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We report here a novel doxorubicin (DOX) prodrug that 
reduces the proportion of inactive materials and minimizing 
drug leak. In aqueous solutions, the resulting DOX prodrug 
could spontaneously form stable micelles with diameters of ~ 10 

80 nm with a DOX loading content as high as ~ 40 wt%. The 
subsequent cytotoxicity and cell internalization behavior 
indicated that the resulting prodrug could show a high in vitro 
anticancer efficacy. We believe that this strategy could be 
developed to design prodrugs of various anticancer drugs and 15 

thus offer new prodrugs for cancer therapy.   

Introduction 
In recent years, scientists from many fields have focused much 
attention on the design and preparation of intelligent polymer 
materials due to their various applications such as drug or gene 20 

delivery,1-3 cancer diagnosis4 and other biomedical applications.5 
Of the various types of intelligent polymer materials, biologically 
responsive polymeric prodrugs (BRPPs) have been particularly 
attractive because of their special properties such as their good 
stability in blood, higher drug loading, good water solubility and 25 

lower cytotoxicity against tumor tissue and cells.6 Efficacious 
BRPPs were expected to increase the drug concentration at their 
sites of action while reducing the drug side effects in non-target 
tissues, and thus they became a major strategy for improving 
medical efficiency. In recent years, numerous BRPPs with 30 

anticancer drugs that have been covalently conjugated to their 
micellar cores via cleavable hydrazone, 6-11 esters, 12-17 disulfide4, 

18-20 and other biologically responsive bonds, 21-23 which perfectly 
combined the stability of prodrugs with the long circulation time 
of micelles, have been utilized in the development of cancer 35 

therapies. 
Current polymeric prodrugs are usually amphiphilic 

polymers that mainly used polyethylene glycol or its derivatives 
as the hydrophilic component and then a hydrophobic drug was 
anchored using a biologically responsive bond. Recently, Huynh 40 

and co-workers described a new sodium chloride-responsive 
block copolymer for the release of cisplatin, a cancer drug.14 
Meanwhile, Wang’s groups reported one kind of supramolecular 
polymeric micelle constructed from poly(ethylene glycol)- 
polypeptide copolymers, which responded to β-cyclodextrin21. 45 

Moreover, Shen and co-workers described esterase-sensitive 
camptothecin (CPT) prodrug (OEG-DiCPT) micelles with CPT 
covalently conjugated to a polymeric micelle core via an ester 
bond, and the drugs showed high in vitro and in vivo antitumor 
activity.13 Generally, drugs embedded in or conjugated with inert 50 

nanocarriers are expected to show therapeutic advantages over 
free drugs, but for most polymeric prodrugs, the carrier materials 
were the major component (generally more than 90%), causing 
low drug loading contents and thus excessive uses of parenteral 
excipients8. For instance, many reported polymeric prodrugs had 55 

very low drug loading capacities (usually less than 10 wt%). 6, 10 
So it was a great challenge for researchers to design a more 
effective system with the attributes of controlled release and 
higher drug capacity. 

To develop more efficacious BRPPs, we herein designed a 60 

novel endosomal pH-sensitive doxorubicin (DOX) prodrug based 
on polyethylene glycol monomethylether-b-poly(methacryl amide 
tert-butyl carbazate-DOX) (MPEG-b-DOX) (Scheme 1). 
Furthermore, polyethylene glycol has been a widely used 
polymer carrier for drug delivery since it has been approved for 65 

clinical use .24-26 DOX has been grafted to a macromolecular 
carrier via an acid-labile hydrazone bond, which is known to be 
sufficiently stable at pH 7.4 but readily cleavable in an acidic 
environment such as in endo-lysosomes.27-30 Notably, the MPEG-
b-DOX copolymers could self-assemble into micelles in aqueous 70 

solutions, not only allowing the avoidance of toxic organic 
solvents but also largely simplify production. The stimuli-
responsive release of DOX from MPEG-b-DOX prodrugs could 
take place rapidly, likely due to the fact that polymeric micelles 
have excellent permeability.10, 31-32 To study the self-assembly 75 

behavior of MPEG-b-DOX copolymers, the morphology of 
MPEG-b-DOX micelles was characterized by transmission 
electron microscopy (TEM). We also investigated the in vitro 
cytotoxicity and cell internalization behavior of the self-assembly 
micelles. The results indicated that the MPEG-b-DOX prodrug 80 

had great potential to become a promising DOX drug carrier for 
cancer treatment. 
 
Results and discussion 
 85 
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Scheme 1. Schematic illustration of (A) the formation of MPEG-b-DOX 
micelles and (B) the pH-induced drug release mechanism 

The synthesis of MPEG-b-DOX copolymers is shown in 20 

Fig.S1†. Firstly, the macro RAFT agent, MPEG-CPADB 
(CPADB: 4-Cyano-4-((thiobenzoyl) sulfanyl)pentanoic acid) was 
prepared by an esterification reaction, and the 1H NMR and FT-
IR results indicated that the MPEG-CPADB was prepared 
successfully (as shown in Supporting Information). Furthermore, 25 

to achieve controlled conjugation of DOX, a new hydrazine bond 
monomer, methacrylamide tert-butyl carbazate (MABH), was 
designed and prepared (Fig.S1†). The successful synthesis of 
MABH was confirmed by 1H NMR spectroscopy, as shown in 
Fig.S2†, with signals at δ 6.07, 5.42 and 1.96 attributable to the 30 

methacrylamide moieties, and resonances at δ 8.22, 6.96 and 
1.45-1.93 attributable to tert-butyl carbazate. Then the PEG-b-
PMABH copolymers were prepared by RAFT polymerization of 
MABH using MPEG-CPADB as a macro RAFT agent and 
azobisisobutyronitrile as the radical agent in THF at 60 °C for 24 35 

h. The 1H NMR spectrum of resulting PEG-b-PMABH 
copolymers is shown in Fig.S2†, with the signals at δ 3.38, 3.65 
and 4.22 attributable to PEG protons and the signals at δ 7.43, 
7.26 and 1.40-1.49 attributable to the MABH proton. According 
to the 1H NMR spectrum results, the degree of polymerization of 40 

MABH was calculated to be 6. In this paper, the block copolymer 
was referred to as PEG43-PMABH6. Furthermore, the GPC results 
indicated that the resulting copolymer had a molecular weight 
close to the value determined from 1H NMR analyses and a low 
polydispersity of 1.23 (Fig. S3†), indicating successful synthesis 45 

of the PEG43-PMABH6 copolymer.     
Finally, the MPEG-b-DOX prodrug was obtained by treating 

the deprotected product of PEG-b-PMABH (PEG-b-hydrazide) 
with DOX in anhydrous methanol with trace trifluoroacetic acid. 
The percentage of MABH units conjugated with DOX was about 50 

73.3%, which was determined from the amount of DOX drug 
loading. The resulting product was confirmed by 1H NMR, FT-IR 
spectroscopy and high-performance liquid chromatography 
(HPLC). The signals at δ 7.95-7.96, 7.76-7.80, and 7.66-7.69 
were attributable to DOX aromatic group protons (Fig. S2†). 55 

Furthermore, the FT-IR spectrum of MPEG-b-DOX was expected 
to offer further evidence of DOX grafting, as shown in Fig. S4†. 

The peak at 1730 cm-1 was due to the carbonyl stretching 
frequency of free DOX, but the peak was absent in MPEG-b-
DOX , which indicated the formation of a hydrazone bond 60 

between the ketone and hydrazine. 9  
Meanwhile, HPLC was also used to investigate the MPEG-

b-DOX. As shown in Fig. S5†, the free DOX had a retention time 
of 6.73 min, but the MPEG-b-DOX did not have a retention time 
peak, but instead an analytic time of 30 min was used, and this 65 

may due to the high molecular weight of MPEG-b-DOX. Thus, 
the result also directly indicated that there was some amount of 
free DOX in the resulting MPEG-b-DOX prodrug, indicating the 
successful synthesis of the MPEG-b-DOX prodrug. 

The UV−visible spectrum was used to further understand the 70 

conjugation of DOX, as shown in Fig. S6†. The methanol 
solutions of PEG-b-hydrazide had no characteristic peak exept for 
DOX, which had a characteristic peak at about 500 nm. 
Compared with DOX, there was no obvious difference in the 
spectrum of MPEG-b-DOX except for a slight red shift. The 75 

PEG-b-hydrazide in the methanol was colorless, but the color 
became red after the conjugation of DOX. This phenomenon 
further demonstrates that only very small amounts of free DOX 
existed in MPEG-b-DOX. 

 80 

Fig.1. TEM image and size distribution of MPEG-b-DOX micelles. 

The loading amount of DOX was further determined using 
UV-visible absorption spectra following treatment with 1.0 M 
HCl at room temperature for 24 h. The results indicated that the 
MPEG-b-DOX prodrug had a fixed drug loading content that 85 

reached as high as ~ 40 wt%, which is much higher than recent 
reports regarding DOX prodrugs.6-7 As shown in Scheme 1, the 
obtained MPEG-b-DOX copolymers could self-assemble to form 
stable micelles in PBS (pH 7.4) because of their amphiphilic 
structures. The TEM images (Fig.1) indicate that the MPEG-b-90 

DOX micelles exhibited a spherical shape and were ~60 nm in 
diameter. The size distribution of the micelles was further 
investigated by DLS (Fig. 1) and their size distribution in water 
ranged from 52 to 117 nm with an average size of ~80 nm. 
Furthermore, the micelles had a ζ-potential of +2.1 mV. Such 95 

nanosized MPEG-b-DOX micelles could easily avoid renal 
filtration, leading to prolonged residence time in the bloodstream 
which allows more effective targeting of diseased tissues.33-36 

Compared with the reported water-soluble polymer-DOX 
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prodrugs or conjugates, the resulting MPEG-b-DOX prodrug was 
so different from these. For example, a low molecular weight 
hydrophilic PEG polymer was used to reduce the proportion of 
inert nanocarriers and ensured both a high drug loading content 
and the water-solubility of prodrugs. Moreover, the PEG polymer 5 

could effectively reduce non-specific uptake by the 
reticuloendothelial system (RES), prolong circulation time and 
allow for specific tumor-targeting through the enhanced 
permeability and retention (EPR) effects .8, 37 

  10 

Fig. 2. In vitro release of DOX from MPEG-b-DOX micelles in different 
pH PBS solution at 37 °C 

The in vitro release of DOX from the MPEG-b-DOX 
prodrug was evaluated at 37 °C in different buffers (pH 5.0 and 
7.4) and the results are shown in Fig. 2. The results indicate that 15 

drug release under mildly acidic environments was significantly 
faster than that at neutral pH because of the hydrazone bond. For 
example, approximately 91.2% of DOX was released in 120 h at 
pH 5.0 from MPEG-b-DOX; however, only 8.8% of DOX was 
released at pH 7.4 under the same conditions. These results 20 

indicated that the MPEG-b-DOX prodrug was very stable under 
physiological conditions and was quickly responded to the 
endo/lysosomal environment. The slow drug release from the 
MPEG-b-DOX prodrug micelles may indicate that the 
hydrophobic micellar core is a physical barrier for the diffusion 25 

of acid into the micelles as well as for the diffusion of cleaved 
DOX out of the micelles.10  

The biocompatibility of the PEG-b-hydrazide carrier was 
investigated in the human tongue squamous cell carcinoma 
(TCA8113) cell line and rat adrenal pheochromocytoma (PC12) 30 

cell line by an SRB assay. The cytotoxicity results demonstrated 
that the PEG-b-hydrazide carrier was basically nontoxic to both 
TCA8113 and PC12 cancer cells at a tested concentration of up to 
800 μg/mL (Fig. 3A), indicating its excellent biocompatibility, 
which demonstrated that the PEG-b-hydrazide carrier was 35 

suitable for potential application in vivo.  
In contrast to these results, the MPEG-b-DOX prodrug 

exhibited higher cytotoxic effects (Fig.3B), which revealed that 
the MPEG-b-DOX prodrug exhibited significant in vitro 
antitumor activity. For examples, the half maximal inhibitory 40 

concentration (IC50) values for MPEG-b-DOX against the 
TCA8113 and PC12 cancer cells were 8.9 and 4.2 μg/mL, 
respectively.  While those for free DOX were 0.6 and 6.4 μg/mL 
respectively. Notably, free DOX was passed through cellular and 
nuclear membranes by passive diffusion. But the MPEG-b-DOX 45 

prodrug, which was expected to enter into cancer cells by 
endocytosis, actually followed a very slow endo/lysosomal 
process that was followed by drug distribution in cells.38 Because 
of the slow release of DOX from the MPEG-b-DOX prodrug, the 
transport process of the MPEG-b-DOX prodrug was slower than 50 

passive diffusion. Considering the controlled release results, the 
phenomenon was reasonable. The results also indicated that the 
MPEG-b-DOX prodrug successfully served as a platform to carry 
DOX into cells, resulting in an expected anticancer effect.  

To elucidate the cell uptake of MPEG-b-DOX prodrug 55 

micelles for intracellular drug delivery, the internalized 
distribution of free DOX and the MPEG-b-DOX prodrug micelles 
in TCA8113 cancer cells was monitored by laser scanning 
confocal microscopy (LSCM). The fluorescence (shown in red) 
of DOX was observed at different incubation time. Meanwhile, 60 

DAPI was used to label the cell nucleus (shown in blue). As 
revealed by LSCM studies (Fig. 4A-C), no red fluorescence was 
observed in the TCA8113 cancer cells following a 3 h incubation 
with the MPEG-b-DOX prodrug (Fig. 4A).  

 65 

Fig.3. (A) Cytotoxicity of  MPEG-b-hydrazide at varying concentrations of 100, 200, 400 and 800 µg/mL. TCA8113 and PC12 tumor cell were incubated 
with MPEG-b-hydrazide for 24 h. (B) Cytotoxicity of MPEG-b-DOX and free DOX at varying concentrations of 0.125—10 μg equiv/mL. TCA8113 and 

PC12 tumor cells were incubated with MPEG-b-DOX and free DOX for 24 h. The cell viability was determined by SRB assay. Data represent mean ± 
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standard deviations (SD) (n = 3). 
However, after a longer incubation time, such as 24 h, the 

fluorescence of DOX became almost invisible in the cytoplasm 
and nucleus of the TCA8113 cancer cells (Fig. 4B), and this 
indicated an endo/lysosomal process was the pathway of entry for 5 

MPEG-b-DOX micelles into the cells. As shown in Fig.S7 (see 
the high magnification images), many MPEG-b-DOX micelles 
were found entering into cells gradually, revealing the controlling 
release process of DOX.  In contrast, free DOX was distributed to 
the perinuclei and nuclei of the TCA8113 cancer cells after 3 h 10 

(Fig. 4C), which also revealed a passive diffusion entry process 
for free DOX. However, after a longer incubation time of 24 h, 
we found more free DOX entered into cancer cells, and 

accumulated in nuclei (Fig. 4D), corresponding to the results of  
cytotoxicity. For MPEG-b-DOX prodrug micelles, cellular uptake 15 

was mainly based on the small size and the endocytosis 
mechanism which may result in a greater number of prodrug 
micelles entering into cells gradually, and showing a continued 
cytotoxic effect. A considerably a longer time was needed for the 
MPEG-b-DOX prodrug to carry DOX into the cells compared to 20 

the direct application of free DOX. The MPEG-b-DOX prodrug 
may provide a promising platform for prolonged circulation as 
well as tumor-targeted drug delivery by utilizing the EPR effect 
and introducing targeting ligands into prodrugs. 

 25 

Fig.4. LSCM images of TCA8113 cancer cells incubated with MPEG-b-
DOX prodrug and free DOX (5 μg equiv/mL). For each panel, the images 
from left to right show DOX fluorescence in cell nuclei stained by DAPI 

(blue), cells (red) and overlays of the two images. (A) MPEG-b-DOX 
prodrug, 3 h incubation  (B) MPEG-b-DOX prodrug, 24 h incubation 30 

(high magnification imagesare shown in Figure S7 in Supporting 
Information).,  (C) free DOX, 3 h incubation and (D) free DOX, 24 h 

incubation. The scale bars correspond to 30 μm in all images. 

Conclusions 
In summary, we have described a strategy for preparing a novel 35 

MPEG-b-DOX prodrug that reduces the proportion of inactive 
materials and to minimize drug leakage. The MPEG-b-DOX 
prodrug formed micelles in aqueous solutions and had a high 
drug loading (~ 40 wt%). Furthermore, the resulting micelles 
were very stable with minimal drug release at pH 7.4 but high 40 

release DOX at pH 5.0. Further studies indicated that the MPEG-
b-DOX had high anticancer activity against the TCA8113 cells 
and PC12 cells. The cell imaging studies showed that the MPEG-

b-DOX prodrug could be tracked at the cellular level for 
anticancer therapy. This integration of functional components 45 

may result in the MPEG-b-DOX prodrug becoming a promising 
multifunctional carrier for controlled drug delivery applications. 
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A novel doxorubicin (DOX) prodrug (MPEG-b-DOX) was synthesized with expect to 

reducing the proportion of inactive materials and minimizing drug leak. 

Page 6 of 6Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t


