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ABSTRACT: The acid-sensitive PEGylated doxorubicin
(DOX) with exact chemical structure was designed and
prepared as a potential tumor intracellular microenvironment-
responsive drug delivery system. First, the insensitive succinic
anhydride-functionalized DOX (i.e., SAD) and acid-sensitive
cis-aconitic anhydride-modified DOX (i.e, CAD) were
synthesized through the ring-opening reaction. Subsequently,
the insensitive and acid-sensitive PEGylated DOX (i.e., mPEG-
SAD and mPEG-CAD) was prepared by the condensation
reaction between the terminal hydroxyl group of mPEG and
the carboxyl group in SAD and CAD, respectively. The
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obtained mPEG-SAD and mPEG-CAD could spontaneously self-assemble into micelles in phosphate-buffered saline at pH 7.4
with diameters of about 100 nm. The DOX release of mPEG-CAD micelle could be accelerated by the decrease of pH from 7.4,
6.8, to 5.5 in relation to that of mPEG-SAD micelle. On the other hand, the result of the cellular proliferation inhibition test
indicated that mPEG-CAD micelle exhibited favorable antiproliferative activity in vitro. In addition, the selective intratumoral
accumulation and antitumor efficacy of mPEG-CAD micelle were significantly better than those of free DOX and mPEG-SAD.
More importantly, the prodrug micelles exhibited upregulated security in vivo as compared to free DOX. Overall, the mPEG-
CAD micelle with enhanced antitumor efficacy and decreased side effects was a fascinating prospect for the clinical chemotherapy

of malignancy.
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1. INTRODUCTION

Malignancy has been one of the leading causes of human deaths
all over the world.' Chemotherapy is the main clinical
treatment approach among all traditional modalities.” Although
chemotherapy significantly progresses,” some severe obstacles
are still not solved, such as inadequate amount of drug reaching
the lesion site and serious undesired side effects.* Nano-
technology has raised the expectation in malignancy treatment,’
and is considered as one of the most promising directions.®
Among all existing nanoscale drug delivery systems,” for
example, liposome,s_w micelle,"' ™*3 vesicle,® and nanoge1,14_16
micelle develops more quickly and draws great attention.
Amphiphilic block or graft copolymers could self-assemble into
micelles as drug carriers."” The packaging ways of micelles for
antitumor drugs can be divided into two types: physical
encapsulation and chemical conjugation. In contrast to the
physical package, chemical bonding provides a more stable
loading of drug and more durable drug release, which has been
more extensively researched.'®'®

Doxorubicin (DOX), an anthracycline antibiotic, has been
widely agplied in clinical chemotherapy of various malignant
tumors.”” DOX interacts with DNA to inhibit the DNA
replication and protein s.ynthesis.21 However, free DOX causes
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serious dose-dependent side effects in the process of chemo-
therapy.'®*° As a result, the development of new formulations
of DOX has been the focus of research.’>?> Therefore, it is
urgent to develop an excellent drug delivery system that can
effectively transfer DOX into tumor tissue and even cells
without damage to normal tissues.”* In vivo inhibition efficacy
and security to a target cell are the key factors affecting the
malignancy treatments of antineoplastic agents.”® An ideal drug
delivery system exhibits intelligent “on-demand” transportation
and release,>** and a little or no malicious release in normal
tissues.”® In recent years, the macromolecularization of DOX
has been an important approach for the development of
chemotherapeutic drugs to prolong circulation in vivo, enhance
cellular uptake and efficacy, and overcome the serious side
effects.>®?’

Recently, the stimuli-responsive nanovehicles have been
widely exploited for controlled antitumor drug delivery, which
show a sharp intelligent response to the specific internal stimuli,
such as enzyme,zg’29 temperaturef’0 photo,31’3’2 redox,*** and/
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Scheme 1. Schematic Illustration for Preparation of pH-Responsive mPEG-CAD Micelle and in Vivo Circulation, Accumulation
in Tumor Tissue, and Final pH-Triggered Intracellular DOX Release after Intravenous Injection
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or pH.34_36 Among them, pH-responsiveness is the most

important and common, and has received great attention
because of the existential pH differences between physiological
condition and tumor tissue or intracellular compartments.”!
For example, the pH in normal physiological condition (~7.4)
is slightly higher than that in tumor tissue (~6.8),>”® while the
intracellular endosomal and lysosomal pH values (pH 5.0—6.5)
are significantly lower than that of extracellular microenviron-
ment.**"** Benefiting from the different pH potentials, the pH-
responsive nanosystems have been the most widely developed
smart platforms for controlled drug delivery in malignancy
therapy.” So far, plenty of intelligent polymer—drug conjugates
based on intracellular pH-sensitive covalent bonds,”*** such as
hydrazone,36’4° acetal,*! amido,>”** Schiff base,* and orthoest-
er bonds,> have been widely reported. The nanovehicles based
on the above pH-responsive macromolecularized drugs possess
a large number of advantages, including (1) prolonged
circulation time in blood,** (2) enhanced accumulation in
tumor tissue,” (3) promoted cell internalization,* and (4)
significantly accelerated intracellular drug release®”* to
improve the efficacy and overcome the adverse reactions.
Under ideal circumstances, the packaged antitumor drugs
should not be leaked during circulation in the bloodstream,

while the downregulated tumor tissular or intracellular pH can
be considered as an ideal trigger for “on-demand” release of
antitumor drugs.*’

In this work, through the condensation reaction between
methoxy poly(ethylene glycol) (mPEG) and succinic anhydride
(SA) or cis-aconitic anhydride (CA)-modified DOX (referred as
SAD or CAD, respectively), the unresponsive mPEG-SAD and
pH-responsive mPEG-CAD were separately synthesized
through a facile and efficient condensation reaction (Schemes
S1 and S2, Supporting Information). As depicted in Scheme 1,
the obtained prodrugs self-assembled into nanoscale micelles in
aqueous solutions. mPEG-CAD contained an acid-sensitive
amide linker, which allowed DOX to be selectively released in
the endosome or lysosome after endocytosis. As a result, the
acid-sensitive mPEG-CAD micelle exhibited favorable anti-
proliferative activity as compared to the insensitive mPEG-SAD
micelle. More importantly, mPEG-CAD micelle can signifi-
cantly inhibit the tumor growth toward H22-transplanted
mouse models by tail vein injection as compared to the
unresponsive mPEG-SAD micelle, which benefited from the
selective acidity-triggered DOX release in tumor cells. There-
fore, the exploited acid-sensitive PEGylated DOX exhibited
great potential for the clinical chemotherapy of malignancy.
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2. MATERIALS AND METHODS

2.1. Materials. SA, CA, mPEG (M, = 750 g mol™"), 1,6-diphenyl-
1,3,5-hexatriene (DPH), 3-(4.5-dimethyl-thiazol-2-yl)-2.5-diphenyl
tetrazolium bromide (MTT), 4',6-diamidino-2-phenylindole (DAPI),
and Alexa Fluor 488 phalloidin (Alexa 488) were purchased from
Sigma-Aldrich (Steinheim, Germany). Doxorubicin hydrochloride
(DOX-HCI) was obtained from Zhejiang Hisun Pharmaceutical Co.,
Ltd. (Zhejiang, P. R. China). N,N-Dimethylformamide (DMF) was
pretreated with calcium hydride for 72 h and subsequently distilled
under reduced pressure. 1-Ethyl-(3-(dimethylamino)propyl) carbodii-
mide hydrochloride (EDC-HCI) and 4-N,N-dimethylaminopyridine
(DMAP) were bought from GL Biochem Co., Ltd. (Shanghai, China).
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) kit was purchased from Roche Co. (Mannheim,
Germany). Caspase-3 and surviving kits were purchased from Abcam
(Cambridge, UK).

2.2. Syntheses of SAD and CAD. As shown in Schemes S1 and
S2, Supporting Information, SAD or CAD was, respectively,
synthesized through the ring-opening reaction between DOX and
SA or CA with triethylamine as catalyst. For typical synthesis
procedure of CAD, DOX-HCI (116.0 mg, 0.2 mmol) and CA (34.3
mg, 0.22 mmol) were dissolved in 10.0 mL of anhydrous DMF in a
completely dried flask, and then 33.5 uL of triethylamine was
added.*”** The mixture was stirred under a nitrogen environment in
the dark at room temperature for 24 h. After that, the solution was
mixed with 100.0 mL of cold ethyl acetate, and then the mixture was
washed with cold acidic saturated sodium chloride solution (pH 2—3)
and finally with normal saturated solution (pH 7.4). The organic layer
was collected and dried with anhydrous sodium sulfate overnight.
Desiccant was filtered out, and the filtrate was dried under vacuum at
room temperature to obtain a red solid powder. SAD was synthesized
with the same approach as CAD. The yields of SAD and CAD were
68.2% and 74.6%, respectively.

2.3. Syntheses of mPEG-SAD and mPEG-CAD. As shown in
Schemes S1 and S2, Supporting Information, mPEG-SAD or mPEG-
CAD was separately synthesized through the condensation reaction
between mPEG and SAD or CAD with EDC-HCI and DMAP as
condensing agent and catalyst, respectively. Briefly, for the synthesis of
SAD and CAD, mPEG (75.0 mg, 0.1 mmol) was dissolved in dimethyl
sulfoxide (DMSO), and then CAD (81.8 mg, 0.12 mmol), EDC-HCI
(57.5 mg, 0.3 mmol), and DMAP (1.2 mg, 0.01 mmol) were added to
the solution. The mixture was reacted in the dark at room temperature
for 72 h. After that, mPEG-CAD was obtained through a dialysis
method (molecular weight cutoff (MWCO) = 3500 Da) against
deionized water for 48 h. mPEG-SAD was synthesized with the same
approach as mPEG-CAD.

2.4. Measurements. Proton nuclear magnetic resonance ('H
NMR) spectra were recorded on a Bruker AV 400 NMR spectrometer
operating with deuterated DMSO (DMSO-d) as a solvent. Fourier-
transform infrared (FT-IR) spectra were recorded on a Bio-Rad Win-
IR instrument using potassium bromide method. The micelles were
prepared by direct dissolution method in phosphate-buffered saline
(PBS) at pH 7.4. The hydrodynamic diameters (Dys) of micelles were
measured by dynamic light scattering (DLS) at 25 °C on a
WyattQELS apparatus. Transmission electron microscopy (TEM)
measurements were performed using a JEOL JEW-1011 with an
accelerating voltage of 100 kV. The samples were prepared by
dropping 10.0 uL of micelle solution (0.1 mg mL™") onto a copper
grid and drying at room temperature in the air. The critical micelle
concentrations (CMCs) of mPEG-CAD and mPEG-SAD micelles
were detected using ultraviolet—visible absorption spectroscopy in the
range of 320—400 nm. In practice, 20.0 uL of DPH in methanol (0.4
mM) was added to 2.0 mL of mPEG-SAD and mPEG-CAD micelles
in PBS with various concentrations.

2.5. In Vitro DOX Release. In vitro release profiles of prodrug
micelles were assessed in PBS at pH 7.4 (a mimicking normal
physiological condition), 6.8 (a tumor tissular acidic microenviron-
ment), and 5.5 (an intracellular acidic microenvironment). 1.0 mg of
mPEG-SAD or mPEG-CAD micelle was dissolved in 10.0 mL of PBS

and subsequently transferred into a dialysis bag (MWCO = 3500 Da),
and then covered in 100.0 mL of PBS at 37 °C with continuous
shaking of 70 rpm. At the fixed time intervals, 2.0 mL of release
medium was taken out, and an equal volume of fresh PBS was returned
to the system. The accumulative amount of released DOX was
detected by fluorescence spectroscopy on a Photon Technology
International Fluorescence Master System with software Felix 4.1.0
(Lawrenceville, NJ, 4, = 480 nm).

2.6. Intracellular DOX Release Analyses. The cellular uptakes of
prodrug micelles and intracellular DOX release toward HepG2 cells
were detected by both confocal laser scanning microscopy (CLSM)
and flow cytometry (FCM).

2.6.1. CLSM. The cells were seeded on presterilized glass sheets in
6-well plates at a density of 2.0 X 10° cells per well in 2.0 mL of
complete high glucose Dulbecco’s modified Eagle’s medium (HG-
DMEM)), and incubated at 37 °C for 24 h in 5% (v/v) carbon dioxide
(CO,). The culture medium was then replaced with a fresh one. Free
DOX, or mPEG-SAD or mPEG-CAD micelle was added to each well
with a DOX dosage of 5.0 ug mL™". The cells were further incubated
for another 2 or 24 h. Subsequently, the cells on glass sheets were
washed with PBS five times and immobilization by 4% (w/v) PBS-
buffered paraformaldehyde for 20 min at room temperature. The cells
then were washed with PBS five times, and treated with 0.1% (v/v)
Triton 100-X in PBS for 12 min at room temperature. Finally, the cells
were stained with DAPI to cell nuclei for S min and Alexa 488 to cell
cytoskeleton for 30 min at 37 °C, and subsequently washed with PBS
five times. The CLSM microimages of cells were obtained through a
CLSM (LSM 780, Carl Zeiss, Jena, Germany).

2.6.2. FCM. The cellular uptake determinations were quantitatively
implemented by FCM. Briefly, the cells were seeded in 6-well plates at
a density of 2.0 X 10° cells per well in 2.0 mL of complete HG-
DMEM, and incubated for 24 h at 37 °C in 5% (v/v) CO,. The
culture medium was replaced with fresh one. Free DOX, or mPEG-
SAD or mPEG-CAD micelle was then added to each well with a DOX
concentration at 5.0 ug mL™". The cells were cultured for another 2 or
24 h. Cells without treatment were used as control. After that, the
culture medium was removed, and the cells were washed three times
with PBS and then digested with trypsin. Subsequently, 1.0 mL of PBS
was added to each well, and the suspended cells were centrifuged twice
for S min at 3500 rpm. After the supernatants were removed, the cells
were resuspended in 0.3 mL of PBS. Data were analyzed by CFM
(Beckman, CA).

2.7. Cytotoxicity Assays. The cytotoxicities of prodrug micelles
were examined with a MTT assay toward HepG2 cells (a human
hepatoma cell line). The cells were seeded in 96-well plates at 8.0 X
10% cells per well in 180.0 uL of complete HG-DMEM, and then
incubated at 37 °C in 5% (v/v) CO, for 24 h. Subsequently, free
DOX, or mPEG-SAD or mPEG-CAD micelle was added to each well
with a DOX concentration from 0—10.0 yg mL™". After incubation for
another 72 h, 20.0 yL of MTT (5.0 mg mL™") was added to each well
and incubated for 4 h. The upper solution was then carefully removed,
and 180 uL of DMSO was added to each well to dissolve the MTT
formazan crystals. The plates were shaken for 5 min before detection.
The absorbances of media were measured on a Bio-Rad 680
microplate reader at 490 nm. The cell viability was calculated on the
basis of eq 1:

cell viability (%) = ST % 100
Acontrol (1)
In eq 1, Agmple 2and A ool Tepresent the absorbances of sample and

control wells, respectively.

2.8. Hemolysis Activity Tests. Hemolytic activity properties of
free DOX, and mPEG-SAD and mPEG-CAD micelles were evaluated
by a spectrophotometry technique. Typically, fresh rabbit blood
obtained from the Experimental Animal Center of Jilin University was
stabilized with dipotassium ethylene diamine tetraacetate in normal
saline (NS). Red blood cells (RBCs) were separated from the blood by
centrifugation at 1500 g for 10 min, and then carefully washed and
diluted. The suspended RBCs were cocultured with free DOX, and
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mPEG-SAD and mPEG-CAD micelles of different concentrations at
37 °C for 2 h. NS and Triton X-100 (a lysing agent of RBCs) were
used as negative and positive controls, respectively. After that, RBCs
were separated by centrifugation at 3000 rpm for 10 min, and then
180.0 uL of the supernatant of each sample was collected and added to
a 96-well plate. Free hemoglobin in the supernatant was measured with
a Bio-Rad 680 microplate reader at 570 nm. The hemolytic ratio of
RBCs was calculated on the basis of eq 2:

Asample - Anegative control

X 100

hemolytic ratio (%) =

positive control Anegative control
)

In eq 2! Asamplel Anegative controly and Apositive control WEI€ denoted as the
absorbances of sample, and negative and positive controls, respectively.

2.9. Tissue Distribution Assessments. The tissue distributions
of DOX after intravenous injections of various formulations were
qualitatively or semiquantitatively assessed by ex vivo DOX
fluorescence imaging of major internal organs. Typically, the tumor
bearing mice were prepared by inoculating 3.0 X 10 H22 cells (a
mouse hepatoma cell line) into Kunming mice, which were obtained
from the Experimental Animal Center of Jilin University. All mice in
this work were handled under the protocol approved by the
Institutional Animal Care and Use Committee of Jilin University,
and all efforts were made to minimize suffering. When the tumor
volume increased to about 200 mm?, free DOX, or mPEG-SAD or
mPEG-CAD micelle with a dose of 5.0 mg kg™ body weight on a
DOX basis was injected intravenously though tail vain. The mice were
sacrificed at 6 or 12 h postinjection, and the major organs including
heart, liver, spleen, lung, kidney, and tumor were excised and washed
with NS. The ex vivo DOX fluorescence imaging was obtained using
the Maestro in vivo imaging system (Cambridge Research &
Instrumentation Inc., Woburn, MA). In addition, the average signals
were also semiquantitatively analyzed using a Maestro 2.4 software
from the same company.

2.10. In Vivo Antitumor Assays. In vivo antitumor efficacies of
free DOX, and mPEG-SAD and mPEG-CAD micelles were evaluated
using the hepatoma-xenografted Kunming mice. Similarly to the
detections of tissue distributions, 0.1 mL of cell suspension containing
3.0 X 10° H22 cells in PBS was injected subcutaneously into the
armpits of right anterior limbs of 4—5 weeks old mice weighing from
22 to 23 g. When the tumor volume increased to about 150 mm?, the
mice were treated with NS, free DOX, or mPEG-SAD or mPEG-CAD
micelle at a DOX concentration of 5.0 mg kg™ body weight by the
tail-veil injections on 1, 6, 11, 16, and 21 days. In the course of
treatment, tumor volumes and body weights were monitored every
other day. The tumor volume was calculated using eq 3:

L xS
2 (3)

In eq 3, L and S (mm) were the largest and smallest diameters of
the tumor, respectively.

2.11. Histopathological Analyses. The mice were sacrificed by
cervical dislocation at 4 days after the last treatment. Tumors and
major organs (ie., heart, liver, spleen, lung, and kidney) were collected
and fixed in 4% (w/v) PBS-buffered paraformaldehyde overnight and
finally embedded in paraffin. The paraffin-embedded tumor and organ
tissues were cut to a thickness of S ym, stained with hematoxylin and
eosin (H&E). The histological alterations were detected by a
microscope (Nikon Eclipse Ti, Optical Apparatus Co., Ardmore,
PA). The relative necrotic area (%) of tumor tissue section after
treatment was calculated by eq 4:

V (mm®) =

necrotic area in tumor section
relative necrotic area (%) = X 100
total area in tumor section
(4)

2.12. In Situ Cell Apoptosis Assays. To detect the cell apoptosis
in ex vivo tumor tissues, a TUNEL assay was performed with a
commercial kit following the manufacturer’s instructions (Roche,

Mannheim, Germany). The fluorescence microimages of tumor tissue
sections were obtained through a CLSM.

2.13. Immunohistochemical Detections. Inmunohistochemical
detections were carried out to determine the expression of survivin and
caspase-3 in ex vivo tumor tissues. For active caspase-3 detection,
immunohistochemical staining was performed with antibodies against
cleaved caspase-3. In addition, an optimized immunohistochemical
procedure for the detection of survivin was developed by antigen
retrieval methods.

2.14. Organ Damage Assays. Tissue damage indicators were
performed by the corresponding functional enzymes that were
detected with commercial enzyme-linked immunosorbent assay
(ELISA) kits (Shanghai Lichen Biotechnology Co., Ltd., Shanghai,
P. R. China). In the fourth day after the last treatment, the blood of
each mouse was collected by enucleation manner into a coagulation
promoting tube. After that, the blood was centrifuged at 3000 rpm for
S min, and then the supernatant serum was collected. The clinical
parameters, including heart indices containing creatine kinase (CK),
creatine kinase-MB (CK-MB), and lactate dehydrogenase (LDH),
liver-related alanine aminotransferase (ALT) and aspartate amino-
transferase (AST), and kidney-associated blood urea nitrogen (BUN)
and creatinine (Cr), were detected by the corresponding ELISA kits
according to the standard protocols provided by the suppliers.

2.15. Statistical Analysis. All tests were carried out independently
at least three times, and the data were expressed as mean + standard
deviation (SD). Data were analyzed for statistical significance using
SPSS (Version 13.0, SPSS Inc., Chicago, IL). p < 0.05 was considered
statistically significant, and p < 0.01 and p < 0.001 were considered
highly significant.

3. RESULTS AND DISCUSSION

3.1. Syntheses and Characterizations of PEGylated
DOX. As shown in Schemes S1 and S2, Supporting
Information, the unresponsive mPEG-SAD and pH-responsive
mPEG-CAD were accurately synthesized by the sequential ring-
opening and condensation reactions. First, SAD or CAD was
synthesized through the ring-opening reaction between DOX
and SA or CA with triethylamine as catalyst, respectively.
Second, mPEG-SAD or mPEG-CAD was obtained through the
condensation reaction between mPEG and respective SAD or
CAD with EDC-HCl and DMAP as condensing agent and
catalyst, respectively.

The chemical structures of resulting products were
confirmed by 'H NMR and FT-IR spectra. As shown in Figure
1A, the peaks that appeared at 2.32 ppm (d; —C(O)CH,CH,C-
(0)-) and 2.52 ppm (e; —C(O)CH,CH,C(O)—) were
assigned to the methylene protons in SAD. The peak at 6.05
ppm (f) belonged to the methylidyne protons in CAD
(—C(O)CH=C(C(O))CH,—), and the signal at 3.35 ppm
(g) was attributed to methylene protons in CAD (—CH,C-
(0)-). The peaks at 3.50 ppm (h; —CH,C(O)—) and 3.23
ppm (i; CH;—) were assigned to the methylene and methyl
protons in PEG. The appearance of peaks at 7.93 ppm (a and
b) and 7.65 ppm (c) indicated the successful conjugation of
SAD or CAD to mPEG. The successful syntheses of these
compounds were also confirmed by FT-IR spectra as shown in
Figure 1B. The signals that appeared at 1660 cm™ (vc—c) and
1547 ecm™ (v_co_nm—) marked by a dotted line in both SAD
and CAD were assigned to the stretching vibrations of amide
bond. In addition to the above two signals, the characteristic
peak at 1075 cm™ (vc_o_c) marked by a dotted line was
attributed to the stretching vibration of the ether bond of
mPEG. The above results confirmed the chemical structures of
both mPEG-SAD and mPEG-CAD.

The amphiphilic mPEG-SAD and mPEG-CAD could
spontaneously self-assemble in aqueous solution, and the
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Figure 1. 'H NMR (A, in DMSO-d;) and FT-IR spectra (B) of DOX,
SAD, CAD, mPEG-SAD, and mPEG-CAD.

micelles were prepared by a direct dissolution method. As
shown in Figure 2, the TEM micrographs revealed that both
mPEG-SAD and mPEG-CAD micelles showed clear spherical
morphologies. The apparent mean diameters of mPEG-SAD
and mPEG-CAD micelles from TEM measurements were
detected to be about 95 and 85 nm, respectively. In
comparison, the Dys of the above two prodrug micelles tested
by DLS were 119 + 5.8 and 101 + 6.5 nm, respectively. It was
normal that the size measured by DLS was higher than that
from TEM because of the swelling of micelle in aqueous
environment for DLS detection.”' The appropriate diameters of
prodrug micelles (~100 nm) gave them an excellent capability
to selectively accumulate in tumor region through the enhanced
permeability and retention (EPR) effect.*’

As depicted in Figure 2E, the CMCs of mPEG-SAD and
mPEG-CAD micelles were determined relying on the increase
of the maximum absorption intensity of DPH at 356 nm as
exaltation of prodrug concentration. In detail, the CMC was
calculated from the first inflection point in the sigmoidal curve

0.4 E
-= mPEG-SAD
- mPEG-CAD
0.2

Absorption Intensity

0.0+

1E-3 0.01 X
Concentration (mg mL )

Figure 2. Typical TEM (A and C) and Dys (B and D) of mPEG-SAD
(A and B) and mPEG-CAD micelles (C and D). The maximum
absorption intensities of DPH as a function of the concentrations of

prodrugs (E).

of absorption intensity versus concentration. The CMC values
of mPEG-SAD and mPEG-CAD micelles were calculated to be
5.3 X 107> and 6.0 X 107> mg mL™’, respectively.

3.2. In Vitro DOX Release and Cellular Proliferation
Inhibition. To reveal the release behaviors of mPEG-SAD and
mPEG-CAD micelles, and simultaneously demonstrate the pH-
sensitivity of mPEG-CAD micelle, the in vitro DOX release
profiles were assessed in PBS at pH 7.4, 6.8, and 5.5, mimicking
the conditions in normal physiological tissues, tumor tissular,
and intracellular microenvironment, respectively. As shown in
Figure 3, no significant burst release was observed from both
mPEG-SAD and mPEG-CAD micelles, and only less than
17.3% and 45.5% of loaded DOX was released at pH 7.4,
respectively, which indicated the prolonged blood circulation
time with little leakage of drug. With the decrease of pH from
7.4 to 6.8 and even S.5, the cumulative DOX release of mPEG-
CAD was accelerated significantly up to above 58% and 98%,
respectively, while those of mPEG-SAD micelle were only 15%
at both pH 6.8 and S.5. The burst release at pH 5.5 of mPEG-
CAD micelle should be due to the quick breaking of the acid-
sensitive linkage under acidic environment.”” The stimuli-
responsive profile of mPEG-CAD micelle could minimize the
loss of drug in the circulation and enhance the release of
payload in the lesion site to enhance the overall therapeutic
efficacy and reduce the side effects in vivo.”'
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—s—mPEG-SAD, pH 5.5 —— mPEG-CAD, pH 5.5
—e—mPEG-SAD, pH 6.8 —— mPEG-CAD, pH 6.8
1209 s mPEG-SAD, pH 7.4 —— mPEG-CAD, pH 7.4

DOX Release (%)
=)
bl

0 25 50 75
Time (h)

Figure 3. Release profiles of mPEG-SAD and mPEG-CAD micelles in
PBS at pH S.5, 6.8, or 7.4, 37 °C. Data were presented as a mean + SD

(n=23).

To explore the feasibilities of prodrug micelles for intra-
cellular drug delivery in malignancy therapy, the cellular
uptakes and intracellular release behaviors of mPEG-SAD and
mPEG-CAD were evaluated by CLSM and FCM toward
HepG2 cells. As shown in Figure 4A, the cells cocultured with
free DOX exhibited significantly higher fluorescence intensity
as compared to those incubated with mPEG-SAD or mPEG-

2h
DAPI Alexa 488 DOX

>

Merged

DOX

mPEG-CAD mPEG-SAD

24h

B DAPI Alexa 488 DOX

DOX

mPEG-CAD mPEG-SAD

Figure 4. Representative CLSM microimages of HepG2 cells after
incubation with free DOX, or mPEG-SAD or mPEG-CAD micelles for
2 (A) or 24 h (B).

CAD micelle for 2 h, because the cellular uptakes were
performed via different pathways, that is, free DOX by diftusion
and prodrug micelles by endocytosis.”® In addition, some
studies have pointed out that the equivalent free DOX
fluorescence was stronger than that of the loaded DOX in
nanoparticles attributed to the self-quenching effect of
DOX.**"5? Interestingly, after incubation for 24 h, mPEG-
CAD micelle-treated cells exhibited the most significant
fluorescence intensity in nuclei (Figure 4B). This phenomenon
could be explained by the quick cleavage of amide bond in
mPEG-CAD under the acidic intracellular microenvironment.
In contrast, the cells incubated with mPEG-SAD micelle
exhibited extremely weak fluorescence intensity. It was because
only a small amount of DOX was released into the cytoplasm
and subsequently entered into the nuclei attributed to the
stable amide linker in acid-insensitive mPEG-SAD. The results
corresponded to the previous in vitro release behaviors in PBS.

For further confirmation, the cellular internalization
behaviors of free DOX, and mPEG-SAD and mPEG-CAD
micelles toward HepG2 cells, were analyzed by FCM. As shown
in Figure SA, the signal intensity of mPEG-CAD in the cells
was significantly higher than that of mPEG-SAD at 2 h, while
free DOX exhibited the highest fluorescence intensity. As
shown in Figure 5B, the fluorescence intensity in the cells
treated with mPEG-CAD micelle increased significantly at 24 h.
However, there was no obvious change of that in mPEG-SAD
micelle-treated ones. It should be attributed to the efficient
endocytosis and quick DOX release induced by the intracellular
acidic microenvironment-triggered cleavage of amide bond in
mPEG-CAD. The FCM fluorescence intensities were statisti-
cally shown in Figure 5C in an order of mPEG-SAD < mPEG-
CAD < free DOX at 2 h. The cells in free DOX groups
displayed ~4.2 and 1.2 times fluorescence intensity than those
of mPEG-SAD and mPEG-CAD groups, respectively. When
the incubation time was prolonged to 24 h, there was a marked
change in fluorescence intensity, which was in the order of
mPEG-SAD < free DOX < mPEG-CAD. The DOX
fluorescence intensity in the cells of mPEG-CAD group was
about 1.5 and 3.0 times higher than those of free DOX and
mPEG-SAD micelle in the same experiment conditions. All of
the FCM results were consistent with those of the CLSM.
Therefore, the enhanced DOX accumulation in the mPEG-
CAD micelle-treated cells should be attributed to the eflicient
endocytosis and rapid intracellular DOX release.>

The in vitro cellular proliferation inhibitions of free DOX,
and mPEG-SAD and mPEG-CAD micelles against HepG2 cells
in complete HG-DMEM, were evaluated by a MTT assay. As
shown in Figure 6, mPEG-CAD micelle exhibited more
significant proliferation inhibition effects on HepG2 cells than
that of acid-insensitive mPEG-SAD micelle at equivalent DOX
concentration after incubation for 72 h, which should have
resulted from the quick release of DOX at acid intracellular
microenvironment.* More interestingly, mPEG-CAD micelle
revealed higher antiproliferation efficacy even than that of free
DOX. It might be because free DOX could easily diffuse across
the cell membrane, while mPEG-CAD micelle was internalized
through the endocytic pathway, which resulted in the greater
cellular uptake and higher cytotoxic efficiency.”> On the other
hand, mPEG-SAD appeared to have a significantly lower
proliferation inhibitory efficacy than free DOX due to its high
stability. The quantitative analyses of antiproliferative activities
of free DOX, and mPEG-SAD and mPEG-CAD micelles, were
evaluated by the half-maximal inhibitory concentration (ICs).
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CAD micelles toward HepG2 cells after coculture for 72 h. Data were
presented as a mean + SD (n = 3).

According to the calculations, mPEG-CAD micelle exhibited
the lowest ICg, (ie, 1.1 ug mL™") as compared to free DOX
(ie, 29 ug mL™') and mPEG-SAD (ie, 16.6 ug mL™"),
respectively. It quantificationally confirmed that mPEG-CAD

micelle exhibited an excellent inhibition effect against tumor
cells relative to free DOX and mPEG-SAD micelle.

3.3. In Vivo Stability, Hemocompatibility, and Tissue
Distribution. The serum-tolerance stability and hemocompat-
ibility characterizations of prodrug micelles are important
because the corresponding formulations are designed to be
finally administrated via intravenous injection for most drug
delivery applications.®® In this work, the serum-tolerance
stability of prodrug micelles were evaluated by determining
the Dys in 10% (v/v) serum/PBS solution through DLS. As
shown in Figure S1, Supporting Information, no remarkable
size change of mPEG-CAD micelle was discovered at all of the
test time intervals, that is, 1, 2, 6, 12, and 24 h. The result
proved that the prodrug micelles might exhibit excellent
stability in blood circulation. In addition, the hemolytic
activities of free DOX, and mPEG-SAD and mPEG-CAD
micelles were assessed by a spectrophotometry approach. As
shown in Figure S2, Supporting Information, mPEG-SAD and
mPEG-CAD micelles showed almost no hemolysis at relatively
high DOX concentrations up to 100.0 ug mL™", which was
slightly better than that of free DOX. The results proved that
the prodrug micelles exhibited excellent blood compatibility.

The tissue distribution of DOX in vivo was qualitatively
detected by the fluorescence imaging of isolated major internal
organs and tumors, and semiquantitatively analyzed by
MaestroTM 2.4 software. As shown in Figure 7A, as compared
to both free DOX and mPEG-SAD micelle, mPEG-CAD
micelle accumulated at the tumor tissue site most obviously at
both 6 and 12 h postinjection (p < 0.001). Moreover, both
prodrug micelles exhibited less of a stay in normal organs with
respect to free DOX. The results demonstrated that the pH-
responsive mPEG-CAD micelle could accumulate at tumor
tissues by the EPR effect. The fluorescence intensity of free
DOX group was stronger than those of mPEG-SAD and
mPEG-CAD micelle groups in liver and kidney, which
attributed that free DOX was mainly captured and metabolized
by liver and kidney. In addition, mPEG-SAD micelle appeared
to have a significantly lower fluorescence intensity than mPEG-
CAD micelle in all of the test organs and tumors due to its high
stability.

The semiquantitative fluorescence intensity of DOX
distributed in organs and tumors at 6 and 12 h after injection
was also analyzed and displayed in Figure 7B. The results
showed that the fluorescence intensity of mPEG-CAD micelle
group in the tumor tissue was 2.1- and 7.8-fold higher than that
of free DOX and mPEG-SAD micelle groups, respectively. On
the other hand, the accumulation of mPEG-CAD and mPEG-
SAD micelles remarkably reduced to 50% and 83% in heart,
and to 38% and 66% in kidney as compared to free DOX,
respectively. Similar results were also discovered at 12 h
postinjection. Hence, all of the above results showed that the
prodrug micelles, especially mPEG-CAD, could significantly
selectively accumulate at tumors instead of internal organs as
compared to free DOX.

3.4. In Vivo Tumor Suppression. To illustrate the
advantages of prodrug micelles for in vivo malignancy
treatment, the antitumor eflicacies toward female Kunming
mice bearing hepatoma tumors were studied. The treatment
proposals included four groups: NS, free DOX, and mPEG-
SAD and mPEG-CAD micelles, which were all administrated by
intravenous injection.

The changes of tumor volumes were monitored in the course
of treatment and shown in Figure 8A. The tumor volume of NS
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group increased rapidly, while all DOX formulation-treated
groups, including free DOX, the mPEG-SAD and mPEG-CAD
micelles, had a significant tumor inhibition effect. On day 24
after the last treatment, the average tumor volumes of free
DOX, and mPEG-SAD and mPEG-CAD micelle groups were
41.8%, 50.3%, and 35.0% of that of NS group, respectively (p <
0.001). The tumor inhibition efficacy of mPEG-CAD micelle
was obviously higher than that of mPEG-SAD micelle (p <
0.001), which resulted from its enhanced micelle accumulation
at tumor tissue and improved DOX release in tumor cells due
to the EPR effect and acidic intracellular microenvironment,
respectively. On the other hand, as compared to free DOX,
mPEG-CAD group also revealed a more obvious tumor
inhibition effect (p < 0.05). The lower antitumor efficacy of
free DOX should be attributed to the quick excretion by
glomerular filtration.*"

To further evaluate the antitumor efficacies of the above
formulations, the histopathological analyses of tumor tissues
were carried out. In H&E staining, as shown in Figure 9, the
nuclei were stained blue purple by hematoxylin, while the
cytoplasm and extracellular matrix were dyed pink by eosin. It
was obvious that the nucleus size of tumor cell was different,
and the shape was irregular from each other in the NS group.
Moreover, the tumor cell in this group had clear cellular
morphology and chromatin. These results showed that the
tumor cells were in rapid growth. In addition, a small quantity
of nuclear shrinkage and fragmentation was observed in the
mPEG-SAD micelle group, which indicated a low degree of
tumor cell necrosis. In contrast, various greater degrees of
tumor cell necrosis, tumor cell nucleus contraction, crush, and
even disappearance were observed in both free DOX and
mPEG-CAD micelle groups. More interestingly, the tumor
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tissue of mMPEG-CAD group exhibited the largest necrosis areas
among all of the groups. In particular, as shown in Figure S3,
Supporting Information, the relative necrosis areas of free
DOX, and mPEG-SAD and mPEG-CAD micelles, were ~4.1,
2.4, and 7.3 times larger than that of NS group (p < 0.001),
respectively.

To validate in situ tumor cell apoptosis, the TUNEL
evaluations were carried out. As shown in Figure 9, the DNA
fragmentations in the nuclei, a marker of late apoptosis, were
stained as green by a fluorescent probe. The fluorescent
intensity of the mPEG-CAD micelle-treated tumor was the
strongest among all of the experiment groups, which was
consistent with the efficient capability of antitumor in vivo and
histopathological results.

Interleukin 1f-converting enzyme-like proteases caspases are
the crucial components of cell death pathways.”* Caspase-3 is
commonly activated by the numerous deaths signals and
cleaves a variety of important cellular proteins. At the start of
cell apoptosis, the most commonly activated caspase-3 can
mediate the limited proteolysis of these proteins, as well as
induce the cleavage inactivation of DNA fragmentation. As

shown in Figure 9, caspase-3 was analyzed in the tumor
sections by immunohistochemistry. The intensive positive
signal was upregulated in the mPEG-CAD micelle-treated
tumor tissue section as compared to that in free DOX and
mPEG-SAD micelle groups, indicating that more cells under-
went apoptosis. The results showed that mPEG-CAD micelle
had more significant cell apoptosis.

Survivin is a 16.5 kDa protein, which belongs to the
inhibitors of apoptosis proteins. It has been found to be
expressed in the G2/M phase of the cell cycle in almost
exclusive tumor cells, while it is absent in most normal adult
tissues. It is thought that survivin enhances the survival of
tumor cells primarily through the suppression of apoptosis-
related cell death, which perhaps plays the role via direct
inhibition of caspase-related proteins, and subsequently inhibits
cell apoptosis. As shown in Figure 9, the results revealed the
increased positive signals in the NS and mPEG-SAD micelle-
treated tumors as compared to those in free DOX and mPEG-
CAD-treated ones, indicating less cell apoptosis. The results
indicated that mPEG-CAD micelle had downregulated the
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inhibitor of cell apoptosis in tumor tissue, which was consistent
with the in vitro and in vivo antitumor results.

In summary, H&E, TUNEL, caspase-3, and survivin analyses
all proved that mPEG-CAD micelles exhibited the highest
suppression capability toward tumor growth as compared to
free DOX and mPEG-SAD, which was consistent with the
antitumor profiles in vitro and in vivo. These all indicated that
mPEG-CAD exhibited great potential for application in clinical
chemotherapy of malignancy.

3.5. In Vivo Security Evaluation. In clinical practice, most
of antitumor drugs have serious side effects.®’ For example,
DOX formulations always result in acute cardiactoxicity and
nephrotoxicity.”>*" Therefore, in vivo security of antitumor
drugs is another critical evaluation index for clinical chemo-
therapy, which is directly linked to the survival of malignancy
pa‘cients.21

In this study, the safety of prodrug micelles was systemati-
cally assessed through the detection of body weight change,
histopathological analyses of internal organs (i.e., heart, liver,
spleen, lung, and kidney), and quantitative evaluation of
functional enzymes in serum.

For indicating the advantages of prodrug micelles in vivo, the
body weight of the mouse was an important indicator of
organism toxicity. All mice were alive in the whole process of
the experiment. As shown in Figure 8B, a significant body
weight loss was found in the free DOX group ascribed to the
serious toxicity and side effects, while just a slight decrease of
body weight was observed in mPEG-SAD and mPEG-CAD
micelles groups in relation to that of NS group. The results
revealed that the prodrug micelles exhibited improved safety in
vivo.

Toxicity after long-term administration was an important
indicator for in vivo application of chemotherapy, which can be
analyzed by the immunohistochemistry of the main organ
sections (e.g,, heart, liver, spleen, lung, and kidney). In this
work, as shown in Figure 10, free DOX group had a certain
myocardial damage and fracture pointed out by arrows.
However, in other groups, myocardial cells and nuclei were
arranged in rules. The blood oozing and nucleus shrinking of
liver tissue were pointed out by arrows. In addition, free DOX
exhibited obvious nephrotoxicity judged from the shriveled
glomerular and gathered nuclei noted by arrows. After
modifying DOX with mPEG, the cardiotoxicity and nephrotox-
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Figure 11. Evaluations of CK (A), CK-MB (B), LDH (C), ALT (D), AST (E), BUN (F), and Cr (G) after treatment with NS, free DOX, or mPEG-

SAD or mPEG-CAD micelle. Magnification: 200X.

icity were significantly decreased. Furthermore, all DOX
formulations exhibit no noticeable abnormal damages to spleen
and lung.

To further verify whether prodrug micelles would cause
damage to the normal organs, especially heart, liver, and kidney,
some functional enzymes, that is, clinical chemical parameters,
including heart indices containing CK, CK-MB, and LDH,
liver-related ALT and AST, and kidney-associated BUN and
Cr,”! were evaluated by the commercial ELISA kits. As shown
in Figure 11, all of the parameters of prodrug micelles groups
remained at normal levels as control group, which proved that
the treatments of mPEG-SAD and mPEG-CAD micelles did
not cause obvious damage to the body. However, in the free
DOX group, the heart, liver, and kidney parameters showed an
obvious increase, which suggested that the treatment of free
DOX caused some damage to heart, liver, and kidney. The
results showed that the changes of functional enzyme were
consistent with the changes of body weights and immunohis-
tochemistry results of organs. All of the above data
demonstrated that the prodrug micelles were secure to the
body and could be potentially applied in clinic.

4. CONCLUSIONS

In this study, the insensitive mPEG-SAD and acid-sensitive
mPEG-CAD with clear chemical structure were well-designed
and facilely prepared for controlled DOX delivery. The prodrug
micelles were prepared by direct dissolution approach with
diameters at ~100 nm, which was an appropriate scale for
exhibited enhanced accumulation in tumor tissue through the
EPR effect. mPEG-CAD micelle exhibit faster drug release in
acidic PBS and intracellular microenvironment as compared to

21212

mPEG-SAD micelle. Moreover, mPEG-CAD micelle exhibited
a higher in vitro antiproliferative activity than mPEG-SAD
micelle and even free DOX after incubation for 72 h. In
addition, mPEG-CAD micelle significantly inhibited H22
tumor growth in vivo due to the prolonged blood circulation
time, enhanced accumulation at the tumor site, and increased
intracellular DOX release. Even more unusual was that mPEG-
CAD micelle exhibited almost no damage to the body. All
positive data suggested that the acid-sensitive PEGylated DOX,
that is, mPEG-CAD micelle, exhibited great potential for
clinical chemotherapy of malignancy.
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