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pH-sensitive hydroxyethyl starch-doxorubicin conjugates
as antitumor prodrugs with enhanced anticancer efficacy
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ABSTRACT: Doxorubicin (DOX) is a widely used chemotherapeutic drug for the treatment of several types of cancers, which has limi-
tation in clinical applications because of severe heart toxicity. Herein, to reduce the fast clearance from the blood system and the
severe systemic toxicity caused by the nonspecific protein adsorption, a pH-sensitive drug delivery system with higher drug conju-
gated content was prepared by conjugating DOX onto hydroxyethyl starch (HES) with a pH-sensitive hydrazone bond. In normal
physiological environment, the release of DOX conjugated onto HES was slight which could be neglected without any side effect.
However, in an acidic environment mimicking the tumor microenvironment, this pH-sensitive hydrazone linkage provided a con-
trolled and sustained release of DOX over a period of more than 3 days. The conjugates had good biocompatibility, long circulation,
and lower cytotoxicity, which could efficiently be transferred into HeLa and HepG2 cells and release the conjugated drug. Based on
these promising properties, these HES—-DOX conjugates outline the significant potential for future biomedical application in the con-

trolled release of antitumor drugs. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42778.
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INTRODUCTION

Over the past several decades, doxorubicin (DOX, Trade name:
Adriamycin), as a kind of antitumor drugs, is widely used as a
chemotherapeutic drug for the treatment of several types of
cancers, such as lymphomas, breast, uterine, ovarian, and lung
cancers."”? DOX intercalates into DNA duplex preventing DNA
replication and transcription.” However, the severe heart toxicity
and serious side effects caused by nonspecific biodistribution in
the body have limited the clinical application of DOX.* To
minus these limitations and widen the therapeutic potential of
DOX, various approaches have been developed, such as chemi-

5-11

cal modification and loading the drugs into nanocarriers

12-15 . 16,17 18,19
vesicles,

including polymeric micelles, liposomes,
and nanogels.”*** Several nanoparticle delivery systems have
been used for DOX transport in vitro and in vivo. These nano-
carriers can not only increase the aqueous solubility and bioa-
vailability of the drug but also influence pharmacokinetics and
biodistribution, at the same time decrease side effects via the
enhanced permeability and retention effect.>** Strategies using
the unique environment of the tumor, such as pH,*> tempera-
ture,”® light,”” redox,”® and electric field*® as the molecular cue

to activate drug release, have received widespread attention.

Usually, there are two means to prepare delivery systems for
DOX including physical encapsulation and chemical conjuga-
tion. However, DOX-loaded in nanoparticles by physical encap-
sulation will still unavoidably release from the encapsulated
materials in physiological environment. On the other hand, the
encapsulation rates of these nanoparticles are low and hardly to
reach the best optimal dose because the maximum tolerated
dose of DOX in humans is 60-80 mg m ™. Compared to physi-
cal encapsulation, conjugation delivery systems have higher
drug loading content, and the release of conjugated DOX in
normal physiological environments can be neglected. Based on
the lysosomotropism of polymer conjugates and suitable chem-
istry, the concept of polymer conjugate drug is developed to
solve the lack of specificity of low molecular weight drugs to
malignant cells. For a polymer conjugate drug, the linker
between polymer and drug should be stable during transport
and sensitive to disrupt at a predetermined rate in the solid
tumour.’®>* Wang et al.>> had reported the synthesis of zwitter-
ionic polymer-based DOX conjugates, which exhibited reduced
cytotoxicity, prolonged circulation time, and accelerated DOX
release under mild acid conditions.

For any drug delivery to be useful practically, the most founda-
tion consideration is its biological safety, which means good

Additional Supporting Information may be found in the online version of this article.
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Scheme 1. Chemical structure of pH-sensitive HES-Hyd-DOX and intracellular microenvironment triggered release of HES-Hyd-DOX. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

biocompatibility and biodegradability, and no toxic and no
harm to normal tissues. Hydroxyethyl starch (HES), as a modi-
fied natural polysaccharide with good biocompatibility, similar
to glycogen, has been used in medicine for a long time as vol-
ume therapy and is widely used colloid in a recent worldwide
point prevalence study of resuscitation in intensive care units.”*
HES is a commonly used artificial human plasma to increase
the volume of blood and maintain the blood pressure. In addi-
tion, HES has a long circulation in blood. Accordingly, in this
article HES-DOX conjugates linked by pH-sensitive hydrazone
bond were successfully synthesized, promising increase in the
circulation time and decrease in the side effect of DOX and
then increase in its antitumor efficiency (Scheme 1).

EXPERIMENTAL

Materials

HES (M, 130 kDa, M;=0.4 Sigma), 4-nitrophenyl chlorofor-
mate (98%, Sigma), hydrazine hydrate (55%, Sigma), 3-(4,5-
dimethyl-thiazol-2-yl)—2,5-diphenyl ~ tetrazolium  bromide
(MTT) were purchased from Sigma-Aldrich. Doxorubicin
hydrochloride (DOX-HCIl) was purchased from Zhejieng Hisun
Pharmaceutical. Dimethyl sulfoxide (DMSO) was dried over cal-
cium hydride (CaH,) and purified by vacuum distillation with
CaH,. All the other reagents and solvents were purchased from
Sinopharm Chemical Reagent and used as obtained.

Synthesis of Nitrophenyl Chloroformate-Activated HES
(HES-NPC)

HES (400 mg, 0.00308 mmol) and triethylamine (TEA)
(0.1 mL, 0.694 mmol) were dissolved in 10 mL of dry DMSO
in a flask with N, protection at 25°C. 4-Nitrophenyl chlorofor-
mate (NPC) (70 mg, 0.347 mmol) was dissolved in 10 mL of
dry DMSO and then dropped slowly into the flask. The mixture
was stirred at 25°C for 48 h. The solution was dialyzed against
deionized water for 3 days, and the product was collected by
lyophilization (yield: 81%).

Conjugation of Hydrazine onto HES-NPC (HES-NHNH,)
HES-NPC (200 mg, 0.0015 mmol) and hydrazine monohydrate
(0.3 pL, 0.006 mmol) were dissolved in 10 mL of DMSO in a
flask at 25°C. The mixture was stirred at 25°C for 24 h. The
solution was dialyzed against deionized water for 3 days, and
the product was collected by lyophilization (yield: 89%).
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Conjugation of DOX onto HES (HES-Hyd-DOX)

HES-NHNH, (80 mg, 0.000615 mmol), DOX (108 mg, 0.186
mmol), TEA (46 uL, 0.319 mmol) were dissolved in 10 mL of
dry DMSO in a flask under N, protection at 25°C. The mixture
was stirred at 25°C for 48 h. The solution was dialyzed against
DMSO for 3 days and then dialyzed against deionized water at
pH 8 for 3 days. After that the product was collected by lyophi-
lization (yield: 70%).

Conjugation of DOX onto Succinic Anhydride

Succinic anhydride (SAD) was synthesized according to the pre-
vious literature.” DOX-HCl (200 mg, 0.345 mmol), SAD
(41 mg, 0.414 mmol), TEA (50 pL, 0.345 mmol) were dissolved
in 10 mL of dry DMSO in a flask under N, protection at 25°C.
The mixture was stirred at 25°C for 48 h. The solution was
diluted with ethyl ethanoate and then washed with saturated
sodium chloride aqueous solution. The product was collected
by removing ethyl ethanoate under vacuum at room tempera-
ture (yield: 68%).

Conjugation of SAD onto HES (HES-SAD)

HES (70 mg, 0.00054 mmol), SAD (50 mg, 0.075 mmol), 1-
ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochloride
(EDC-HCI) (25 mg, 0.154 mmol), 4-dimethylaminopyridine
(1.9 mg, 0.0154 mmol) were dissolved in 10 mL of DMSO in a
glass ampoule with a magnetic bar. The reaction was performed
at 25°C for 48 h. Then, the solvent and unreacted substances
were removed by dialysis against DMSO for 72 h and then dia-
lyzed against deionized water for 72 h. The solution was lyophi-
lized (yield: 76%).

In Vitro Drug Conjugate and Release
To determine the drug conjugate content (DCC), the conjugates
were dissolved in DMSO and analyzed by fluorescence measure-
ment (Perkin-Elmer LS50B luminescence spectrometer) using a
standard curve method (A =480 nm). The DCCs of drug-
conjugated in HES-Hyd-DOX and HES-DOX were calculated
according to eq. (1), respectively:

DCC (wt %) = amount of drug in conjugates/
. . (1)

amount of polymer in conjugates X 100

In vitro drug release profiles of HES-Hyd-DOX (1 mg) or HES-
SAD (1 mg) were investigated in phosphate buffer saline (PBS)
(pH 4.0, 5.3, 6.8, or 7.4). The preweighed freeze-dried HES-
Hyd-DOX 1 or HES-SAD was suspended in 4 mL of release
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Scheme 2. Synthetic route for HES-Hyd-DOX conjugate.

medium and then transferred into a dialysis bag (MWCO 3500
Da). The release experiment was initiated by placing the end-
sealed dialysis bag into 50 mL of release medium at 37°C with
continuous shaking at 70 rpm. At predetermined intervals,
2 mL of external release medium was taken out and an equal
volume of fresh release medium was replenished. The amount
of released DOX was determined by using fluorescence measure-
ment (A, =480 nm). The release experiments were conducted
in triplicate.

Intracellular Drug Release

The cellular uptake and intracellular release behaviors of HES-
Hyd-DOX1 or HES-SAD were assessed by confocal laser scan-
ning microscopy (CLSM) and flow cytometric analyses on
HepG2 cells.

CLSM. For CLSM study, HepG2 cells were seeded in six-well
plates at a density of 10° cells per well in complete Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum, supplemented with 50 IU mL™"' penicillin and 50 IU
mL™" streptomycin, and cultured for 24 h, and then incubated
at 37°C for additional 2 h or 6 h with HES-Hyd-DOX 1 or
HES-SAD at a final DOX concentration of 10.0 mg L™' in com-
plete DMEM. Then, the culture medium was removed, and cells
were washed with PBS thrice. Thereafter, the cells were fixed
with 4% paraformaldehyde for 20 min at room temperature,
and the cell nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI, blue) for 5 min. CLSM images of cells were
obtained through confocal microscope (Olympus FluoView
1000). The excitation wavelengths of DAPI and DOX were 405
and 488 nm, emission windows were 425-475 nm and 564—
620 nm, respectively.

Flow Cytometric Analyses. HepG2 cells were seeded in six-well
plates at 2 X 10° cells per well in 2.0 mL of complete DMEM,
and cultured for 24 h, and then incubated at 37°C for addi-
tional 2 h with HES-Hyd-DOX 1 or HES-SAD at a final DOX
concentration of 10.0 mg L™' in complete DMEM. Thereafter,
the culture medium was removed, and the cells were washed
with PBS thrice and treated with trypsin. Then, 2.0 mL of PBS
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was added to each culture well, and the solutions were centri-
fuged for 5 min at 1000 rpm. After the removal of supernatants,
the cells were resuspended in 0.2 mL of PBS. Data for 1 X 10*
gated events were collected, and analysis was performed by flow
cytometer (Beckman, CA).

Cell Viability Assays

The cytotoxicities of HES-Hyd-DOX 1 or 2 or HES-SAD against
HepG2 and HeLa cells were also evaluated in vitro by a MTT
assay. Similarly, cells were seeded into 96-well plates at 7 X 10°
cells per well in 200.0 uL of complete DMEM and further incu-
bated for 24 h. After washing cells with PBS, 180.0 uL of com-
plete DMEM and 20.0 uL of HES-Hyd-DOXs or HES-SAD PBS
solutions were added to form culture media with different DOX
concentrations (0-10.0 mg L' DOX). The cells were subjected
to MTT assay after being incubated for 24, 48, and 72 h. The
absorbance of the solution was measured on a Bio-Rad 680
microplate reader at 490 nm. Cell viability (%) was also calcu-
lated based on eq. (2):

Cell viability (%) = Asample/Acontrol X 100 (2)

where Agymple and Aconiror Tepresent the absorbances of the sam-
ple and control wells, respectively.

RESULTS AND DISCUSSION

Preparation and Characterization of the HES-Hyd-DOX

In this work, pH-sensitive HES-Hyd-DOX prodrugs were syn-
thesized as shown in Scheme 2. The chemical structures of
HES-Hyd-DOX were confirmed by '"H NMR, FTIR, and fluores-
cence measurement. There appeared the characteristic signals at
7.90, 7.63, 1.20 ppm (Figure 1) assigned to DOX indicating the
successful synthesis of HES-Hyd-DOX. The absorptions at 1729
(ve—o) cm™ ! and 1740 (ve—o) cm ™' (Figure 2) attributed to
HES-Hyd-DOX and HES-SAD, respectively, further confirmed
the chemical structure of the complex. The conjugates could
assemble to form nanoparticles as listed in Table I, this nano-
scale size was suitable for entering into cells and circulation
time in blood. The data of zeta potential indicated that HES-
Hyd-DOX could disconnect and present positive charge at pH
4, promoting DOX to enter into cell. To determine the DCC,
the conjugates were dissolved in DMSO and analyzed by fluo-

rescence measurement using a standard curve method
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Figure 1. "H NMR spectrum of HES-Hyd-DOX in DMSO-ds,
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Figure 2. FTIR spectra of HES-Hyd-DOX, HES-SAD and HES. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

(Zex =480 nm). As expected, the DCC of HES-Hyd-DOXI,
HES-Hyd-DOX12, and HES-SAD conjugates were 19%, 26%,
and 9%, respectively, which had higher drug loading content
than polymer micelles."*

In Vitro pH-Triggered Release

To verify the feasibility of HES-Hyd-DOX in cancer chemother-
apy, a pH-insensitive HES-SAD was synthesized for comparison
(Supporting Information Scheme S1 and Figure S1). The in
vitro release behaviors were investigated at pH 4.0, 5.3, 6.8, and
7.4. The cumulative release percentages of DOX conjugated to
HES by pH sensitive bond and insensitive bond versus time
were plotted in Figure 3(A). Up to about 90% of DOX was
released from HES-Hyd-DOX in PBS at pH 5.3 in 72 h. On the
other hand, the release of DOX was much lower at pH 7.4 than
5.3. But HES-SAD exhibited not obviously different release rates
at pH 4.0, 5.3, 6.8, and 7.4 [Figure 3(B)]. The different release
behaviors for HES-Hyd-DOX and HES-SAD were likely resulted
from the acid-triggered linker of HES and DOX. The results
suggest that the HES-Hyd-DOX could effectively reduce the
release of the conjugated drug in normal physiological condi-
tions, while accelerates the drug release in response to intracel-
lular lower pH value. These properties make the pH-sensitive

HES-Hyd-DOX have tremendous potential for cancer
chemotherapy.
Table I. Characterizations of Conjugates
Zeta Zeta
DCC  potential® potential® Ry°
Conjugates (wt %) (mV) (mV) (nm)
HES-Hyd-DOX 1 19 +8.6 0 116+22
HES-Hyd-DOX 2 26 +10.3 0 94+18
HES-SAD 9 0 0 153+35

@Determined at pH 4.
°Determined at pH 7.4.
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Figure 3. In vitro DOX release profiles for HES-Hyd-DOX1 (A) and HES-
SAD (B) conjugates in PBS at 37°C at pH 4.0, 5.3, 6.8, and 7.4,
respectively.

Intracellular DOX Release and Cellular Proliferation
Inhibition

As a drug delivery for anticaner, the biocompatibility is very
important. The in vitro cytotoxicity of HES against HepG2 and
HeLa cells were examined by a MTT assay. Free HES did not
show appreciable cytotoxicity at different concentrations, up to
10.0 g L™" (Supporting Information Figures S2 and S3), indi-
cating the excellent biocompatibility of HES itself as a drug
carrier.

The cellular uptake and intracellular drug release behaviors of
HES-Hyd-DOX and HES-SAD in HepG2 cells were monitored
with CLSM and flow cytometry. The HES-Hyd-DOX or HES-
SAD was incubated with HepG2 cells for 2 h or 6 h. As
expected, stronger intracellular DOX fluorescence was detected
in the cells after incubation with HES-Hyd-DOX for 6 h [Figure
4(D)] compared to those incubated with HES-SAD [Figure
4(B)]. The drug release triggered in intracellular environment
was also observed by flow cytometric analyses. As shown in Fig-
ure 5(A), the flow cytometric histogram for the cells incubated
with HES-Hyd-DOX shifted to the obviously higher fluores-
cence intensity region in contrast to that for the cells incubated
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Figure 4. Representative CLSM images of HepG2 cells incubated with HES-SAD 2 h (A), HES-SAD 6 h (B), HES-Hyd-DOX 2 h (C), and HES-Hyd-DOX
6 h (D). For each panel, the images from left to right show a differential interference contrast (DIC) image, cell nuclei restained by DAPI (blue), DOX fluo-
rescence in cells (red), and overlays of the three images. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with HES-SAD. The higher fluorescence intensity in the HepG2 At the same time, stronger intracellular drug fluorescence inten-
cells incubated with HES-Hyd-DOX should result from the  sity was observed in the cells after incubation with HES-Hyd-
faster intracellular DOX release induced by acid-trigged disasso-  DOX for 6 h [Figure 4(D)] than 2 h [Figure 4(C)]. In contrast,
ciation of HES-Hyd-DOX. there was hardly any difference of fluorescence intensity shown

HES-SAD 6 h B
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DOX 6 h 100
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Figure 5. Flow cytometry profiles of HepG2 cells incubated with (A) PBS, HES-SAD 6 h, DOX 6 h, HES-Hyd-DOX1 6 h; (B) HES-Hyd-DOXI for 2 h
and for 6 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Cytotoxicity of HES-Hyd-DOX and HES-SAD toward HepG2
cells after incubation for 24 h (A), 48 h (B) and 72 h (C).

in the cells incubated with HES-SAD for 6 h [Figure 4(B)] and
2 h [Figure 4(A)]. Meanwhile, the flow cytometric histograms
of cells incubated with HES-Hyd-DOX for 6 h also shifted
clearly to the direction of high fluorescence intensity compared
with 2 h as shown in Figure 5(B). The higher fluorescence
intensity in the HepG2 cells incubated for 6 h with HES-Hyd-
DOX should result from the intracellular DOX release induced
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by acid-trigged disassociation of HES-Hyd-DOX, implying that
the drug release of HES-Hyd-DOX was controlled release.

The in vitro cellular proliferation inhibitions of HES-Hyd-DOX
and HES-SAD against HepG2 cells (Figure 6) and HeLa cells
(Supporting Information Figure S2) were also estimated using a
MTT assay. As shown in Figure 6, in contrast to HES-SAD,
HES-Hyd-DOX exhibited significantly higher growth inhibition
efficiency to HeLa cells at 24 h, 48 h, and 72 h. Moreover HES-
Hyd-DOX also exhibited significantly higher growth inhibition
efficiency to HeLa (Supporting Information Figure S4). The
results revealed that the DOX release HES-Hyd-DOX was trig-
gered by the endosomal pH environment, leading to enhanced
inhibition of cell proliferation as compared with the pH-
insensitive HES-SAD. The HES-Hyd-DOX provided an efficient
drug delivery platform for inhibition of different cancer cells.

CONCLUSION

In summary, acid-insensitive HES-SAD and acid-sensitive HES-
Hyd-DOX were successfully prepared. Their chemical structures
were confirmed by 'H NMR and FTIR, respectively. In vitro
drug release from HES-Hyd-DOX could be accelerated in acidic
conditions mimicking the endosomal/lysosomal compartments.
HES-Hyd-DOX exhibited faster DOX release behavior in HepG2
cells than that pH-insensitive HES-SAD. Moreover, a higher cel-
lular proliferation inhibition efficacy was achieved. HES-Hyd-
DOX, which has a higher molecular weight, excellent biocom-
patibility, and smart intracellular microenvironment responsive-
ness could reduce toxicity and improve anticancer efficacy with
a great potential for cancer chemotherapy.
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