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Background: Chemotherapeutic drugs used for tumor treatments often show limited effi-
ciency due to their short lifetime, nonspecific delivery, and slow or insufficient intracellular
drug release, and also, they can cause severe system or organ toxicity. The development of
chemotherapeutic nanomedicines with high efficacy and satisfactory safety still remains
a challenge for current tumor chemotherapy.

Methods: A novel type of conjugate was synthesized using hydroxyethyl starch (HES) as
a carrier while binding doxorubicin (DOX) onto HES backbone through a pH/redox respon-
sive linker containing both disulfide and hydrazone bonds in series. The built conjugates
were self-assembled into nanoparticles (NPs) (HES-SS-hyd-DOX NPs) for achieving
enhanced antitumor therapy and adequate safety.

Results: HES-SS-hyd-DOX NPs had a certain ability for the tumor-orientated drug accu-
mulation and were capable of releasing DOX itself rather than DOX derivatives. It was
found that the pH/redox responsive linkage enabled the NPs to achieve fast and sufficient
intracellular drug release. Based on the tumor-bearing mouse model, antitumor results
demonstrated that these NPs were able to inhibit the growth of the advanced tumors with
significantly enhanced efficacy when compared to free DOX, and to those conjugate NPs
containing only a single responsive or unresponsive bond. Besides, HES-SS-hyd-DOX NPs
also showed adequate safety to the normal organs of the treated mice.

Conclusion: The pH/redox responsive linkage in HES-SS-hyd-DOX was found to play
a critical role in mediating the drug accumulation and the fast and sufficient intracellular drug
release. The HES-exposed surface of HES-SS-hyd-DOX NPs endowed the NPs with long
circulation capability and remarkably reduced the DOX-induced side effects.

Keywords: hydroxyethyl starch, doxorubicin, conjugate nanoparticles, pH/redox responsive
linkage, antitumor therapy

Introduction

Cancer is one of the most destructive diseases with high incidences and death rates.
Despite the varied types of therapeutic modalities available to date, chemotherapy
based on anticancer small molecule cytotoxic drugs is the most common approach.’
Nevertheless, the efficacy of chemotherapeutic drugs is usually low when they are
administered in a free formulation because of their several drawbacks such as the
short lifetime in the bloodstream, nonspecific delivery, low bioavailability, and
severe system or organ toxicity."> Many nano-drug vehicles have thus developed

for delivering anti-cancer drugs to prolong their in vivo circulation, enhance their
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pH/redox responsive doxorubicin-bound hydroxyethyl starch conjugate nanoparticles.

tumor-orientated accumulation, increase their cancer cell-
specific uptake, and alleviate their side effects.”

Polymeric conjugates used for intravenous drug
administration were usually constructed by linking
small molecule drugs onto a biodegradable water-
soluble polymer through cleavable linkers. It has been
reported that around 60% of drugs in development or
clinical applications have low aqueous solubility.*
Given that these hydrophobic drugs are delivered as
conjugates, their efficiency could be potentially enhanced
as conjugates can remarkably improve the aqueous solu-
bility of the hydrophobic drugs and protect them from
rapid exclusion from the circulation system.*%'® By tai-
loring the backbone of polymer conjugates, the release
rate and duration of the bound drug can also be mediated,
which offers the opportunity to control the drug release
in custom-designed ways.*'%'? In general, the employed
polymers for the conjugate backbone have their molecu-
lar weight much higher than the renal clearance thresh-
old, and the corresponding conjugates accordingly tend
to accumulate in solid tumors via the enhanced perme-
ability and retention (EPR) effect.'®'® Besides, many
types of conjugates can self-assemble into nanoparticles
(NPs) due to the bound hydrophobic drugs, making them
safer for in vivo use than the corresponding free drugs as
the bound drugs were usually encapsulated inside the
NPps, 10:12.13

Among available biocompatible polymers, hydro-
xyethyl starch (HES), a biodegradable polysaccharide

derivative, has attracted a lot of attention in conjugate
construction because it has several meritorious character-
istics such as full water solubility, tunable degradability,
and modifiable functionalities.”'*'® In particular, HES
has been used as a plasma volume expander for years,
making it notably advantageous over many other polymers
for functioning as the conjugate backbone because of its
high daily parenteral tolerance dose and good in vivo
safety.”'®> Several HES-based anticancer conjugates have
already been developed, and they exhibit varying degrees
of improvements in anticancer efficacy compared to their
respective corresponding free drugs.”'” '

In the case of conjugate-based chemotherapy for solid
tumor, many studies have revealed that many tumor cells
often receive only a low or sublethal drug dosage due to the
low intratumoral drug accumulation, poor cellular internaliza-
tion, slow or insufficient intracellular drug release as well as
heterogeneous drug distribution inside the tumor. As a result,
these sublethally treated tumor cells are hardly eradicated.**~
24 Such insufficient chemotherapy has been considered as one
of the important reasons for the tumor cell repopulation, the
induced drug 223
Nowadays, it has been widely realized that a desirable con-

resistance, and tumor metastasis.
jugate should maintain the linker stable in the bloodstream
and allow fast and sufficient drug release after its accumula-
tion in tumor sites and internalization by tumor cells.*'%2%27
In response to the challenges in conjugate-involved sublethal
or insufficient chemotherapy, certain types of responsive

bonds have been employed to modify the linkers of
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conjugates for achieving tumor-orientated drug accumulation
together with fast and sufficient drug release.*'%2%%°
Disulfide bonds have been utilized to bridge the drug
and the polymer backbone for building conjugates as they
can be cleaved by glutathione (GSH) via a thiol-disulfide
exchange reaction.'”**>! It is known that there is a big
difference between the intracellular GSH concentration
(2-10 mM) and the extracellular GSH concentration (~2
puM); and particularly, the intracellular GSH level of the
tumor cells is at least four folds higher than that in the
normal cells.>*>?  Accordingly, a conjugate with
a disulfide bond-bridged linker would be stable in the
extracellular environment and release the loaded drug
rapidly once endocytosed by the tumor cells.
pH-responsive bonds have also been widely employed as
a trigger for mediating the drug release from conjugates
because pH values in some tissues or cellular compartments
alter remarkably.** The tumor matrix is known to be weakly
acidic (~ pH 6.5) when comparing to the blood and normal
tissues (~ pH 7.4), and the pH values of endosome and
lysosome are in an even lower pH range between 5.0 and
5.5.3%% Accordingly, a conjugate having pH-responsiveness
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could deliver drugs towards tumors during its in vivo
circulation since the pH-sensitivity has been used for tumor-
targeting drug delivery.’”*' Among various kinds of pH-
sensitive bonds, the hydrazine bond has been used to trigger
fast drug release from different nanocarriers because it can be
rapidly cleaved in an acidic environment via hydrolysis.**>°
Considering the different responses of disulfide and hydra-
zone bonds, the antitumor efficacy of a conjugate with the
linkage containing both disulfide and hydrazone bonds could
be significantly enhanced since the disulfide and hydrazone
bonds would synergistically trigger the rapid and sufficient
drug release after conjugate initialization by tumor cells.
Toward this aim, a type of doxorubicin(DOX)-bound HES
conjugate (HES-SS-hyd-DOX)), for the first time, was synthe-
sized using HES as a carrier while connecting DOX onto HES
through a linker containing both disulfide and hydrazone
bonds (Scheme 1). Meanwhile, hydrazone bond-bridged
HES-hyd-DOX, disulfide bond-bridged HES-SS-DOX and
unresponsive HES-DOX conjugates were also synthesized
and used as control. Disulfide and hydrazone bonds in the
linkage of the HES-SS-hyd-DOX conjugate were arranged in
series so that DOX was bound by the hydrazone bond and

Self-assembly

pH

~ sensitivity

sensitivity

Scheme | Schematic illustrations for synthesis and self-assembly of HES-SS-hyd-DOX nanoparticles, and for mechanism of pH/redox responsive drug release from HES-SS-

hyd-DOX nanoparticles.
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situated at the end of the linker, which will offer a prominent
advantage of releasing DOX itself instead of its derivatives.
A simple illustration was shown in the graphical abstract.
Based on the advanced tumor model, the optimally obtained
HES-SS-hyd-DOX NPs showed remarkably enhanced anti-
tumor efficacy compared to HES-SS-DOX, HES-hyd-DOX,
HES-DOX, and free DOX, respectively. The achieved results
demonstrate that this novel type of HES-SS-hyd-DOX NPs
has potential in clinical cancer chemotherapy in terms of its
high anticancer efficacy and adequate safety.

Experimental Section

Materials

HES (Mw:130 kDa, hydroxyethyl molar substitution degree:
0.4) was procured from Wuhan HUST life Science &
Technology Ltd. (Wuhan, China). 3,3'-dithiodipropionic
acid (DTDPA), 2,2'-dithiodipyridine (Py-ss-Py), octanedioic
acid (ODA),
hydrate, methyl 3-mercaptopropionate, 3-mercaptopropionic
acid (MPA), N-ethyl-N'-(3-(dimethylamino)propyl) carbo-
diimide hydrochloride (EDCI), DL-dithiothreitol (DTT),
N-hydroxysuccinimide (NHS), 4-dimethylaminopyridine
(DMAP), dicyclohexyl carbodiimide (DCC), and DOX
were purchased from Aladdin Inc (Shanghai, China).
Cyanine 5.5 mono NHS ester (Cy5.5-NHS) was purchased
from Lumiprobe Corporation (Hunt Valley, USA). All other
chemicals were of analytical grade and purchased from

4-nitrophenyl chloroformate, hydrazine

Sinopharm Inc, China.

Synthesis and Characterization of
HES-SS-hyd-DOX

Four kinds of intermediates, 3-(2-pyridyldithio) propionic
acid (PDP), HES-PDP, 3-mercaptopropanchydrazide (MP-
hyd), and HES-SS-hyd, were first synthesized via designed
synthesis routes, as illustrated in Scheme 2. Details for their
synthesis were provided in the Supplementary Materials.
NMR measurements were used to identify the chemical
structure of these intermediates, and their respective corre-
sponding NMR spectra (Figure 1A and Figure S1-S3) were
also presented in the Supplementary Materials.

The HES-SS-hyd-DOX conjugate was synthesized by
capping DOX to the end of the side chains of HES-SS-hyd.
In a typical synthesis procedure, a HES-SS-hyd solution
was first prepared by dissolving 400 mg of HES-SS-hyd
in 10 mL anhydrous dimethyl sulfoxide. To this solution,
CF;COOH (10 pL) and DOX (163.0 mg, 0.28 mmol) were
added. The resulting mixture was vigorously stirred at 35
°C for 72 h in a nitrogen atmosphere. The mixture was
subsequently added to a mixed solution (ethanol/ethyl ether
= 1/1, v/v) to produce a precipitate. The precipitate was
collected by centrifugation at 8000 rpm for 10 min, and
then, redissolved in dimethyl sulfoxide to prepare a new
solution. This solution was introduced into a membrane
tube (MWCO, 3500) and dialyzed against ultrapure water
for 3 days. After freeze-drying, the achieved HES-SS-hyd-
DOX product was stored at 4 °C for further use. The
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Scheme 2 Schematic illustration showing synthetic routes for four kinds of intermediates (PDP, HES-PDP, MP-hyd and HES-SS-hyd) and HES-SS-hyd-DOX conjugate.
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Figure | Characterization of the four kinds of conjugate NPs. (A) 'H NMR spectra of DOX, HES-SS-hyd and HES-SS-hyd-DOX. (B) FTIR spectra of HES (I), HES-DOX (ll),
HES-SS-DOX (lll), HES-hyd-DOX (1IV), and HES-SS-hyd-DOX (V). (C) Size distribution of HES and different conjugate NPs. (D) TEM images of different conjugate NPs. (E)
Zeta potential for HES, HES-DOX, HES-SS-DOX, HES-hyd-DOX, and HES-SS-hyd-DOX NPs. (F) Size change of HES-SS-hyd-DOX NPs stored in PBS for various durations.
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structure of HES-SS-hyd-DOX was identified using NMR
spectroscopy and the matched "H NMR spectrum was
shown in Figure 1A.

Synthesis of HES-hyd-DOX, HES-SS-DOX
and HES-DOX

Several conjugates with a single responsive bond (HES-SS
-DOX and HES-hyd-DOX) or without any responsive
bond (HES-DOX) were also synthesized and used as con-
trol. The synthesis routes (Scheme S1A and S2) and
detailed synthesis procedures for these conjugates together
with their respective 'H NMR spectra (F igure S4-S6)
were also provided in the Supplementary Materials.

Synthesis of HES-SS-hyd-Cy5.5

Although DOX has a fluorescent property, its fluorescence
imaging is usually interfered with by the strong back-
ground signal when it is used in vivo.** Therefore,
CyS5.5, a near-infrared fluorescent dye, was used to sub-
stitute. DOX in the HES-SS-hyd-DOX conjugate for
synthesizing a fluorescent counterpart, referred to as HES-
SS-hyd-Cy5.5. The resulting HES-SS-hyd-Cy5.5 NPs
were used for imaging in vivo accumulation of NPs in
the follow-up animal experiments.

HES-SS-hyd-Cy5.5 was synthesized as follows. The
pre-synthesized HES-SS-hyd (300 mg) was dissolved in
anhydrous dimethyl sulfoxide (10 mL) to prepare a HES-
SS-hyd solution. To this solution, DMAP (5 mg) and
a Cy5.5-NHS ester solution in DMSO (5 mg/mL, 50 uL)
were added. The resulting mixture was vigorously stirred
at ambient temperature for 72 h. Afterward, the mixture
was processed through dialysis against ultrapure water for
3 days using a membrane tube (MWCO, 3500), followed
by freeze-drying. The synthesis route for HES-SS-hyd-
CyS5.5 was illustrated in Scheme S1B in the Supporting
Materials.

Measurements

'"H NMR spectra of different samples were recorded on
a nuclear magnetic resonance spectrometer (AscendTM
600 MHz, Bruker) using CDCl; or DMSO-d6 as solvents,
and tetramethylsilane as an internal reference. FT-IR spec-
tra were acquired using a Fourier transform infrared
(FTIR) spectrometer (Vertex 70, Bruker) equipped with
an attenuated total reflection accessory. A fluorescence
spectrophotometer (F-4500, Hitachi) was employed for
detecting fluorescence spectra of fluorescent samples.

Drug loading (DL) of conjugates was determined using
a UV-vis spectrophotometer (TU-1901, Beijing Purkinje
General Instrument Co., Ltd.) at an absorption wavelength
of 481 nm. The calibration curve was established using
DOX/DMSO solutions with DOX concentration gradients.
DL was calculated with the following formula:

w1

Where W1 is the weight of the drug in the conjugate, and
Wt is the weight of the conjugate.

Self-Assembly of Conjugate

Nanoparticles

Four kinds of conjugates, HES-SS-hyd-DOX, HES-hyd-
DOX, HES-SS-DOX, and HES-DOX, were tested to
examine whether they could self-assemble into NPs in
PBS. All these kinds of conjugates were processed into
their respectively corresponding solutions with the same
concentration of 2 mg/mL. Each of the solutions was
intermittently sonicated for 10 min at room temperature
to facilitate the self-assembly of conjugates. The hydro-
dynamic size of the formed conjugate NPs was tested
using a dynamic light scattering instrument (Nano-ZS90,
Malvern); and the Zeta potential of NPs was also mea-
sured using the same instrument. The morphology of the
resulting conjugate NPs was viewed using a transmission
electron microscope (TEM, JEM-1230). Concerning
TEM sample preparation, a drop of the conjugate sus-
pension was placed onto a carbon-coated copper grid,
stained with 2% phosphotungstic acid, and the samples
were allowed to air-dry at room temperature overnight
before TEM observation.

In vitro Drug Release

Release profiles for different conjugates, namely, HES-SS-
hyd-DOX, HES-hyd-DOX, HES-SS-DOX, and HES-DOX,
were determined using a dialysis method. Four kinds of
solutions were employed as testing media to examine the
drug release of conjugates at 37 °C: (1) PBS buffer (10 mM,
pH 7.4); (2) PBS buffer (10 mM, pH 7.4) with DTT (10
mM); (3) PBS buffer (10 mM, pH 5.0); and (4) PBS buffer
(10 mM, pH 5.0) with DTT (10 mM). All these testing
media contained a small amount of Tween-80 (0.5%).

In a typical measurement process, 1 mL of the aqueous
suspension of conjugate NPs was introduced into
a membrane tube (MWCO, 3500), and the tube was then
immersed in 30 mL of testing media in a capped flask at

4532 "

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=314705.pdf
https://www.dovepress.com/get_supplementary_file.php?f=314705.pdf
https://www.dovepress.com/get_supplementary_file.php?f=314705.pdf
https://www.dovepress.com/get_supplementary_file.php?f=314705.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove

Tan et al

37 °C with shaking at a speed of 100 rpm. At predeter-
mined time points, 1 mL of medium was withdrawn and
an equal volume of fresh media was replenished into the
flask. The released DOX amount was determined via
fluorescence measurement (F-4500, Hitachi) at A.,=501
nm and A.,=554 nm, respectively.

Cell Culture

All kinds of cell lines used in this study were purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Murine hepatoma H22
cells were expanded using RPMI-1640 culture medium,
supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37 °C in a 5%
CO, atmosphere. Human hepatoma HepG2 cells were
cultured under the same conditions, but in this case, the
RPMI-1640 medium was replaced with the DMEM med-
ium. Two types of expanded cells were suspended in PBS
for further use.

Tumor Model

Six-week-old male BALB/c mice (18.6 + 2.2 g) were
bought from the Hubei Provincial Center for Disease
Control and Prevention (Wuhan, China) and used for ani-
mal experiments. They were housed in an air-conditioned
atmosphere with a relative humidity of 50% under natural
light/dark cycle conditions and allowed free access to
standard food and water.

Tumor models were established by subcutaneously
injecting 0.1 mL of H22 cell suspension (2x10° cells/mL)
to the right thigh of BALB/c mice. These cell-seeded mice
were used for subsequent experiments when the induced
tumors reached an estimated volume ranging between 170
and 190 mm®. Animal experiments were approved by the
Animal Care and Use Committee of Huazhong University of
Science and Technology (No. S915). All animal experiments
were conducted following the NIH Guide for the Care and
Use of Laboratory Animals.

In vitro Cytotoxicity

MTT assay was used to evaluate the in vitro cytotoxicity
of conjugate NPs and free DOX against HepG2 cells.
Briefly, HepG2 cells were seeded in 96-well plates at
a cell density of 5x10 cells per well, and they were then
treated with conjugate NPs and free DOX at various
equivalent DOX dosages changing from 0.01 pug/mL to
10 pg/mL, along with standard culture using the com-
plete medium for 48 h. 4 wells were set as duplications

for each designated equivalent DOX concentration. After
that, 20 uL of MTT solution (5 mg/mL) was added into
each well, followed by incubation for 4 h. After evacu-
ating the medium, DMSO (150 pL) was added into each
well for dissolving formazan crystals, and then, UV
absorbance for each well was measured at an absorbance
wavelength of 492 nm using a microplate reader (381C
Microplate Reader). The group treated with a simple
DMEM medium was used as a control, and the matched
100%. The half-
maximum inhibition concentration (ICsy) was deter-

cell viability was considered as
mined on the basis of cytotoxicity assessment.

In vitro Cellular Uptake

HepG?2 cells were cultured with HES-SS-hyd-DOX, HES-
hyd-DOX, HES-SS-DOX, and HES-DOX NPs to assess
their cellular uptake. In brief, the HepG2 cell suspension
was introduced into confocal glass dishes to reach
a volume of 1 mL at a cell density of 10° cells/mL, and
the cell-seeded dishes were incubated under standard con-
ditions using the complete medium for 24 h. Subsequently,
cells in different dishes were treated with media containing
either free DOX (control) or DOX-involved conjugate NPs
(equivalent DOX dose: 5 pg/mL for all cell groups) for 4
h at 37 °C, respectively. The cells were then washed with
PBS and fixed in a 4% paraformaldehyde solution for 15
min. After that, 1.0 mL of 4.6-diamino-2-phenyl indole
solution (1 pg/mL) was added to each dish to stain cells
for 10 min before the confocal imaging (Leica TCS SP5).

In vivo Imaging and Biodistribution
HES-SS-hyd-Cy5.5 NPs were utilized to image the in vivo
time-dependent accumulation of NPs. H22-tumor-bearing
mice having an average tumor volume of around 190 mm?
were randomly divided into two groups with five mice in
each group. Two groups of mice were intravenously admi-
nistered with HES-SS-hyd-Cy5.5 NPs and free Cy5.5
(control), respectively. Whole-body fluorescence images
of mice were recorded on a fluorescence imaging instru-
ment (IVIS Lumina XR, Caliper), and images were taken
starting from 15 min after the injection of HES-SS-hyd-
Cy5.5 NPs or free Cy5.5. During the period of imaging,
mice were intermittently administered with a small amount
of 3% isoflurane anesthesia through a nose cone tube for
continuous anesthesia when they were exposed to the
camera.

Because of the fluorescence characteristics of DOX,
the tumor-bearing mice were directly administered with
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free DOX or DOX-involved conjugate NPs, and their
major organs were then excised for determining the ex
vivo tissue distribution of DOX. Briefly, H22-tumor-
bearing mice were randomly divided into five groups,
each group having five mice. Free DOX, HES-DOX, HES-
SS-DOX, HES-hyd-DOX, and HES-SS-hyd-DOX were
dispersed in PBS to prepare five different solutions, and
they were then applied to five groups of mice, respectively.
Mice were injected with 0.1 mL of free DOX solution or
DOX-loaded conjugate solution at an equivalent dosage of
4 mg DOX/(kg of body weight) via the tail vein. At 12
h after injection, mice were sacrificed by cervical disloca-
tion, and tumors as well as major organs (heart, liver,
spleen, lung and kidney) were excised for the determina-
tion of fluorescence intensity using a fluorescence imaging
instrument (IVIS Lumina XR, Caliper).

In vivo Anti-Tumor Study

H22-tumor-bearing mice were randomly assigned to six
groups with four mice in each group and treated with five
different DOX formulations for evaluating the antitumor
efficacy of these drugs. Free DOX, HES-DOX, HES-SS-
DOX, HES-hyd-DOX, and HES-SS-hyd-DOX were intra-
venously administered to mice in five groups, respectively,
at an equivalent DOX dose of 4 mg/(kg of body weight).
The remaining group of mice was administered with PBS
and used as control. The treatment was started when the
tumor volume reached the range between 170 and
190 mm®. Injection for all mice was performed every 4
days 3 times in total, and the day for conducting the first
injection was designated as day 0.

The body weight of mice was measured every 2 days,
and the tumor volume of mice was assessed using an
empirical formula proposed in the literature.** At the end
of the treatment, mice were sacrificed, and tumors were
excised for their weight determination and staining analy-
sis. Major organs, including heart, liver, spleen, lung, and
kidney, were also excised, fixed with paraformaldehyde,
and sectioned into slices for the subsequent histopatholo-
gical analysis using hematoxylin and eosin (H/E) staining.
The images of H/E-stained tissue sections were examined
by a pathologist.

Statistical Analysis

Statistical analyses were conducted with statistical soft-
ware SPSS20. Statistical evaluations between two groups
were compared using Student’s #-test, and multiple com-
parisons were made using one-way analysis of variance.

Data were presented as mean + standard deviation, and the
statistical difference was declared at p < 0.05.

Results and Discussion
Synthesis of Conjugates

Several kinds of HES products with different molecular
weights and hydroxyethyl substitution degrees are now
commercially available.'>** Previous studies on HES-
based NPs indicate that the molecular weight and hydro-
xyethyl substitution degree of HES are two key parameters
for regulating the size and a-amylase-mediated degrada-
tion of HES-based NPs.'®*>¢ In this study, based on
many comparative trials, HES with its molecular weight
of 130 kDa and hydroxyethyl molar substitution of 0.4 was
selected as the carrier for DOX conjugation since it has
a suitable ability to resist fast degradation, and concomi-
tantly, the resulting NPs could have their sizes suited for
intravenous administration and the tumor accumulation.
A multi-step synthesis method, for the first time, was
developed for synthesizing HES-SS-hyd-DOX to achieve
a high DOX load, and meanwhile, to link DOX with HES
through a hydrazone bond, as explicated in Scheme 2.

Two kinds of intermediates, PDP and HES-PDP, were
first synthesized, and their "H NMR spectra were provided in
Figure S1 and S2, respectively. In the spectrum of PDP, peaks
at 7.16, 7.61, 7.67, and 8.48 ppm belong to the protons of
pyridyl groups, and the peaks at 2.80 and 3.08 ppm are
ascribed to the protons of methylene groups. HES-PDP was
synthesized by conjugating PDP onto HES via an esterifica-
tion reaction. In the spectrum for HES-PDP, the signals for
the protons of pyridyl groups are registered in the range
between 6.91 and 8.48 ppm, and the signals corresponding
to the protons of methylene groups are seen between 2.92 and
3.23 ppm. Some other signals in the spectrum of HES-PDP
are attributed to the HES backbone.*>*

The other two intermediates, MP-hyd and HES-SS-
and their

"H NMR spectra were presented in Figures S3 and 1A,

hyd, were also synthesized in advance,
respectively. In the "H NMR spectrum of MP-hyd, signals
for the protons of hydrazide groups are observed at 4.18
and 9.00 ppm, whilst the signals for the protons of methy-
lene groups can be seen at 2.27 and 2.66 ppm. Concerning
the "H NMR spectrum of HES-SS-hyd, the proton signals
of methylene groups in the range between 2.76 and 2.92
ppm demonstrate the successful reaction that occurred
between MP-hyd and HES-PDP in terms of the formation
of the disulfide bond.
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Based on the above-obtained intermediates, HES-SS-
hyd-DOX was finally synthesized via a dehydration con-
densation reaction between HES-SS-hyd and DOX; and
its "H NMR spectrum is presented in Figure 1A. The
signals that appeared at 7.72-7.93 ppm are assigned to
the aromatic ring protons of DOX; the signals located
2.62-2.86 ppm can be ascribed to the protons of methy-
lene groups (-CH,-SS-); and the signal at 1.35 ppm should
be attributed to the protons of methyl groups in DOX.
FTIR spectrum for HES-SS-hyd-DOX is shown in
Figure 1B. In comparison to HES, three new bands are
seen to appear at around 1242, 1581, and 1727 cm ™' in the
spectrum of HES-SS-hyd-DOX. The band at 1242 cm ™' is
associated with the aromatic ring vibration of DOX, the
band at 1581 cm™ ' is assigned to the amide bonds closely
connected with DOX, and the band registered at
1727 cm™' is attributed to the stretching vibration of
C=0 located in the linker between DOX and HES (see
the inserted chemical structure of HES-SS-hyd-DOX in
Figure 1A). Based on the results elucidated in Figure 1A
and B, it can be concluded that DOX has been success-
fully bound onto HES through a linker containing both
disulfide and hydrazone bonds.

Several other conjugates, namely, HES-hyd-DOX,
HES-SS-DOX, and HES-DOX, were synthesized and
used for the comparison. The synthesis routes for them
were respectively elucidated in Scheme S1A and S2 in
order. Chemical structures of these three kinds of conju-
gates were analyzed using NMR measurements and the
matched "H NMR spectra with identified peaks for them
are separately represented in Figure S4-S6. The FTIR
spectra of these conjugates are shown in Figure 1B. It
can be observed that HES-SS-DOX and HES-DOX have
their FTIR spectra similar to that for HES-SS-hyd-DOX.
These results are reasonable when three characteristic
bands at 1242, 1581, and 1727 cm™ ' are compared. HES-
hyd-DOX does not have the band at 1727 c¢m ', which
could be due to the presence of only a single carbonyl

Table | Parameters of Different Nanoparticles

group in the linker (see chemical structure of HES-hyd-
DOX in Figure S4. Results presented in Figure S4-S6 as
well as in Figure 1B provide the collaborative evidence for
the successful synthesis of HES-hyd-DOX, HES-SS-DOX,
and HES-DOX. The DOX load in HES-SS-hyd-DOX,
HES-hyd-DOX, HES-SS-DOX, and HES-DOX conjugates
was determined using UV-vis spectrophotometry, and DL
data calculated with the formula (1) for them are listed in
Table 1.

Parameters for Conjugate Nanoparticles
Four kinds of conjugates, HES-SS-hyd-DOX, HES-hyd-
DOX, HES-SS-DOX, and HES-DOX, were found to have
amphiphilic characteristics due to the conjugation of
hydrophobic DOX. Accordingly, they were further pro-
cessed in aqueous media to test their self-assembly practi-
cality with the help of sonication dispersion, and some
results for the self-assembled NPs are shown in Figure 1.
Considering the amphiphilic features of these conjugates,
the resulting NPs would have a HES-exposed hydrophilic
surface while encapsulating the bound DOX inside, as
illustrated in Scheme 1. As a result, these NPs would
have long in vivo circulation capability due to the high
hydrophilicity of HES, and at the same time, be able to
reduce the DOX-induced side effects because they are
prone to accumulate in tumors via the EPR effect with
dual responsive DOX release there.

Figure 1C shows representative hydrodynamic size
distributions for the resulting NPs. These size distributions
all exhibit approximate Gaussian distribution patterns with
narrow distribution intervals. Several sets of samples for
each kind of hydrated NPs were measured and data for the
matched mean sizes are listed in Table 1. The size of drug-
load NPs is known to play an important role in regulating
their drug release, cellular uptake, and in vivo bio-
distributions.'>*’ Some studies have suggested that NPs
with sizes in the range between 40 and 200 nm are more
likely to accumulate in tumors via the EPR effect

Sample Name Mean Size (nm) PDI® £ (mV) DL (%)
HES-SS-hyd-DOX 1542 + 159 0.294 +0.0378 -033£0.19 5.15%0.16
HES-hyd-DOX 267.5 £ 223 0.201 +0.0144 031 +0.18 4.94 + 0.29
HES-SS-DOX 137.9 £15.1 0.394 +0.0474 —241 £0.34 6.31 £0.27
HES-DOX 425+ 34 0.295 £0.021 | —1.00 £ 0.73 6.58 £ 0.15
HES 163 £ 09 0.145 +0.0569 —3.65+05I

Notes: @polydispersity index
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compared to others outside this size range.*”*® Table 1
shows that HES-SS-hyd-DOX NPs have their mean size of
about 150 nm, indicating that the HES-SS-hyd-DOX con-
jugate has been cleverly designed and synthesized so that
it can be self-assembled into NPs with a befitting mean
size.

TEM images in Figure 1D exhibit that four kinds of
NPs were spherical and had good dispersibility. Figure 1E
shows that the absolute value for the Zeta potential of
these NPs was small, and HES-SS-hyd-DOX NPs had
a nearly neutral surface charge nature. It is known that
the physical stability of NPs is an important issue to their
performance,'>*®* HES-SS-hyd-DOX NPs were thus stored
in PBS at 25 °C for 1 week to test whether their size
significantly changed with storage time. No precipitation
and coagulation were viewed for the stored HES-SS-hyd-
DOX NPs during 7-day storage based on visual observa-
tions. Data in Figure 1F signify that the size of the
hydrated HES-SS-hyd-DOX NPs changed slightly without
significant differences and their PDI also displayed insig-
nificant changes over 7 days, revealing that these HES-SS-
hyd-DOX NPs are stable in PBS. Several other kinds of
NPs were also tested to see their size change in PBS, and
relevant data are depicted in Figure S7A. It can be noted
that the curves present that HES-SS-DOX, HES-hyd-
DOX, and HES-DOX NPs have insignificant size changes
during 7-day storage in PBS, indicative of their well-
defined stability.

In the following text, when referring to HES-SS-hyd-
DOX, HES-SS-DOX, HES-hyd-DOX, and HES-DOX,
they represent either their respective conjugates or self-
assembled NPs, unless otherwise stated.

In vitro Drug Release

To determine the release patterns of HES-SS-hyd-DOX,
HES-hyd-DOX, HES-SS-DOX, and HES-DOX, their
respective suspensions in deionized water were used for
release measurements. Each of the prepared suspensions
was dialyzed against different PBS solutions with or with-
out DTT as an analog of GSH while having varied pH
values. As shown in Figure 2A, the release pattern of
HES-SS-hyd-DOX behaved in dual parameter-dependent
ways, DTT-dose and pH value. At a fixed pH value of 7.4,
the DOX amount released from HES-SS-hyd-DOX shar-
ply increased during the first 24-hour release period when
the applied DTT dose was set as 0 mmol and 10mmol,
respectively; and a similar situation occurred to these NPs
when the pH value was fixed at 5.0 (Figure 2A). These

results demonstrate that HES-SS-hyd-DOX NPs release
the bound DOX in a dual responsive manner. In
Figure 2B and C, it can be noticed that HES-hyd-DOX
and HES-SS-DOX released their loaded DOX in a pH-
only or DTT-only responsive way. Regarding HES-DOX,
their release patterns did not show significant responses
(Figure 2D). In Figure 2D, the small difference caused by
the pH change could be due to the partial hydrolysis of the
DOX-bound linker in an acidic environment. Despite this
small difference, by comparing the release patterns shown
in Figure 2A and D in a paired manner, it can be drawn
that after subtracting the small difference between them,
the pH-responsive release patterns illustrated in Figure 2A
is still very significant, confirming that the pH/redox
responsive linkage in HES-SS-hyd-DOX has played
a key role in regulating the release of the bound DOX.
In this study, the hydrazone bond, disulfide bond and DOX
in HES-SS-hyd-DOX were connected in a specifically
designed order so that the final released product is DOX
itself instead of its derivatives, as elucidated in Scheme 1.

Cellular Uptake and in vitro Antitumor
Activity

Despite the fluorescent nature of DOX, its fluorescence
would be self-quenched significantly given that DOX is
bound onto HES due to the homo Forster resonance energy
transfer.'” To verify this, the solution of free DOX and
different conjugate suspensions with the same equivalent
DOX concentration were subjected to the fluorescence
measurement, and the obtained fluorescence spectra are
presented in Figure S7B. All conjugates were seen to
have the same characteristic peaks as that corresponding
to free DOX but greatly reduced fluorescence intensity.
These curves provide evidence for the fluorescence self-
quenching of DOX after its conjugation onto HES.
Nevertheless, the presently developed these DOX-bound
conjugates were found to still be competent for use in
the cellular DOX uptake
Figure 3A presents several sets of fluorescence images
for HepG2 cells treated with free DOX or DOX-involved
conjugates at an equivalent DOX dose of 5 pg/mL for 4h.
It can be seen that the free DOX was localized both in the
cytoplasm and the cell nucleus of HepG2 cells. For HES-

testing in cancer cells.

SS-hyd-DOX, the corresponding fluorescence images
exhibit that the released DOX behaved in a way quite
similar to free DOX while showing lower DOX fluores-
cence intensity compared to the free DOX. With regard to
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Figure 2 DOX release patterns of different NPs tested in PBS solutions with or without DTT as an analog of GSH while having varied pH values. (A) DOX release from
HES-SS-hyd-DOX NPs. (B) DOX release from HES-hyd-DOX NPs. (C) DOX release from HES-SS-DOX NPs. (D) DOX release from HES-DOX NPs.

HES-hyd-DOX, HES-SS-DOX and HES-DOX, their
respective DOX fluorescence intensities were pronounc-
edly lower than that for HES-SS-hyd-DOX. Considering
a fact that DOX needs to play its role in the cell nucleus,
the fluorescence intensity of the accumulated DOX in the
nucleus of HepG2 cells would be an applicable indicator
for assessing the DOX cellular uptake. Hence, the fluores-
cence intensity of DOX accumulated in the cell nucleus
was detected and some results obtained in a semi-
quantitative manner are presented in Figure 3B. It can be
noticed that the DOX fluorescence intensity corresponding
to HES-SS-hyd-DOX group was much higher than that
correlated to HES-hyd-DOX, HES-SS-DOX and HES-
DOX groups. The results explicated in Figure 3A and
B signify that compared to HES-hyd-DOX, HES-SS-

DOX and HES-DOX NPs, HES-SS-hyd-DOX NPs are
more likely to be internalized by HepG2 cells, or release
DOX faster or have both.

The cytotoxicity induced by free DOX and several
kinds of conjugate NPs were tested to figure out whether
the pH/redox responsive linkage in HES-SS-hyd-DOX is
beneficial to its in vitro antitumor activity. HepG2 cells
were used to assess the cytotoxicity of different DOX
formulations, and the obtained data are graphed in
Figure 3C. The bar graphs point out that free DOX, HES-
SS-hyd-DOX, HES-hyd-DOX, HES-SS-DOX, and HES-
DOX all show the ability to inhibit the growth of HepG2
cells in a dose-dependent manner. Among them, free DOX
shows the highest growth inhibition effect on HepG2 cells.
The high growth inhibition effect arisen from free DOX
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Figure 3 Cellular uptake and in vitro antitumor activity. (A) Fluorescence images of HepG2 cells treated by HES-SS-hyd-DOX, HES-hyd-DOX, HES-SS-DOX, HES-DOX
NPs and free DOX (4h, equivalent DOX dose: 5 pg/mL). (B) Average fluorescence intensity of DOX accumulated in the nuclei of HepG2 cells that were treated by HES-SS-
hyd-DOX, HES-hyd-DOX, HES-SS-DOX, HES-DOX NPs and free DOX (4h, equivalent DOX dose: 5 pug/mL). (C) The viability of HepG2 cells treated with various amounts
of HES-SS-hyd-DOX, HES-hyd-DOX, HES-SS-DOX, HES-DOX and free DOX for 48 h (¥p < 0.05; *p < 0.01; **p < 0.001; N.S., no significance).

can be attributed to the fact that free DOX can be readily
transported into cells by way of passive diffusion. About
DOX conjugate NPs, their hydrophilic HES backbone
hampers their internalization.*” Besides, DOX released
from conjugate NPs is quite dependent on the time-
consuming disconnection of the linkage bridging between
DOX and HES. These two factors jointly result in lower
growth inhibition of these conjugate NPs against HepG2
cells when compared to free DOX. By comparing four
kinds of conjugates with each other, it can be noticed
that HES-SS-hyd-DOX has a significantly higher growth
inhibition effect on HepG2 cells with their ICs, value of
2.22, 1.97, and 7.12 times lower than that for HES-hyd-

DOX, HES-SS-DOX, and HES-DOX (Table S1),

respectively. Accordingly, the higher growth inhibition
effect of HES-SS-hyd-DOX on tumor cells can be ascribed
to its pH/redox responsive linkage. After uptake by HepG2
cells, the linker in HES-SS-hyd-DOX would be discon-
nected due to the intracellular acidic environment and the
high GSH level, resulting in fast and sufficient drug
release and timely cytotoxicity.

In vivo Imaging and Tissue Biodistribution
HES-SS-hyd-Cy5.5 was synthesized following a synthesis
route similar to that for the synthesis of HES-SS-hyd-DOX
to substitute HES-SS-hyd-DOX for evaluating the conju-
gate accumulation in tumor since in vivo DOX fluores-
cence signal is usually interfered by a strong background
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fluorescence signal.** The HES-SS-hyd-Cy5.5 conjugate
had the same structural features when compared to HES-
SS-hyd-DOX and was also able to self-assemble into NPs
in an aqueous environment. The resulting HES-SS-hyd-
Cy5.5 NPs were found to have their size-distribution and
nearly neutral surface potential similar to that for HES-SS-
hyd-DOX (Figure S8 and S9). In addition, HES-SS-hyd-
Cy5.5 was capable of maintaining its fluorescence inten-
sity almost the same as that matched with free Cy5.5 dye
without  significant  self-quenching (Figure S10).
Therefore, HES-SS-hyd-Cy5.5 would be an appropriate
analog to HES-SS-hyd-DOX for in vivo imaging.

Two sets of fluorescence images taken from the back of
H22-tumor-bearing mice are displayed in Figure 4A.
Images show that a very weak fluorescence signal
appeared in the vicinity of the tumor region at 15 min
after injection of free Cy5.5, and it reached the highest
intensity after 2h injection. Thereafter, the signal intensity
dropped down sharply to almost disappear at around 12
h after injection, meaning that free Cy5.5 has only a short
circulation life. In contrast to the images assigned to free
Cy5.5, a bright fluorescence signal associated with HES-
SS-hyd-Cy5.5 NPs was shown in the tumor region at 15
min after their injection, and subsequently, the intensity of
fluorescence signals remained at an almost similar level in
the tumor area until 48 h. These images demonstrate that
HES-SS-hyd-Cy5.5 NPs have a much prolonged blood
circulation life compared to free Cy5.5, and also show
the tumor-oriented accumulation characteristics. Semi-
quantitative analysis results of the fluorescence intensity
for tumor regions are represented in Figure 4B. The curve
for HES-SS-hyd-Cy5.5 shows that the fluorescence inten-
sity of tumor sites increased as time advanced, and reached
the peak level at 1 h after injection; and thereafter, it
slightly declined but was maintained at a high level up to
48 h. The fluorescence intensity corresponding to free
Cy5.5 was seen to be much lower than that for HES-SS-
hyd-Cy5.5 over the whole sampling time range. Since free
Cy5.5 (Cyanine 5.5 mono NHS ester) is a small molecule
fluorescence dye, it will thus be easily cleared out of the
bloodstream after its intravenous administration owing to
its high hydrophobicity. In contrast, HES-SS-hyd-Cy5.5
NPs have a highly hydrophilic surface with a desirable
mean size (Scheme 1, Figures 1 and S8), which enables
them to be effectively accumulated in tumors via the EPR
effect. Figure 4C shows representative ex vivo images of
main organs and tumors excised from mice administered
with different DOX formulations for 48 h, and the semi-

quantitative fluorescence intensity detected from the
excised organs and tumors is presented in Figure 4D.
The images in Figure 4C display that DOX-bound NPs
were accumulated in the liver and tumor, whereas free
DOX was accumulated in the liver, kidney, and tumor.
Bar graphs in Figure 4D indicate that the accumulated
DOX amount released from conjugate NPs in the liver
was similar to that of free DOX without a significant
difference; but in tumor sites, the detected DOX amount
corresponding to HES-SS-hyd-DOX was nearly 1.9 times
higher than that of free DOX, HES-hyd-DOX, and HES-
DOX, and 1.4 times higher than that of HES-SS-DOX,
respectively. The high tumor-accumulated DOX amount
detected from HES-SS-hyd-DOX can be ascribed to that
HES-SS-hyd-DOX tends to accumulate in the tumor
(Figure 4A and B). In comparison to DOX-bound NPs,
the higher free DOX accumulation in the kidney can be
attributed to its low molecular weight, which results in its
circulation via renal

rapid clearance from blood

elimination.

In vivo Antitumor Efficacy

H22-tumor-bearing mice were intravenously administered
with different DOX formulations at an equivalent dose of
4 mg DOX/(kg of body weight) to assess the antitumor
efficacy of applied agents, and relevant results are eluci-
dated in Figure SA-E. Time-varying tumor volume curves
reveal that all treated groups exhibited tumor growth inhi-
bition compared to the control group, and HES-SS-hyd-
DOX group had significantly stronger tumor growth inhi-
bition in comparison to others. The images for excised
tumors (Figure 5B) and the changes in tumor weight
(Figure 5C) provided further evidence that tumor growth
in the HES-SS-hyd-DOX group was more significantly
inhibited than that in other groups. At the end of treat-
ment, the tumor volume matched with the mice treated
with HES-SS-hyd-DOX NPs was 1.43-, 1.64-, 1.85-,2.31-
, and 3.41-fold lower, and meanwhile, the corresponding
tumor weight was 1.39-, 1.79-, 1.98-, 2.56- and 3.19-fold
lower when compared to those in HES-SS-DOX, free
DOX, HES-hyd-DOX, HES-DOX and PBS (control)
groups, respectively. The best in vivo antitumor efficacy
of HES-SS-hyd-DOX can be attributed to its tumor-
oriented accumulation, and rapid DOX release regulated
by its pH/redox responsive linkage. The bodyweight of
mice in all groups was measured for evaluating the toxi-
city possibly arisen from repeated administration of DOX-

involved agents, and relevant data are plotted in
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Figure 4 In vivo imaging and tissue biodistribution. (A) Representative real-time fluorescence images of H22-tumor-bearing mice administered with free Cy5.5 and HES-SS-
hyd-Cy5.5 NPs (equivalent Cy5.5 dose: 50 pg/(kg of body weight)). (B) Average radiant efficacy of tumor site at different time points. (C) Fluorescence image of ex vivo
organs and tumors. (D) Average radiant efficacy of major organs and tumors (*p < 0.05).

Figure 5D. Significant weight loss was detected from the
mice in the free DOX group starting from around day 4
after the first injection, indicating DOX-induced toxic
effects. As for the mice in other groups, their body weight
increased to a certain extent at the end of the treatment,
and there was no significant difference in the average body
weight among these groups. The reduced side effects of
conjugate NPs could be attributed to (I) their self-

assembly by which DOX was encapsulated inside NPs;
and (II) their tumor-oriented accumulation due to the EPR
effect.

The tumors harvested at the end of the treatment were
sectioned into slices for histological analysis using H/E stain-
ing to further evaluate the effect of applied agents on tumors,
and the obtained images are represented in Figure SE. The
mice in PBS groups were used as a control. By comparing
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Figure 5 In vivo antitumor efficacy. (A) Time-varying tumor volumes during treatment. (B) Images of excised tumors after treatment. (C) Average weights of excised
tumors after treatment. (D) Changes in body weight. (E) H/E staining micrographs for H22-tumor-bearing mice treated with different DOX formulations (equivalent DOX
dose: 4 mg/(kg of body weight); *p < 0.05; ***p < 0.001; magnification, 200x), N. S, no significance.

the dark purple color area among these micrographs, it can
be reached that HES-SS-hyd-DOX had significantly
higher cytotoxicity to the cancer cells, indicated by the
large purple-free area. Two representative images with higher

magnification for HES-SS-hyd-DOX and PBS groups are
displayed in Figure S11. In comparison to the image for the
PBS group, the image matched with the HES-SS-hyd-DOX
group shows that most of its area did not have any stained
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purple at all; and in the small stained area, the cell nucleus
appeared to be shrunken, irregular or broken, confirming that
a large number of cells in the tumors belonging to HES-SS-
hyd-DOX group have already been necrotic or apoptotic.
The significantly higher anti-cancer cytotoxicity of
HES-SS-hyd-DOX can be attributed to its enhanced
intratumoral accumulation (Figure 4C), and fast DOX
release (Figure 2A). It is worth mentioning that the initial
tumor volume before treatment in the current study was
between 170-190 mm?, which is considerably larger than

19,45,46,50

that mentioned in some previous studies, and

can be considered as advanced tumor models.
Therefore, the presently achieved results corroborate
that these HES-SS-hyd-DOX NPs have significantly
higher antitumor efficacy because they can inhibit the
growth of advanced tumors.

DOX-induced cardiotoxicity is one of the major con-
cerns related to its applications.’'* Histological analyses
were thus performed on major organs such as the heart,
liver, spleen, lung, and kidney to evaluate the toxicity of
different DOX Formulations. The tissue sections of mice
in different groups were stained with H/E, and the

obtained micrographs are presented

in Figure 6.

HES-S$S-DOX

HES-hyd-DOX

HES-$S-hyd-DOX

Micrographs obtained from the sections respectively
belonging to HES-SS-hyd-DOX, HES-hyd-DOX, HES-
SS-DOX and HES-DOX groups exhibit that the stained
tissues had normal histological structures when compared
to the corresponding ones in the control group.
Micrographs matched with the free DOX group show
that the liver, spleen, lung, and kidney of the treated
mice had normal tissue structures, but the cardiac tissue

had some visual pathological changes,*">*

as indicated by
the hypertrophy and orientation disorder of myocardium
(white arrows), the vacuoles with varying shapes and sizes
(yellow arrows), and the aggregated inflammatory cardiac
muscle cells (ellipse marked by white dotted line). Results
presented in Figure 6 reveal that these DOX-bound con-
jugate NPs have not resulted in impairments to the normal
organs of the treated mice. The in vivo safety of conjugate
NPs may come from the effects of their self-assembly. As
shown earlier, HES-SS-hyd-DOX, HES-hyd-DOX, HES-
SS-DOX, and HES-DOX conjugates can self-assemble
into NPs in aqueous media, which will greatly reduce
DOX exposure in the circulation system on the one hand,
and enhance DOX accumulation in the tumor with DOX
release there on the other.

Figure 6 Representative micrographs of H/E-stained tissue sections respectively matching with major organs excised from H22-tumor-bearing mice treated with different
DOX formulations (organs were harvested after 12-day treatment, equivalent DOX dose: 4 mg/(kg of body weight); magnification, 200 x).
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Conclusions

A novel type of DOX-bound HES conjugate NPs with
designed structures and desirable properties was success-
fully developed. DOX was bound onto HES via a linker
containing both disulfide bond and hydrazone bond in
series to form a specific kind of conjugate (HES-SS-hyd-
DOX) with characteristics for releasing of DOX itself
instead of its derivatives. HES-SS-hyd-DOX was able to
self-assemble into NPs in aqueous media with suitable
sizes, allowing HES-SS-hyd-DOX NPs to circulate long
in the bloodstream and to efficiently accumulate in the
tumor. The pH/redox responsive linkage in HES-SS-hyd-
DOX was found to play a critical role in fast and
sufficiently releasing the bound DOX so that the HES-SS-
hyd-DOX-caused cellular DOX uptake in tumor cells was
very similar to that of free DOX. In vivo results obtained
from H22-tumor-bearing mice proved that HES-SS-hyd-
DOX NPs were capable of inhibiting the growth of
advanced tumors with significantly higher antitumor effi-
cacy in comparison to free DOX, and to those DOX-bound
NPs that have an only single responsive or unresponsive
bond. In addition, HES-SS-hyd-DOX NPs showed almost
no impairment to the main organs of the mice. Considering
the fully biodegradable and biocompatible nature of HES-
SS-hyd-DOX NPs as well as their safe and high antitumor
performance, they hold quite promising potential in trans-
lation for clinical trials.
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