dialyzed
against D.I. water, and freeze-dried. Yield: 1.47 g (90.0%). 1HNMR (400
MHz, CDCl3): δ 3.67 (PEOmain chain), 3.22 (s,-S-CH2-C(O)-),
2.68 (t, -CH2-CH2-S), 1.82 (q, -CH2-CH2-CH2-).

Scheme 1. Illustration on Acid-Activatable PEO-g-DOX Prodrugs That Selectively Release DOX at Endosomal Compartments
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Synthesis of PEO-g-DOX. Under a N2 atmosphere, PEO-g-
hydrazide (200mg, 0.032 mmol hydrazide) was reacted with DOX 3HCl
(46 mg, 0.08 mmol) in the presence of TEA and 4-A molecular sieve in
DMF (6 mL) at r.t. for 48 h. The conjugate was isolated by extensive
dialysis against DMF andD.I. water (MWCO3500) at 4 �C, followed by
freeze-drying. Yield: 161mg (80.5%). To determine DOX content, 3 mg
of PEO-g-DOXwas treated with 1 NHCl at r.t. for 24 h, and the amount
of free DOX was determined using fluorescence spectroscopy at the
emission wavelength of 560 nm, excitation wavelength of 480 nm, and
slit width of 5 nm. We determined the free DOX content by dissolving 3
mg of PEO-g-DOX in anhydrous methanol and using extensive dialysis
against anhydrous methanol (MWCO 3500). The DOX content that
remained in the dialysis tube was determined as described above. The
results showed <0.2% loss of DOX, confirming a low amount of free drug
in PEO-g-DOX conjugates.
In Vitro Drug Release. The release of DOX from PEO-g-DOX

conjugates was studied at 37 �C in three different media, that is, (a)
acetate buffer, pH 5.0; (b) acetate buffer, pH 6.0; and (c) phosphate
buffer, pH 7.4. In a typical experiment, 5 mg of PEO-g-DOX2.9 was
dissolved in 20 mL of water. An aliquot of 0.8 mL of solution was
transferred to a dialysis tube with an MWCO of 3500. The dialysis tube
was immersed in 30mL of pH 5.0 acetate buffer, pH 6.0 acetate buffer, or
pH 7.4 phosphate buffer (0.1 M) at 37 �C with constant shaking (200
rpm). At desired time intervals (i.e., 1, 3, 5, 7, 10, 13, 22, 26, 30, 33, 46,
56, 71, 96, and 120 h), 10 mL of release media was taken out for

fluorescence measurement and replenished with an equal volume of
corresponding fresh media. DOX was determined using fluorescence
spectroscopy at the emission wavelength of 560 nm, excitation wave-
length of 480 nm, and slit width of 5 nm. The release experiments were
conducted in triplicate. The results presented are the average data.
Intracellular Release of DOX. The cellular uptake and intracel-

lular release behaviors of PEO-g-DOX were followed with confocal laser
scanning microscopy (CLSM) using mouse leukemic monocyte macro-
phage cell line (RAW 264.7). RAW 264.7 cells were cultured in an 18
mm round disk placed in 24-well plates (5 � 104 cells/well) for 1 day.
Then, PEO-g-DOX2.9 or free DOX (40 μg/mL) was added and cells
were cultured for 6, 12, or 24 h at 37 �C in a humidified 5% CO2-
containing atmosphere. The culture media were removed, the cells after
being rinsed two times with PBS were fixed with formaldehyde, and the
cell nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI,
blue). CLSM images of cells were obtained using confocal microscope
(TCS SP2).
MTT Assays. The cytotoxicity of PEO-g-DOX2.9 and PEO-g-hy-

drazide4.4 was assessed byMTT assays. HeLa, RAW264.7, or 4T1 breast
tumor cells were plated in a 96-well plate (5 � 103 cells/well) using
RPMI 1640 medium for 1 day. The cells were incubated with PEO-g-
DOX2.9 prodrug at varying concentrations of 5-80 μg DOX equiv/mL,
free DOX at varying concentrations of 0.05-5 μg/mL, or PEO-g-hydra-
zide4.4 at concentrations ranging from 0.67 to 5.40 mg/mL (corres-
ponding to 1�, 2�, 4�, and 8� polymer carrier in PEO-g-DOX2.9

Scheme 2. Synthesis of PEO-g-DOX Conjugatesa

aConditions: (i) diethylene glycol/potassium naphthalene, THF, 40 �C, 48 h; (ii) methyl mercaptoacetate, AIBN, THF, 60 �C, 24 h; (iii) hydrazine
hydrate, THF, 70 �C, 24h; (iv) DOX, DMF, TEA, 48 h.
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prodrug at a concentration of 40 μgDOX equiv/mL) for 72 h at 37 �C in
a humidified 5% CO2-containing atmosphere. The media was aspirated
and replenished with 100 μL of fresh culture medium. A stock solution
(20 μL) containing 0.1 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT) in PBS was added, and the cells were
incubated for another 4 h. The media was aspirated, the MTT-formazan
generated by live cells was dissolved in 150 μL of DMSO, and the
absorbance at a wavelength of 490 nm of each well was measured using a
microplate reader. The relative cell viability (%) was determined by
comparing the absorbance at 490 nm with control wells containing only
cell culture medium. Data are presented as average ( SD (n = 3).
Pharmacokinetics and Biodistribution Studies. In Vivo

pharmacokinetics and biodistribution studies were performed according
to a previous report.29 Themice were handled under protocols approved
by Soochow University Laboratory Animal Center. The DOX level in
bloodwasmonitored in time by drawing∼10μL blood from the tail vein
of Chinese Kun Ming (KM) mice following i.v. injection of PEO-g-
DOX2.9 or free DOX (dosage 10 mg/kg). The blood samples were
dissolved in 1% Triton X-100 with brief sonication. DOX was extracted
by incubating blood samples in HCl (0.75 M, 0.6 mL) in isopropanol
at-20 �C overnight. After centrifugation at 14 800 rpm for 30 min, the
fluorescence of the supernatant was measured using FluoroMax-4
(HORIBA Jobin Yvon). For biodistribution studies, BALB/c mice

bearing 4T1 breast tumor were used. The mice were sacrificed 24 h
after injection of PEO-g-DOX2.9 or free DOX (dosage 10 mg/kg). The
organs/tissues (0.1 to 0.2 g of each) were wet-weighed and homo-
genized in 0.5 mL of lysis buffer (0.25 M sucrose, 10 mM phosphate
buffer) with a F6/10 Superfine Homogenizer (Fluko). For DOX
measurements, tissue lysate (200 μL) was mixed with Titron X-100
(10%, 100 mL). After strong vortexing, 1.5 mL of the extraction solution
(0.75 M HCl in isopropanol) was added, and the samples were
incubated at -20 �C for overnight. After centrifugation at 14 800 rpm
for 30 min, the fluorescence of the supernatant was measured.

’RESULTS AND DISCUSSION

Synthesis of Endosomal pH-Activatable PEO-g-DOX Pro-
drugs. PEO-g-DOX prodrugs with DOX covalently conjugated
to PEO via a pH-sensitive hydrazone bond were conveniently
prepared in four steps (Scheme 2). First, anionic ring-opening
copolymerization of EO and AGE in THF at 40 �C using
diethylene glycol/potassium naphthalene as an initiator afforded
functional PEO containing multiple pendant allyl groups (PEO-
g-allyl) in high yields (Table 1). The1H NMR spectrum of the
copolymer showed besides signals at δ 3.67 assignable to PEO
main chain a set of resonances at δ 4.0, 5.28, and 5.90 attributed

Figure 1. 1H NMR spectra (400 MHz, CDCl3) of (A) PEO-g-allyl (Table 1, entry 5) and (B) after treating with trifluoroacetic anhydride.

Table 1. Synthesis of Functional PEO Containing Multiple Pendant Allyl Groups (PEO-g-Allyl) by Anionic Ring-Opening
Copolymerization of EO and AGE

entry Mn design fAGE
a FAGE

1H NMRb NAGE
1H NMRc Mn

1H NMRd Mn GPC
e PDI GPCe yield %

1 15 000 6% 5.0% 11 10 800 8900 1.12 91.2

2 20 000 6% 4.8% 14 13 300 11 200 1.15 91.0

3 25 000 6% 5.1% 20 18 600 14 500 1.08 93.3

4 30 000 2% 1.56% 7.1 18 900 15 300 1.16 83.8

5 35 000 0.79% 0.76% 4.4 26 400 22 400 1.19 94.7
aMole percent of AGE monomer in the feed. bMole percent of AGE units in the copolymer determined by 1H NMR. cNumber of AGE units per
polymer chain (NAGE) determined by 1H NMR. dCalculated by 1H NMR end group analysis after treating with trifluoroacetic anhydride. eDetermined
by GPC measurements (eluent: THF, flow rate: 0.6 mL/min, PEO standards).
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to protons of ally groups (Figure 1A). The composition of the
copolymer could be determined by comparing intensities of
signals at δ 5.90 (methine proton) and 3.67 (PEO main chain).
The results revealed that copolymer compositions correlated
well with the comonomer feeding ratios, in which copolymers
with varying numbers of AGE units from 4.4 to 20 per polymer
chain were obtained (Table 1). The presence of dihydroxy end
groups was confirmed by treating the copolymer solution in
CDCl3 with excess TFA, which gave rise to a new signal at δ 4.50
(Figure 1B). Notably, the number-average molecular weights
(Mn) determined by

1H NMR end group analysis by comparing
signals at δ 4.50 and 3.67 were in accordance with those
determined by GPC (Table 1). Furthermore, these copolymers
had low PDIs of 1.08 to 1.19. Therefore, functional PEO could be
readily obtained with well-defined structure, controlled molec-
ular weight, and multiple allyl groups by anionic copolymerization
of EO and AGE.
Following this, PEO-g-allyl was treated with excess methyl

mercaptoacetate in the presence of AIBN in THF at 60 �C for 24
h. 1H NMR revealed that resonances assignable to the allyl
protons (δ 4.0, 5.28 and 5.90) completely disappeared, whereas
new signals attributable to two methylene groups next to the
sulfide ether (δ 3.25 and 2.72) were detected (Supporting
Information, Figure S1A), indicating quantitative addition of
methyl mercaptoacetate. The adduct was then reacted with
hydrazine hydrate in THF at 70 �C. 1H NMR showed slight
shifting of signals of two methylene groups next to the sulfide
ether (δ 3.22 and 2.68) (Supporting Information, Figure S1B).
FTIR spectra displayed that the ester carbonyl band at 1732 cm-1

completely vanished and the hydrazide carbonyl band emerged at

1667 cm-1 (Supporting Information, Figure S2), confirming
quantitative conversion of ester groups into hydrazides.27 Here
based on PEO-g-allyl7.1 and PEO-allyl4.4 (the subscriptions 7.1 and
4.4 refer to number of functional groups per chain, Table 1, entries
4 and 5), PEO-g-hydrazide7.1 and PEO-g-hydrazide4.4 were pre-
pared. Finally, PEO-g-DOX prodrugs linked via acid-labile hydra-
zone bonds were obtained by treating PEO-g-hydrazide conjugates
with DOX 3HCl in the presence of TEA in DMF. 1H NMR clearly
showed signals owing to DOX (Supporting Information, Figure
S3). The level ofDOXconjugationwas determined by fluorescence
measurements following treatment with 1 N HCl at r.t. for 24 h.
The results showed that PEO-g-DOX prodrugs with 2.9 and 3.6
DOX per polymer chain (denoted as PEO-g-DOX2.9 and PEO-g-
DOX3.6), corresponding to drug loading contents of 5.6 and 9.0 wt%,
were obtained from PEO-allyl4.4 and PEO-g-allyl7.1, respectively.
The prodrugs were freely soluble in water, and dynamic light
scattering (DLS) measurements revealed that PEO-g-DOX2.9

and PEO-g-DOX3.6 had average hydrodynamic diameters of
about 9 and 11 nm in water.
In Vitro and Intracellular Drug Release. The release of

DOX from PEO-g-DOX prodrugs was studied under three
different conditions, that is, pH 5.0, 6.0, and 7.4. Interestingly,
the results showed that approximately 52 and 61% of drug were
released in 22 h and 83 and 92% of drug were released in 120 h, at
pH 6.0 and 5.0, respectively, from PEO-g-DOX2.9 (Figure 2A). In
contrast, only 23% of drug was released after 120 h at pH 7.4.
Very similar DOX release profiles were also observed for PEO-g-
DOX3.6 (Figure 2B). These results indicate that PEO-g-DOX
prodrugs while stable at physiological pH are likely cleavable at
endosomal pH. Notably, Hrub�y, Ko�n�ak, and Ulbrich reported
that pH-sensitive micelles based on PEO-b-PAGE block copo-
lymer with DOX covalently conjugated to the micelle core via a
cleavable hydrazone bond exhibited slow and incomplete drug
release even at acidic pH of 5.0 (i.e., 48% release after 380 h),
likely because of slow diffusion of the cleaved DOX from the
hydrophobic core of the micelle.27 The drug release level would
be further decreased at a higher DOX loading.28 Hence, PEO-g-
DOX prodrugs have obvious advantages over pH-sensitive
micellar drug conjugates, that is, enhanced pH-sensitivity and
superior drug release behaviors.
To confirm the intracellular drug release, DOX fluorescence in

mouse leukemic monocyte macrophage cell line (RAW 264.7)
was followed by CLSM. Interestingly, significant DOX fluores-
cence was observed at the perinuclei as well as nuclei of RAW
264.7 cells after 6 and 12 h of incubation with PEO-g-DOX2.9

(Figure 3A,B). Following 24 h of incubation, DOX was pre-
dominantly accumulated at the nuclei of RAW 264.7 cells
(Figure 3C). DOX, one of the most potent anticancer drugs
used widely in the treatment of different types of solid malignant
tumors,30 is known to exert drug effects via intercalation with
DNA and inhibition of macromolecular biosynthesis.31,32 It is of
particular interest, therefore, that PEO-g-DOX prodrugs are able
to deliver and release DOX right into the cell nucleus. Notably,
free DOX was trafficked to the cell nuclei in 6 h (Supporting
Information, Figure S4).
In Vitro Cytotoxicity Studies. The cytotoxicity of PEO-g-

DOX prodrugs and corresponding polymer carrier, that is, PEO-
g-hydrazide, was investigated in HeLa, RAW 264.7, and 4T1
breast tumor cells by MTT assays. The cells were incubated with
PEO-g-hydrazide4.4 or PEO-g-DOX2.9 prodrugs for 72 h. The
results revealed that PEO-g-hydrazide4.4 was nontoxic to all three
types of cells at a tested concentration of up to 5.4 mg/mL that

Figure 2. pH-dependent release of DOX at 37 �C from prodrugs
(A) PEO-g-DOX2.9 and (B) PEO-g-DOX3.6.
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corresponds to eight times that of the polymeric carrier in PEO-
g-DOX2.9 prodrug at a concentration of 40 μg DOX equiv/mL
(Figure 4), indicating that PEO-g-hydrazide inherits the excellent
biocompatibility property of PEO.However, under otherwise the
same conditions, PEO-g-DOX2.9 prodrug showed pronounced
cytotoxic effects (Figure 5). For example, significantly reduced
cell viabilities of about 34.6, 54.8, and 41.1% were observed at a
PEO-g-DOX2.9 prodrug concentration of 40 μg DOX equiv/mL

for RAW 264.7, HeLa, and 4T1 breast tumor cells, respectively.
At a higher prodrug concentration of 60 μg DOX equiv/mL, cell
viabilities of RAW 264.7, HeLa, and 4T1 breast tumor cells
further decreased to about 13.8, 23.2, and 17.4%, respectively.
The IC50 (i.e., inhibitory concentration to produce 50% cell
death) of PEO-g-DOX2.9 prodrug was shown to be cell-dependent,
in which IC50 values of approximately 26.5, 42.5, and 32.0 μg DOX
equiv/mL were determined for RAW 264.7, HeLa, and 4T1 breast
tumor cells, respectively (Figure 5). As commonly observed
for other polymeric prodrugs,11-16 PEO-g-DOX2.9 was much less
toxic than free DOX, which revealed IC50 data of 0.51, 0.72, and

Figure 3. CLSM images of RAW 264.7 cells incubated with PEO-g-DOX2.9 (DOX concentration: 40 μg/mL) for (A) 6, (B) 12, and (C) 24 h. For each
panel, images from left to right show DOX fluorescence in cells (red), cell nuclei stained by DAPI (blue), and overlays of two images. The scale bars
correspond to 20 μm in all images.

Figure 4. Cytotoxicity of PEO-g-hydrazide4.4 at varying concentrations
of 0.67, 1.35, 2.70, and 5.40 mg/mL (corresponding to 1�, 2�, 4� and
8� polymer carrier in PEO-g-DOX2.9 at a concentration of 40 μg DOX
equiv/mL). Raw 264.7, HeLa, and 4T1 breast tumor cells were
incubated with PEO-g-hydrazide4.4 for 72 h. The cell viability was
determined by MTT assay (n = 3).

Figure 5. Cytotoxicity of PEO-g-DOX2.9 prodrug at varying concentra-
tions of 5-80 μg DOX equiv/mL. RAW 264.7, HeLa, and 4T1 breast
tumor cells were incubated with PEO-g-DOX2.9 prodrug for 72 h. The
cell viability was determined by MTT assay (n = 3).
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1.24 μg/mL for RAW 264.7, HeLa, and 4T1 breast tumor cells,
respectively (Supporting Information, Figure S5). This is likely
because PEO-g-DOX prodrug has markedly reduced cellular
uptake as compared with free DOX; furthermore, prodrug has to
be activated in endosomal compartments to exert the cytostatic
effects. As revealed by CLSM studies, considerably longer time is
needed for PEO-g-DOX prodrugs to deliver DOX into the cell
nuclei than direct application of free drug. Our initial studies sho-
wed that the cellular uptake and antitumor activity of PEO-g-DOX
prodrugs could be enhanced through installment of a specific
targeting ligand, which makes this system particularly attractive
for tumor-targeted drug delivery applications.
Pharmacokinetics and Biodistribution Studies. The plas-

ma levels of DOX were determined similar to a previous report
by fluorescence spectroscopy at different time intervals following
a single i.v. injection of PEO-g-DOX2.9 (10 mg/kg DOX equiv)
in KM mice. Notably, PEO-g-DOX2.9 prodrug revealed a sig-
nificantly longer circulation time than free DOX, in which the
concentration of DOX in plasma decreased to undetectable levels
after 1 h injection of free DOX, whereas considerable amount of
DOX was observed even after 24 h of administration of PEO-g-
DOX2.9 (Figure 6A). The DOX circulation half-lives for PEO-g-
DOX2.9 prodrug and free DOX were determined to be 5.59 and
0.25 h, respectively. In consistence with the prolonged circulation
time, PEO-g-DOX2.9 prodrug also revealed much higher total area
under the curve (AUC, 121.7 mg 3 h/L) as compared with free
DOX (9.7 mg 3 h/L).
The biodistribution of DOX was determined at 24 h after

injection of PEO-g-DOX2.9 (10 mg/kg DOX equiv) in BALB/c

mice bearing 4T1 breast tumor. It is interesting to note that the
tumor uptake of DOX for PEO-g-DOX2.9 prodrug was 2.66% of
injected dose per gram of tissue (%ID/g), which was two times
that for free DOX (1.34%ID/g) (Figure 6B). Moreover, PEO-g-
DOX2.9 prodrug displayed a largely reduced accumulation in
spleen, kidney, stomach, and lung as compared with free DOX.
The tumor-to-normal tissue (T/N) distribution ratios of DOX
are summarized in Table 2. It is evident from these collected data
that DOX after conjugating to PEO could in general reduce its
uptake by healthy organs or tissues, particularly spleen, kidney,
stomach, lung, and muscle, while largely increasing the accumu-
lation in the solid tumors. This tumor-targeting property is likely
due to the enhanced permeability and retention (EPR) effect, as
has also been observed for other macromolecular drugs.33,34 The
prolonged circulation, increased drug distribution in tumors, and
reduced free drug levels in blood may significantly increase anti-
tumor activity and improve the tolerability of DOX. In addition,
PEO-g-DOX is amenable to facile conjugation of various ligands
(e.g., folic acid, peptides, antibodies) using its remaining hydra-
zide groups to enhance further its tumor-targetability (active tar-
geting) as well as specific antitumor activity (work being under-
taken at our lab).

’CONCLUSIONS

We have demonstrated that PEO-g-DOX prodrugs activatable
at endosomal pH can be conveniently prepared. Notably, these
PEO-g-DOX prodrugs could deliver DOX into the nuclei of
RAW 264.7 cells, leading to pronounced cytotoxic effects to
HeLa, RAW 264.7, and 4T1 breast tumor cells. Importantly,
corresponding carrier (PEO-g-hydrazide) is nontoxic up to a
tested concentration of 5.4 mg/mL. The In Vivo pharmacoki-
netics and biodistribution studies indicate that PEO-g-DOX
prodrugs can be long-circulating and selectively accumulate in
tumor tissues. The presence of multiple pendant groups in PEO-
g-hydrazide allows not only high loading of drug but also facile
design of sophisticated drug delivery systems through conjugat-
ing with, for example, targeting ligands and imaging probes. This
new type of PEO carriers has the advantage of easy synthesis,
tailored structure, well-controlled functionality, and excellent
solubility in water and many organic solvents. At the moment,
several different tumor-targeted PEO-DOX prodrugs are being
developed at our laboratory. We are convinced that endosomal
pH-activatable PEO-g-DOX prodrugs have great potential for
cancer therapy.
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