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Carrier-free drug self-delivery systems consisting of amphiphilic drug-drug conjugate
(ADDC) with well-defined structure and nanoscale features have drawn much attention
in tumor drug delivery. Herein, we report a simple and effective strategy to prepare
ADDC using derivatives of cisplatin (CP) and dasatinib (DAS), which further self-
assembled to form reduction-responsive nanoparticles (CP-DDA NPs). DAS was modified
with succinic anhydride and then connected with CP derivative by ester bonds. The

Keywords: size, micromorphology and in vitro drug release of CP-DDA NPs were characterized. The
Prodrug biocompatibility and bioactivity of these carrier-free nanoparticles were then investigated
Nanoparticle by HepG2 cells and H22-tumor bearing mice. In vitro and in vivo experiments proved that CP-
Dasatinib DDA NPs had excellent anti-tumor activity and significantly reduced toxicities. This study
Cisplatin provides a new strategy to design the carrier-free nanomedicine composed of CP and DAS
for synergistic tumor treatment.

© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
N nanocarriers such as nanoparticles, liposomes and vesicles,

1. Introduction

and the unique size and surface characteristics lead to
the passive accumulation at tumor areas via enhanced

Chemotherapy suffers from some limitations such as poor
solubility, low bioavailability, rapid blood clearance, random
distribution, insufficient tumor accumulation, severe side
effects on normal organs, and the development of multidrug
resistance (MDR) during treatment [1-3]. Carrier-assistant
anticancer drug delivery systems (DDSs) are a promising
therapeutic strategy to achieve a better therapeutic efficacy
and lower side-effects compared with free drugs [4-7].
Commonly, chemotherapeutics are encapsulated in various
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permeability and retention (EPR) effect [8-10]. However, most
carrier materials have no substantial curative effect on
tumors and these excipients can generate unexpected toxicity
and immune response during degradation, metabolism and
excretion in the body [11-13]. In addition, the process
of designing and synthesizing the carrier is relatively
complicated, which further leads to batch-to-batch variation
in the drug metabolism process and drug therapeutic effects
of carrier-based nanomedicine [14-17].
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Aiming at these problems, a lot of research has been done
to develop carrier-free drug self-delivery systems based on
amphiphilic drug-drug conjugate (ADDC) [18-20]. ADDC is
an amphiphilic molecule formed by connecting hydrophilic
drugs and hydrophobic drugs through chemical bonds,
which can self-assemble into nano-drugs by hydrophobic
forces to realize drug self-delivery [21, 22]. These carrier-
free DDSs possess well-defined structures, precise drug
ratios, high drug loading capacity and low-toxicity metabolic
pathways [3,23,24]. Various stimulus-reactive chemical bonds
such as ester bonds, hydrazone bonds, disulfide bonds,
have been used to construct ADDC to control the drug
releasing behavior. In addition, multiple drugs or fluorescent
agents can be simultaneously loaded into these DDSs
to provide a synergistic antitumor effect or to guide
chemotherapy.

Yan et al. reported an ADDC based on irinotecan (Ir)
and chlorambucil (Cb) linked by ester bond. The conjugate
self-assembled DDSs exhibited higher stability and improved
blood circulation. After cellular uptake, the ester bonds in
ADDC were hydrolyzed and Ir and Cb were released, exerting
outstanding antitumor activity [25]. Hou et al. developed an
ADDC nanoparticle (MTX-SS-PPT NAs) based on methotrexate
(MTX) and podophyllotoxin (PPT), whose disulfide bond in
the structure facilitates the degradation of MTX-SS-PPT NAs
under reductive conditions in tumor cells to accurately
release the active drug. In addition, MTX was able to target
folic acid overexpressing tumor cells. The results indicated
that the nano-formulation could significantly enhance the
biocompatibility and decrease the toxicity of PPT [22]. Thus,
it should be simple, effective and promising strategy to
construct the carrier-free DDSs based on ADDC for synergistic
cancer therapy.

Src, a non-receptor tyrosine protein kinase, plays a
crucial role in many cellular signaling pathways [26,27]. It
was reported that Src liveness and levels are prominently
elevated in various tumors, and involved in tumor cell
proliferation, migration, and angiogenesis, thereby promoting
tumor growth [28-30]. Dasatinib (DAS) is an ATP-based
competitive orally active dual Src/Abl kinase inhibitor, which
can inhibit a variety of Src signaling pathways and further
inhibit tumor cell migration, invasion and angiogenesis
[27,31]. DAS also showed antitumor activity in some solid
tumors [32,33]. In addition, various studies demonstrated
that the combination of DAS and other chemotherapeutics
could realize synergistic antitumor effect. Li reported two
novel prodrug polymers consisted of poly(oligo(ethylene
glycol) methacrylate) (POEG) hydrophilic blocks and DAS-
conjugated hydrophobic blocks, which were designed as dual-
functional carriers for codelivery with doxorubicin (DOX). The
system facilitated efficient cleavage of DAS and DOX from
prodrug micelles in tumor cells/tissues, leading to a higher
level of anti-tumor activity in vitro and in vivo. This redox-
responsive prodrug micellar system provides an attractive
strategy for effective combination of DOX and DAS [34]. In
another study, the authors demonstrated that DAS could
enhance paclitaxel (PTX) and gemcitabine (GEM) inhibitory
activity in human pancreatic cancer cells. DAS could enhance
the efficacy of PTX or GEM by reducing the cell viability
and inhibiting the cell proliferation. DAS with PTX or GEM

combination exhibited higher inhibition of the cell migration
ability than single agent alone. The combination of DAS
with PTX or GEM also inhibited p-SRC, p-STAT3, p-AKT,
and/or p-ERK in these pancreatic cancer cells. Therefore, the
results demonstrated that combined DAS and PTX or GEM
therapy could be a viable therapeutic approach for human
pancreatic cancer [35]. Zhan reported that DAS could enhance
cisplatin (CP) sensitivity in human esophageal squamous cell
carcinoma (ESCC) cells via suppression of PI3K/AKT and Stat3
pathways [36]. CP Pt(Il)) can cross-link the DNA double strand,
thereby inhibiting DNA replication and inducing apoptosis
in tumor cells. Diamminedichlorodihydroxyplatinum (DH-CP)
is an octahedrally coordinated derivative of cisplatin, and
two hydroxyl groups on the DH-CP center provide more
possibilities for further functionalization. Furthermore, Pt(IV)
can be reduced to Pt(Il) by glutathione (GSH) overexpressed in
tumor cells to regain their antitumor ability [37-39]. Therefore,
the carrier-free delivery system of small molecule NDDS based
on Pt(IV) and DAS is expected to achieve a good synergistic
anti-tumor effect.

Herein, we reported a novel carrier-free drug self-delivery
system on the account of the ADDC strategy. First, the
hydrophobic drug DAS was modified with succinic anhydride,
and then connected with the hydrophilic DH-CP through
ester bonds to obtain an amphiphilic drug-drug conjugate,
in which the ratio of DAS to DH-CP is 2:1 (denoted as CP-
DDA). Due to its appropriate amphiphilicity, CP-DDA could
self-assemble into stable nanoparticles in aqueous solution
(denoted as CP-DDA NPs). Without using any excipients, CP-
DDA NPs have appropriate stability during the circulation,
and may increase the accumulation of drugs at the tumor
site through the EPR effect. After cell uptake, cisplatin and
DAS are released, which is attributed to the hydrolysis of the
ester bond and the reduction of Pt(IV) to Pt(I) by GSH. DAS
inhibits Src activity, down-regulates related pathway signals
and suppress tumor proliferation, while CP interacts with DNA
to induce cell apoptosis, and ultimately produce a synergistic
anti-tumor effect [36,40,41].

2. Materials and methods
2.1. Materials

N, N-Dimethylformamide (DMF) was dried overnight
with calcium hydride (98%, Aladdin), then distilled to
use. Dasatinib (DAS) (99%) and O-(1H-benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium tetrafluorob-orate (TBTU)
(98%) and sodium diethyldithiocarbamate (98%) were
obtained from Aladdin (Shanghai, China). Cisplatin (CP)
was obtained from Shandong platinum source chemical Co.
Ltd (Jinan, China). Anhydrous ethanol, hydrogen peroxide
(30%), anhydrous ether, DMF, triethylamine (TEA), succinic
anhydridedichloromethane (DCM), anhydrous methanol
and pyridine were all purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Cell culture medium,
trypsin and fetal bovine serum were bought from KeyGEN
BioTECH (Nanjing, China). Poly(2-hydroxyethyl methacrylate)
(PHEMA) and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide (MTT) were bought from Sigma-Aldrich.
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Male ICR mice (SPF, 18-22g) were obtained from Animal
Center of Anhui Medical University (Hefei, China).

2.2.  Synthesis of DH-CP and DAC

As shown in Sheam 1A, CP was oxidized by H,0, and
lyophilized to obtain the product DH-CP (cis,cis,trans-[Pt(IV)-
(NHs3),CI;(OH);]). The structure of DH-CP was detected by
Fourier infrared spectroscopy (FTIR). The synthesis of DAC (N-
(2-chloro-6- methyl phenyl)—2-[[6-[4-(2-carboxyethyl)-base]
piperazine-1-2-methyl pyridine-4-base] amino]—1,3-thiazole-
5- form-amide) is based on the previously reported method
with slight modifications [42]. DAS (1 equiv) was dissolved in
DMF (10ml), add triethylamine (TEA) (2 equiv) and succinic
anhydride (1 equiv), and reacted at 30+0.2°C for 72h. DMF
was removed and the resulting mixture was washed with
CH,Cl, and MeOH, and dried under vacuum to obtain white
powder product DAC. The structure of DAC was detected by
nuclear magnetic resonance (*H NMR) and FTIR.

2.3.  Synthesis of CP-DDA

DAC (2.5 equiv) and TBTU (3 equiv) were dissolved in 10ml
DMF, activated at room temperature for 2h. TEA and DH-CP
(1 equiv) were added and then the reaction was continued
until DH-CP was completely dissolved and the solution turned
bright yellow. The structure of CP-DDA was detected by 'H
NMR, Liquid Chromatograph Mass Spectrometer (LC-MS) and
FTIR.

2.4.  Preparation of CP-DDA NPs

The prepared CP-DDA was dissolved with pyridine and
slowly dripped into the vortex deionized water. Pyridine was
removed by dialysis and then freeze-dried to obtain CP-DDA
NPs. The diameter of CP-DDA NPs were measured by dynamic
light scattering (DLS) in PB solution (pH 7.4) and cell culture
medium with 10% FBS. A drop of CP-DDA solution (0.5 mg/ml)
was added on the surface of a silicon wafer and dried at room
temperature overnight. The micromorphology of CP-DDA NPs
was detected by scanning electron microscope (SEM, REGULUS
8230).

2.5. In vitro drug release of DAS and CP

The drug release behavior of CP-DDA NPs was studied under
four different conditions: pH7.4, pH7.4 with 2 uM GSH,
pH6.0 and pH 6.0 with 10mM GSH. Briefly, 0.5ml of CP-
DDA NPs (800 ug) was dialyzed with 10 ml PBS (pH 7.4 or the
other conditions mentioned above) in a dialysis bag (MWCO
1000 Da) at 37 +0.2°C. PBS contains 10% ethanol to promote
the dissolution of DAS. Dialysate (10ml) was collected and
replenished with 10ml of fresh buffer at predetermined
time. The amounts of DAS released from CP-DDA NPs were
measured using SpectraMax M2/M2e Microplate Readers
(Molecular Devices, USA) at 320nm. The amounts of CP
released from CP-DDA NPs were measured using high
performance liquid chromatography (HPLC, Thermo Scientific
UltiMate 3000) with a diode-array detector and a C;g column
(15cm x 0.46 cm, Syncronis). 1ml the release solution was

taken, 200 ul of DDTC solution (5%) was added, vortex for
1min, and then incubate in a 37°C water bath for 30 min.
1ml of chloroform was added for extraction, vortexed and
mixed for 1min, and centrifuged at 10 000rpm for 10 min.
Next, the lower layer of chloroform was aspirated and filtered.
Detection wavelength was 254 nm; mobile phase: methanol:
water (75:25, v/v); flow rate 1ml/min; column temperature:
25°C; injection volume: 10 ul.

2.6. In vitro cytotoxicity

H22 and HepG2 cells were seeded in 96-well plates at a
density of 5x 10° cells/well, and cultured for 24h to allow
the cells adherent. DAS, CP, DAS+CP and CP-DDA NPs with
different drug concentrations were added and co-incubated
for 24 h. Then, the medium was replaced with fresh medium
containing 20 ul MTT solutions, incubated for 4h, and 150
ul DMSO was added to each well and gently shaken to
dissolve formazan. The absorbance of each well was detected
at 570 nm with a microplate reader, and the cell survival rate
was calculated.

2.7.  Cell apoptosis measurement

H22 and HepG2 cells were seeded in 6-well plates at a density
of 5 x 10% cells/well, and incubated for 24 h to allow the cells
adherent. DAS (47.78 ug/ml), CP (16 ug/ml), DAS+CP (47.78l
+16ug/ml) and CP-DDA NPs (78.61ug/ml) were added and
co-cultured for 24 h. Cells were collected and apoptosis was
detected by flow cytometry (BD FACSCalibur) stained with an
Annexin V-FITC/PI Apoptosis Detection Kit (BestBio, China).

2.8.  Evaluation of the healing and migration abilities of
tumor cells In vitro

The HepG2 cell culture method was the same as Part
2.7. Before the addition of each drug, the pipet-gun was
used to draw vertical lines in the culture hole, and drug
concentration was quantified with CP (4 ug/ml). After 4h, the
drug-containing medium was replaced with fresh medium,
and the scratch width was photographed and measured at
0, 24 and 48h to calculate the healing rate. The calculation
formula is as follows: H= (At-Ag)/Ag, Where A represents the
width of the scratch.

The HepG2 cell culture in the migration experiment was
the same as above. After 4h of co-incubation with each drug
group, the cells were collected, suspended in 200 ul cell culture
medium without serum and inoculated into the Transwell
upper compartment. 1ml cell culture medium was added to
the lower compartment for further culture. After 48h, the
medium was discarded, the chambers were wiped with cotton
swabs, and after fixed and stained of cells, observed under an
inverted microscope, and photographed for statistics.

2.9.  Preparation and growth inhibition study of HepG2
multi-cellular spheroids

Three-dimensional cultured multicellular spheroids (MCS)
were established as previous reported works [39]. HepG2 cells
were cultured in culture flasks whose bottom was covered
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Scheme 1 - The synthetic route of CP-DDA NPs (A); Drug delivery mechanism of nanoparticles and drug release mechanism

in tumor cells (B).

with PHEMA. During the culture process, the non-spherical
and oversized MCS were removed and uniformly sized MCS
continued to be cultured to about 150 um, and then, seeded in
96-well plates with the bottom covered with PHEMA. HepG2
MCS were co-cultured with DAS (47.78 ug/ml), CP (16 ug/ml),
DAS+CP (47.78 4+ 16 ug/ml) and CP-DDA NPs (78.61 ug/ml), and
the size and morphological changes of MCS were observed
and recorded under the microscope.

2.10. In vivo antitumor experiment and
immunohistochemistry

In vivo studies were followed by the protocols approved by
the Institutional Animal Care and Use Committee, Anhui
University, Ethical approval Number: IACUC, AHU Issue No.
2020-017. When the tumor volume of H22 increased to 50-
100 mm?3, mice were randomly divided into 5 (n=11) groups,
and administrated with DAS, CP, DAS+CP and CP-DDA NPs
via tail vein on Day O and Day 5, respectively. CP dose
quantification was 4 mg/kg. Body weight and survival rate of
mice were recorded. The tumor size was measured by vernier
calipers every other day and its volume (V) was calculated
according to the formula of (a x b?)/2, where a was the major
axis and b was the minor axis [43]. During the treatment, one
mouse was randomly selected from each group and the main
organs and tumor were collected, stained using hematoxylin
and eosin (H&E). The tissue damage was observed under a
microscope and photographed.

2.11. Statistical analysis

All data were examined repeatedly three times and displayed
as mean =+ standard deviation (SD). Meanwhile all data were
analyzed for statistical significance using Student’s text, and P
values less than 0.05 were considered statistically significant.

3. Results and discussion
3.1. Characterization of DH-CP

DH-CP, a Pt (IV) prodrug with reduction sensitivity was
synthesized by oxidizing CP with H,0,, as shown in
Scheme 1A. FTIR spectra of CP and DH-CP are shown in Fig.
S1. Compared with CP (a), DH-CP (b) showed a narrow peak
(1441.88 cm~1) and sharp peak (3464.46 cm~') of -OH, which
proved the correct structure of DH-CP.

3.2 Characterization of DAC

DAC was synthesized by the reaction of DAS with succinic
anhydride (SA), as shown in Scheme 1A. TH NMR results of DAC
(Fig. S2) were in line with the previously reported literature
[37]. As for FTIR spectra (Fig. S1d), DAC showed absorption
peaks of -C=0 (1738.841 cm~!) and -OC=0 (1193.25 cm™1).
These results confirmed the successful preparation of DAC.

3.3. Characterization of CP-DDA

Based on the esterification of one molecule of DH-CP and
two molecules of DAC, an ADDC was prepared, which is
abbreviated as CP-DDA. The chemical structure of CP-DDA
was confirmed by 'H NMR, LC-MS and FT-IR. 'H NMR
spectrum of CP-DDA was presented in Fig. S3, compared
with DAC (Fig. S2), a new peak of -NH3 (peak n, 6.2-6.8 ppm)
confirmed the formation of CP-DDA. The theoretical relative
molecular weight of CP-DDA is 1475.28 (m/z, [M + H] "), which
is consistent with the MS measurement result (1475.3018, Fig.
S4), and proves that the ratio of DAC to DH-CP in CP-DDA is 1:2.
In addition the FTIR results (Fig. Sle) showed that the peak of
DH-CP at 3459.42 cm~! (-OH) disappeared after the reaction,
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and the peak of -C=0 (1738.841 cm~1) and -OC=0 (1193.25
cm™) shift to 1723.97 cm~?! and 1191.40 cm™?, which further
proved that DH-CP and DAC combined through esterification
reaction to produce CP-DDA. All results confirmed that CP-
DDA had been synthesized successfully.

3.4.  Characterization of CP-DDA NPs

A carrier-free ADDC self-delivery system was then prepared
by self-assembly of CP-DDA in water, which was denoted as
CP-DDA NPs. The hydrodynamic diameter and morphology
of CP-DDA NPs were characterized by DLS and SEM. From
Fig. 1A, the average size of CP-DDA NPs was 119nm with
a PDI of 0.046. SEM (Fig. 1B) also showed that CP-DDA NPs
had a spherical structure with a mean size of 100 nm, which
was consistent with that of DLS measurements. To investigate
the physiological stability of the prepared nanoparticles, CP-
DDA NPs were dispersed in PBS (pH 7.4) or cell culture
medium (containing 10% FBS) for 120h, respectively. The
size and PDI change of CP-DDA NPs were detected by DLS
(Fig. 1C). Obviously, there was no significant change during
this period, indicating that CP-DDA NPs possessed excellent
stability, which was beneficial to the drug delivery in vivo and
enrichment to the tumor region through EPR effect [44].

3.5. In vitro drug release of DAS and CP

To further study the reduction triggered dissociation of the
CD-DDA NPs, in vitro drug release was measured under four
different conditions: pH 7.4; pH 7.4 with 2 uM GSH; pH 6.0 and
pH 6.0 with 10 mM GSH. Fig. S5 displayed that the maximum
UV absorption of DAS is 320 nm. The DAS release amount from
CP-DDA NPs under different conditions were then measured
at 320nm, as shown in Fig. 1D. Under the condition of pH
6.0 with GSH (10 mM), the release of DAS reached 67.72% in
24h and increased to 81.97% in 48h. The release rate of DAS
was less than 30% in 48h at pH 7.4 with GSH (2uM). On the
contrary, the amount of drug released at pH 7.4 and pH 6.0
without GSH were both less than 25% even after 144 h. Besides,
the release amount of CP from CP-DDA NPs at corresponding
conditions was also measured by HPLC, as shown in Fig. S6.
The release rate of CP at pH 7.4 and pH 6.0 were 5.24% and
22.49%, respectively. The release rate of CP at pH 7.4+GSH and
PH 6.0+GSH reached to 32.18% and 92.93%, respectively. The
drug release behavior under different conditions indicated
that this ADDC-based drug self-delivery system could remain

stable in circulation, while rapidly releasing DAS and CP in
tumor cells in reducing substances.

3.6.  In vitro cytotoxicity

In order to evaluate the cytotoxicity, DAS, CP, CP+DAS and
CP-DDA NPs with different concentrations were treated with
H22 and HepG2 cells for 24h. Different concentrations of
DAS, CP, DAS+CP and CP-DDA NPs were co-incubated with
H22 and HepG2 cells. After incubating for 24 h, cell viabilities
were measured by MTT assay, and the results were shown
in Fig. 2. DAS showed mild toxicity to H22 and HepG2 cells,
since the cell survival rate was larger than 70% within the
largest tested concentrations. In the contrast, CP, CP+DAS
and CP-DDA NPs showed dose-dependent cytotoxicity. For
H22 cells, the survival rate was 55.53% after incubated with
free CP (16 ug/ml) for 24 h, and the cell viabilities of CP+DAS
(47.78 + 16 ug/ml) treated H22 were 42.13% (24h), while the
corresponding survival rates of CP-DDA NPs (78.61 ug/ml) were
61.56%, respectively. For HepG2 cells, CP, CP+DAS and CP-DDA
show similar cytotoxicity to H22. It should be noted that the
cytotoxicity of CP-DDA NPs on HepG2 and H22 is less than
that of CP and CP+DAS. This can be due to the slow release
of the drug resulted from the fact that CP-DDA NPs need to be
degraded under reducing conditions after being taken up by
tumor cells.

3.7. Cell apoptosis measurement

In order to further verify the efficacy of CP-DDA NPs, H22
and HepG2 cells were co-incubated with all these samples.
Cell apoptosis were detected via flow cytometry after 24h
(Fig. 3). DAS only displayed mild cytotoxicity at detected
concentration, as the apoptosis rate (Q2+Q3) was only 11.83%
(H22) and 9.78% (HepG2). Besides, the apoptosis rate of CP-DDA
NPs (Q2+Q3) was 32.7% (H22) and 37.19% (HepG2), respectively,
slightly higher than CP (23.26%, 22.65%) and lower than
CP+DAS (44.8%, 53.52%), which was consistent with the result
of MTT.

3.8.  Evaluation of the healing and migration abilities of
tumor cells In vitro

DAS is a Src inhibitor, which is reported to suppress the
proliferation and metastasis of various cancer cells. Therefore,
the ability of each sample that restrain the HepG2 cells
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proliferation was verified by a plate scratch experiment,
as shown in Fig. 4A. It was found that compared with
control group, DAS, CP, CP+DAS and CP-DDA NPs significantly
inhibited the migration and proliferation of HepG2 cells. The
healing rate of the control group was 50% (Fig. 4B) after
48h, while the healing rate of DAS was reduced to 0. It is
worth noting that CP (—23.07%), CP+DAS (—25%) and CP-
DDA NPs (—20%) not only completely inhibited the healing
but also increased the scratch width of HepG2. This result
indicated that this ADDC-based CP-DDA NPs could combine
the cytotoxicity of CP and the ability of DAS to inhibit tumor
cell migration and proliferation, thereby exerting a synergistic
therapeutic effect.

Transwell experiment further verified the inhibition of
each drug formulation on cell migration. Compared with
the control, the cell migration ability after treatment with
different drugs were significantly reduced (Fig. 4C and 4D).
In the control group, large number of cells passed through
the transwell and adhered to the membrane to grow, and the
cell morphology was spindle-shaped. After CP treatment, a
certain proportion of cells still passed through the transwell.
In contrast, after treatment with DAS, CP+DAS and CP-DDA
NPs, only a few cells were able to pass through the transwell.

This result once again proves that the combination of DAS and
CP can effectively inhibit the migration of tumor cells.

3.0.
MCS

Preparation and growth inhibition study of HepG2

In order to verify in vitro anti-tumor activity of the prepared
CP-DDA NPs, HepG2 MCS was incubated with the above-
mentioned various drug formulations for 3 days, and then
the inhibitory effect of each drug on MCS was observed.
Fig. 5 showed the representative pictures of MCS during
the treatment. For control group (MCS with fresh medium),
peripheric cells of MCS proliferated continually from 0 to
3 d, leading to a significant growth in size and the final
average diameter reached to 247.46 um. Besides, DAS only
displayed a certain inhibitory effect on the growth of MCS.
Thus, the diameter of MCS had only a slightly growth after
3 d (172.81um). On the contrary, CP, CP+DAS and CP-DDA
NPs showed a remarkable inhibitory effect on MCS. During
the diameter and volume of MCS continued to shrink, and
the average diameter of each group was 75.4um (CP), 67.7 um
(DAS+CP) and 90.4um (CP-DDA NPs) at the end of the
experiment, respectively. For CP-DDA NPs, the outer layer cells
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Fig. 5 - Representative images of HepG2 MCS in growth inhibition assay (A) and diameter change carve of MCS (B).

of MCS died and fell off, and the 3D structure of MCS was
destroyed at the end of the treatment.

3.10. In vivo antitumor experiment and
immunohistochemistry

In vivo antitumor effect of DAS, CP, DAS+CP and CP-DDA NPs
was then investigated in subcutaneous H22 tumor-bearing
mice. The average tumor volume of mice in all groups was

shown in Fig. 6B. For saline-treated mice, the tumor volume
was 649.11mm? at Day 7, while the tumor volume of DAS-
treated mice was 454.18 mm?3. Compared with CP-DDA NPs,
CP and DAS+CP show higher tumor suppressing ability, as
the tumor volume at Day 7 was 167.44mm? (CP), 114.76 mm?
(DAS+CP) and 211.79 mm? (CP-DDA NPs), respectively. CP and
DAS+CP can effectively inhibit tumor growth in the initial of
the study. However, the mice in the CP and DAS+CP-treated
groups began to die on the 7th and 4th d, respectively, which



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 16 (2021) 762-771

769

g B Sali
—a— Saline —=—Saline
o 2 28001 e—pas
—~ 32q4-a-cCP —a—CP

~ 20004—v— DAS+CP
—&—CP-DDA NPs

< 30]--pas+cp
= ,g]——CP-DDA NPs

Tumor volume (mm
>
>
=3
n

@)

3
>
1

Survival rate (%)
-3
=

T 40— salirfe
k] —e— DAS
20{——cp !

Time (d)

8 10 12 14 16 0 5 10
Time (d)

—— oJ==cP-pDA NPS

15
Time (d)

—»— DAS+CP Ll l_l
25 30

20

Fig. 6 - In vivo antitumor assay: Tumor growth curves of mice (A), body weight change of mice (B), and survival rate change
(C) in HepG2 tumor-bearing mice after intravenous injection of saline, DAS, CP, DAS+CP and CP-DDA NPs.

Heart Liver Spleen

Tumor

Fig. 7 - Histopathological analysis of sections stained with H&E.

could be caused by the strong toxicity of free CP (Fig. 6C). On
the 15th day after administration, the survival rate of CP and
DAS+CP-treated mice reduced to 20% and 30%, respectively,
while the survival rate of CP-DDA NPs-treated mice was 100%.
In addition, CP, DAS, and DAS+CP-treated mice all died within
30 d, while the survival rate of CP-DDA NPs-treated mice was
90%. This result shows that CP-DDA NPs can effectively reduce
the toxicity of the two drugs, which is also one of the most
important advantages of nanoforms. The tumor volume of
saline, DAS and CP-DDA NPs-treated mice continued to be
recorded for 15 d At the end, the tumor volume of saline-
treated mice was 2183.82 mm?, which was twenty times the
initial volume. CP-DDA NPs showed the superiority antitumor
activity, as the tumor volume was 539.11 mm?3, which was five
times as the initial. In addition, the survival rate of mice in
the CP-DDA NPs group was 90% on Day 30, which was much
better than the other groups. The anti-tumor data showed
that the carrier-free drug-self delivery system had excellent

anti-tumor effects, while significantly reducing the toxicity
of CP.

To further study the biosafety and biocompatibility of CP-
DDA NPs, the main organs and tumors of mice in all groups
were removed on Day 5 for histological examination (Fig. 7).
Obviously, there was no significant tissue damage in DAS
and CP-DDA NPs-treated mice, while CP and DAS+CP showed
severe cardiac toxicity (the area marked by the black circle).
The tumor treated with saline exhibited scarcely apoptotic
region with a large amount of proliferating activity cells
(Blue nucleus), while free DAS-treated tumors displayed a
few apoptotic areas surrounded by live tumor cells. On the
contrary, large apoptotic or necrotic region could be found
in the tumor of CP, CP+DAS and CP-DDA NPs-treated mice
(black arrows indicated to the apoptotic or necrotic area).
These results further demonstrated that the carrier-free drug
self-delivery system designed based on amphiphilic drug-
drug conjugates (ADDC) significantly reduced the toxicity
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and side effects of CP while retaining the synergistic effects
of drugs.

4, Conclusion

Based on CP and DAS, an amphiphilic drug-drug conjugate
was successfully prepared through a simple reaction, and
further self-assembled to form a carrier-free drug self-
delivery system (CP-DDA NPS). CP-DDA NPs have appropriate
physiological stability, which can effectively avoid the toxicity
of free drugs to normal tissues. In addition, CP-DDA NPs can be
degraded with high concentrations of GSH, which can achieve
the precise release of DAS and Pt(Il) in tumor cells. In vitro
cell experiments show that DAS is less toxic to tumor cells,
but it can effectively inhibit the proliferation and migration
of tumor cells. The combination with CP can enhance the
cytotoxicity of CP. In vivo anti-tumor experiments show that
CP-DDA NPs can significantly inhibit the growth of tumors,
and reduce the toxic and side effects of CP. The survival rate of
mice within 30 d reaches 90%, which is much higher than that
of CP or CP+DAS-treated mice. Thus, the nanoparticles based
on CP and DAS conjugates can effectively avoid the toxic and
side effects of free drugs, enhance the anti-tumor activity of
CP, and have potential applications.
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