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a b s t r a c t

Intensive cancer treatment with drug combination is widely exploited in the clinic but suffers from
inconsistent pharmacokinetics among different therapeutic agents. To overcome it, the emerging
nanomedicine offers an unparalleled opportunity for encapsulating multiple drugs in a nano-carrier.
Herein, a two-step super-assembled strategy was performed to unify the pharmacokinetics of a pep-
tide and a small molecular compound. In this proof-of-concept study, the bioinformatics analysis firstly
revealed the potential synergies towards hepatoma therapy for the associative inhibition of exportin 1
(XPO1) and ataxia telangiectasia mutated-Rad3-related (ATR), and then a super-assembled nano-pill
(gold nano drug carrier loaded AZD6738 and 97�110 amino acids of apoptin (AP) (AA@G)) was con-
structed through camouflaging AZD6738 (ATR small-molecule inhibitor)-binding human serum albumin
onto the AP-Au supramolecular nanoparticle. As expected, both in vitro and in vivo experiment results
verified that the AA@G possessed extraordinary biocompatibility and enhanced therapeutic effect
through inducing cell cycle arrest, promoting DNA damage and inhibiting DNA repair of hepatoma cell.
This work not only provides a co-delivery strategy for intensive liver cancer treatment with the clinical
translational potential, but develops a common approach to unify the pharmacokinetics of peptide and
small-molecular compounds, thereby extending the scope of drugs for developing the advanced com-
bination therapy.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As one of the most lethal malignancies worldwide, liver cancer
causes very low five-year survival less than 1/5 in the past few years
[1]. Although some successes have been achieved in the field of
targeted therapy of hepatocellular carcinoma, few of them provide
prominent survival benefits due to the typical physiological
complexity of liver cancer [2,3]. As a result, the monotherapy or the
stand-alone therapy may suffer from the compensatory resistance
quickly [4e6]. To overcome it, the emerging combination therapy,
with respect to the simultaneous dosage of multiple therapeutic
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agents, provides a clinical method to synergistically regulate
different signaling pathways, therefore enhance therapeutic effect
and overcome drug resistance [7,8], thereby prolonging the survival
of the patients and decreasing undesirable side effects [9e11]. To-
wards the optimized combination therapy, two general strategies
have emerged: elucidating the specific mechanisms underlying
activities to discover new drug combinations, and developing novel
drug combination systems to give full play to their remarkable
medicinal effects.

As for the discovery of new therapeutic combinations against
liver cancer, we focused on a eukaryotic nuclear-cytoplasmic
exporter termed exportin 1 (XPO1) and ataxia telangiectasia
mutated-Rad3-related (ATR). The nuclear localization signal and
nuclear export signal (NES) are core signatures of proteins for
controlling nuclear-cytoplasmic transport. XPO1 is a eukaryotic
nuclear-cytoplasmic exporter that binds directly to proteins
harboring NES and translocates them to the cytoplasm [12]. XPO1
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over-expresses in multiple cancers and is a validated drug target
[13]. However, tumor recurrence and metastasis are often
happening in patients because of tumor heterogeneity and rapid
adaptation to targeted therapies [14,15]. Inoue et al. [16] prove that
tumor cells response to XPO1 inhibitor-induced DNA damage can
recover because cell cycle arrest facilitates DNA damage repair.
Therefore, XPO1 inhibitor combine with other DNA damage
response drugs which targeting cell cycle may improve the thera-
peutic effect of liver cancer. DNA damage response signaling
pathway is launched with the activation of ATR [17], which are
essential for homologous recombination (HR) DNA damage repair
[18]. For these reasons, we hypothesize that the XPO1 inhibition
combined with the ATR suppression might contribute to the more
effective medicines to fight against liver cancer.

As for the drug combination systems, the traditional cocktail
regimen through several independent drug administration always
suffers from respective pharmacokinetic profiles of each single
drug with different tendency of biodistribution and circulation,
resulting in the attenuated outcomes of the combination therapy
[7,19]. To overcome it, the nanomedicine provided a feasible and
clinical strategy to develop drug combination cocktail, by which
multiple therapeutic agents can be assembled and/or encapsu-
lated into one nanoparticle, thereby unifying the pharmacokinetic
property of loading drugs [20,21]. Among them, some gold
nanoparticles derived nanomedicines have been applied in clin-
ical trials, due to their intrinsic inertion in physiological envi-
ronment [22e26]. Moreover, as non-toxic carrier for anti-cancer
drugs, gold nanoparticles display the enhancive accumulation in
tumor sites via enhanced permeability and retention effect
[27e30] and deep tumor penetration capacity through loosening
extracellular matrix of tumors [31]. Herein, we de novo design a
drug combination system to simultaneously target XPO1 by a 16-
mer peptide (97�110 amino acids of apoptin, AP) and ATR by a
small-molecule inhibitor named AZD6738 in hepatoma carci-
noma cells. In details, a super-assembled nano-pill (gold nano
drug carrier loaded AZD6738 and AP (AA@G)) was constructed
through camouflaging AZD6738 (ATR small-molecule inhibitor)-
binding human serum albumin (HSA) onto the AP (XPO1 peptide
inhibitor)-Au supramolecular nanoparticle. Expectedly, both
in vitro and in vivo experiment results demonstrated that the
AA@G possessed the extraordinary biocompatibility and
enhanced therapeutic effect through inducing cell cycle arrest,
promoting DNA damage and inhibiting DNA repair of hepatoma
cell. Collectively, this work not only provides a co-delivery strat-
egy for intensive liver cancer treatment with the clinical trans-
lational potential, but develops a common approach to unify the
pharmacokinetics of peptide and small-molecular compounds,
thereby extending the scope of drugs for developing the advanced
combination therapy.

2. Materials and methods

2.1. Materials

AP (RVSELKESLITTTPSC) was obtained from China Peptides Co.,
Ltd. (Xi'an, China). All other chemicals used in this study were
purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA)
unless otherwise specified. The g-H2AX antibody (No. 97148),
CyclinD1 antibody (No. 55506), ATR antibody (No.2851), p-chk1
antibody (No. 2348) and Tubulin antibody (No. 5335) were pur-
chased from Cell Signaling Technology Inc. (Boston, MA, USA). The
Rad51 antibody (No. ab213) was purchased from abcam (Cam-
bridge, UK). Acetonitrile and water (high performance liquid
chromatography (HPLC) grade) were purchased from Fisher Sci-
entific Ltd. (Xi'an, China).
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2.2. Cell culture

The liver cancer cell lines of Hepg2, Huh7, Hep3B and Hep1-6
were purchased from American Type Culture Collection and
cultured in Dulbecco's modified eagle medium. They then supple-
mented with 10% fetal bovine serum (Biological Industries Israel
Beit-Haemek, Kibbutz Beit-Haemek, Israel) and 1% penicillin-
streptomycin (Gibco, New York City, NY, USA). Cells were grown
in a 5% CO2 incubator at 37 �C.

2.3. Animals

Athymic C57BL/6 mice were purchased from the Beijing
Experimental Animal Center (Beijing, China) and maintained in a
specific pathogen-free facility approved by the Laboratory Animal
Center of Xi'an Jiaotong University (Xi'an, China). All animal pro-
cedures below were conducted in accordance with the Guidelines
for the Care and Use of Laboratory Animals, and were approved by
the Department of Medicine, Xi'an Jiaotong University (Approval
No.: 2021-1756).

2.4. The design and synthesis of AA@G

For HSA-ATR inhibitor synthesis, 1 mg of tris (2-carboxyethyl)
phosphine hydrochloride was first added to 0.5 mL of HSA
(10 mg/mL) solution. Then, ATR inhibitor (1 mM) was added to
the above HSA solution. Last, 5 mL of ultra-pure water was used
to dilute solution. For gold nano drug carrier loaded AP (AP@G)
synthesis, first, gold nano-adjuvant solution was synthesized as
previous studies [23,26,27]. Briefly, 0.5 mL of chloroauric acid
solution (10 mM) was added to 4.5 mL of 2-[4-(2-hydroxyethyl)-
L-piperazinyl] ethane sulfonic (HEPES, 50 mM) acid buffer, stir-
ring under heating conditions until the solution turns purple red,
indicating the successful preparation of gold nano-adjuvant so-
lution. After 2.5 mg of AP, 2 mg of NH2-PEG2000-SH and 4.5 mL of
HEPES (50 mM) were mixed well, 0.5 mL of chloroauric acid so-
lution (10 mM) was added and kept stirring until the solution
turns pale yellow into colorless, marking the formation of AP@G.
Finally, 2 mL of HSA-ATR inhibitor solution, 2 mL of AP@G solu-
tion and 4 mL of gold nano-adjuvant solution was mixed for
10 min, and the gold nano drug carrier loaded AZD6738 and AP
(AA@G) was completely prepared.

2.5. Drug release

HPLC analysis was performed to evaluate drug loading efficiency
using an Agilent 1100 LC System (Agilent Technologies, Santa Clara,
CA, USA) and C18 column (Phenomenex, Los Angeles, CA, USA). All
samples were dissolved in acetonitrile:water (9:1, V/V) with 0.1%
(V/V) trifluoroacetic acid added as a stabilizer. Before injection, all
samples were filtered through a 0.45-mm syringe filter. The release
kinetics of AP and AZD6738 were conducted using Slide-A-LyzerTM

MINI dialysis devices (molecular weight 20,000; Xi'an, China).
Briefly, 2 mg of AA@G was dispersed in phosphate buffered saline
(PBS, pH 7.4 and 6.0, respectively) with or without
glutathione (GSH). The samples were shaken under 200 rpm at
room temperature. Aliquots were taken from the dialysis bag at
specified time points (0, 2, 12, 13, 14, 16, 20, and 24 h), and the
release of AP and AZD6738 into the buffer solutionwas detected via
HPLC.

2.6. Cellular uptake analysis

This section was referred to our previous article [32]. Cells were
treated with AA@G (0.2 mg/mL), which were loaded with Cy5. Cells
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treated with AP and AZD6738 compound without gold nano
adjuvant were used as a control. After incubation for 6 h, the cells
were washed three times with cold PBS and the treated cells were
harvested for flow cytometry analysis.
2.7. In vitro therapeutic effect and drug synergy analysis

The cytotoxicity against Hepg2, Huh7, Hep3B and Hep1-6 cells
was measured by cell counting kit-8 (CCK8) assay, as shown in
our previous article [32]. The q value of drug combined efficacy
was calculated by Jin's formula: q ¼ EAþB/(EA þ EB � EA � EB),
where EAþB is the inhibition rate of the combination of two
drugs, EA and EB are the inhibition rates of each single drug, q < 1
indicates that two drugs has antagonistic effect, and q � 1 in-
dicates that two drugs has synergistic effect. The coefficient of
drug interaction (CDI) was calculated according to the formula:
CDI ¼ AB/(A � B). AB is the ratio of absorbance value between the
two drug combination groups and the control group, and A or B
is the ratio of absorbance value between the single drug group
and the control group. When CDI < 1, the two drugs have synergy
effect, and when CDI < 0.7, the synergistic effect is very
significant.
Fig. 1. Bioinformatics analysis of exportin 1 (XPO1) and ataxia telangiectasia mutated-Rad3
and normal samples (n ¼ 50). LIHC: liver cancer and health control. (B) Overall survival betw
analysis of XPO1 and ATR. (D) Overall survival between low ATR expression samples and hig
(F) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of pr
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2.8. Cell cycle and apoptosis analysis

Prepare cell samples refer to our previous article [32]. Apoptosis
kit and cycle kit were purchased on Becton, Dickinson and Com-
pany (Franklin, NJ, USA), and used for analyzing cell apoptosis and
cell cycle according to the instruction.

2.9. Western blotting (WB)

Cells were seeded in 6-well plates and divided into three groups
and added PBS, gold nano drug carrier (@G) and AA@G respectively
for 48 h. Cells were harvested and resuspended in lysis buffer,
washed thrice with ice-cold PBS and lysed in extraction buffer
(40 mmol/L Tris-HCl, pH 7.5, 150 mmol/L KCl, 1 mmol/L ethyl-
enediamine tetraacetic acid, 1% Triton X-100, 100 mmol/L NaVO3,
1 mmol/L phenylmethanesulfonyl fluoride) supplemented with the
protease inhibitor cocktail. Proteins were subjected to WB assay as
described previously [32].

2.10. Immunofluorescence

After culturing cells, cells were fixed with 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100, blocked in 3% bovine serum
-related (ATR). (A) Different expression of XPO1 between liver cancer samples (n ¼ 69)
een low XPO1 expression samples and high XPO1 expression samples. (C) Correlation

h ATR expression samples. (E) Functional protein association network of XPO1 and ATR.
oteins in Fig. 1E. TPM: transcripts per kilobase of exon model per million mapped reads.
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albumin, and incubated with primary anti-p-chk1, anti-Rad51, anti-
g-H2AX and anti-CyclinD1 antibody for 1 h and fluorescent-
conjugated secondary antibody (Invitrogen, Paisley, UK) for 1 h.
Then, cells were washed and stained with Actin-Tracker (30 min)
and 4',6-diamidino-2-phenylindole (DAPI, 3 min). The images of
the cells were obtained by laser confocal microscopy (Actin-Tracker,
excitation: 488 nm; DAPI, excitation: 400 nm, and fluorescent-
conjugated antibody, excitation: 594 nm).

2.11. In vivo safety evaluation

For the biosafety evaluation, female C57BL/6 mice were
randomLy divided into five groups (control, @G, AP@G, gold nano
drug carrier loaded AZD6738 (AT@G) and AA@G), four groups were
injected with 200 mL of drugs (0.2 mg/mL) via abdomen every daily
Fig. 2. Characterization of gold nano drug carrier loaded AZD6738 and 97�110 amino acid
drug carrier (@G), gold nano drug carrier loaded AP (AP@G), gold nano drug carrier loade
Element mapping for AA@G. (C) Photograph of @G, AP@G, AT@G and AA@G. (D) Hydrated pa
(F) AA@G. (G) The ultraviolet-visible spectroscopy (UV-vis) of @G, AP@G, AT@G and AA@G. (
Changes of hydrodynamic diameter of AA@G in phosphate buffered saline (PBS) with or wit
and conditions (n ¼ 3).
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for five days, while the control group was injected with the same
amount of PBS. The mice were sacrificed, and blood was collected
after 30 days. Blood routine examination and biochemistry and in-
flammatory factors analyses were performed, and the major organs
(heart, liver, spleen, lungs, and kidneys) were weighed and collected
for hematoxylin-eosin staining (H&E) staining.

2.12. Therapeutic effect in vivo

Mice were divided into 1) control; 2) @G; 3) AP@G; 4) AT@G, and
5) AA@G groups after bearing-tumor reached about 100 mm3. The
drugs were intravenously injected into the abdomen every daily for
five days. The length andwidth of the treated tumorsweremeasured
using a vernier caliper every two days. Tumor size was measured
with calipers using formula V ¼ (a � b2)/2, in which a and b are the
s of apoptin (AP) (AA@G). (A) Transmission electron microscope pictures of gold nano
d AZD6738 (AT@G) and gold nano drug carrier loaded AZD6738 and AP (AA@G). (B)
rticle size of AA@G captured by dynamic light scattering. Zeta potentials of (E) @G and
H) Fourier transform infrared spectroscopy analysis of @G, AP@G, AT@G and AA@G. (I)
hout glutathione (GSH) for different time (n ¼ 3). (J) AP release profile in different time



Fig. 3. Gold nano drug carrier loaded AZD6738 and 97�110 amino acids of apoptin (AP) (AA@G) targeting ability. (A) Confocal imaging of AA@G incubated with Hep3B cancer cells.
(B) Flow cytometry analysis results of intracellular AA@G fluorescence for different time. (C) Confocal Z-stack results of AA@G penetration in 3D Hep3B cell spheroids. Color red
indicates Cy5-labeled AA@G. (D) Inductively coupled plasma-mass spectrometry result of AA@G content in different organs (n ¼ 3). (E) The tumor-to-organ distribution ratio of
AA@G (n ¼ 3). DAPI: 40 ,6-diamidino-2-phenylindole; FITC: Fluoresceine isothiocyanate.
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Fig. 5. Therapeutic mechanism of gold nano drug carrier loaded AZD6738 and 97�110 amino acids of apoptin (AP) (AA@G) in vitro. (A) Schematic diagram of therapeutic
mechanism of AA@G. (B) Expression levels of g-H2AX, Rad51, p-chk1 and CyclinD1 detected by Western blot. (C) Immunofluorescence experiment for expression levels of g-H2AX,
Rad51, p-chk1, and CyclinD1. DAPI: 40 ,6-diamidino-2-phenylindole; FITC: fluoresceine isothiocyanate.
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largest and the smallest perpendicular diameters, respectively.
Bearing-tumors in every group were followed individually until they
measured greater than 1000 mm3. The animals were sacrificed. The
samples were submerged in formalin for histological analysis.

2.13. Bioinformatics analysis

Gene expression profiling interactive analysis (GEPIA, http://
gepia.cancer-pku.cn) is an open web server for analyzing RNA-
Fig. 4. Therapeutic efficacy of gold nano drug carrier loaded AZD6738 and 97�110 amino a
Combined drug effect of AP and AZD6738. (C) Drug synergy of AP and AZD6738. (D) Apopt
(n ¼ 3). (G) Quantification of cell cycle analysis in Fig. 4E (n ¼ 3). (H) Calcein-AM/propidium
represents dead cell. *P < 0.05; **P < 0.01; and ***P < 0.001. CDI: coefficient of drug interac
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sequencing expression data of 9,736 tumors and 8,587 normal
samples from The Cancer Genome Atlas and Genotype-Tissue
Expression projects, using a standard processing pipeline [33].
The expression of XPO1 in liver cancer samples compared to
normal samples, the overall survival in high or low XPO1 and ATR
expression samples, and the correlation between XPO1 and ATR
and were analyzed with GEPIA. Search tool for the retrieval of
interacting genes (STRING) (https://string-db.org/cgi/input.pl) is an
online tool that for predicting protein association network of
cids of apoptin (AP) (AA@G) in vitro. (A) Cell counting Kit-8 (CCK-8) assay results. (B)
osis analysis results. (E) Cell cycle analysis results. (F) Quantification results of Fig. 4D
iodide staining analysis. Green fluorescence represents living cells and red fluorescence
tion; 7-AAD: 7-aminoactinomycin D.

http://gepia.cancer-pku.cn
http://gepia.cancer-pku.cn
https://string-db.org/cgi/input.pl
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certain genes, and can play Gene Ontology (GO) analysis and search
Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling
pathways of proteins in the protein association network of certain
genes [33]. We predicted protein association network of XPO1 and
ATR using the STRING, and then conducted GO analysis and KEGG
signaling pathways using the STRING database.

3. Results and discussion

3.1. Bioinformatics analysis

The nucleocytoplasmic transport of specific proteins is essential
for regulating the cell cycle and cell proliferation, as it can affect
important cellular processes, including apoptosis and tumor
growth. According to previous studies, various cancer types are
associated with elevated levels of XPO1, an important mediator of
nucleocytoplasmic transport and cell proliferation, in different cells
[34]. Therefore, XPO1 may be considered as a prognostic marker
[13] and is a validated drug target in tumor therapies. In this study,
we show that XPO1 is significantly overexpressed in liver cancer
cells (369 samples) compared to normal cells (50 samples) (Fig. 1A).
Survival analysis reveals that the survival time of subjects with high
XPO1 expression is shorter than that of subjects with normal XPO1
expression (Fig. 1B). This indicates that XPO1 is a valid therapeutic
target in liver cancer patients.

Considering that cycle arrest facilitates the repair of DNA dam-
age induced by the XPO1 inhibitor [16], it is necessary to use other
drugs that can inhibit the DNA damage response during the cell
cycle. By combining such drugs with the XPO1 inhibitor, the ther-
apeutic efficiency of liver cancer treatments may be significantly
improved. Based on the analyses conducted herein, the expression
levels of ATR and XPO1 are positively correlated, with a correlation
coefficient of 0.54 (Fig. 1C). Like XPO1, the ATR expression in he-
patocellular carcinoma patients is higher than that in normal sub-
jects, and the survival time is shorter (Fig. 1D). Knowing that the
ATR inhibitor is a superior cell cycle checkpoint inhibitor that can
effectively inhibit the DNA damage induced by many types of
cancers [17], it can be used in conjunction with the XPO1 inhibitor
to treat liver malignancies. The protein association network pre-
diction, GO analysis, and KEGG search performed in this study
confirm that the proteins associated with XPO1 and ATR are closely
related to cell cycle and DNA damage (Figs. 1E and F). Based on
protein structure analysis, AP contain NES. Therefore, this agent can
be used to inhibit proteins with NES transport such as XPO1 [35].
Meanwhile, AZD6738 is an ATR inhibitor that effectively inhibits
DNA damage repair. In this study, AP and AZD6738 are used as
XPO1 and ATR inhibitors, respectively.

3.2. AA@G synthesis and characterization

The @G is widely used in cancer treatment due to its therapeutic
efficiency, low toxicity, and deep tumor penetration capacity
[31,36e39]. Herein, we use this system as an adjuvant to combine
the XPO1 inhibitor (AP) with the ATR inhibitor (AZD6738). The
combined preparation is labeled as AA@G. First, AP@G is synthesized
from AP, NH2-PEG2000-SH, and gold nano-adjuvant. Then, AT@G is
synthesized by adding the HSA-AZD6738 to the gold nano-adjuvant.
At this step, HSA provided a disulfide bond to AZD6738, which could
Fig. 6. Treatment effect of gold nano drug carrier loaded AZD6738 and 97�110 amino acid
groups were treated with control (PBS), gold nano drug carrier (@G), gold nano drug carrier
(B) Tumor volumes in each group (n ¼ 5). (C) Body weight of every mouse in each group (n ¼
each group. (F) Hematoxylin-eosin staining (H&E) and terminal deoxynucleotidyl transfe
Immunohistochemistry analysis of g-H2AX, Ki67, p-ATM/ATR, and CyclinD1 in each group (n
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bind to the surface of gold nanoparticles. Finally, AP@G and the HSA-
ATR inhibitor are added to the gold nano-adjuvant solution in order
to obtain AA@G. As shown in Fig. S1, AP to AZD6738 ratios between
0.5 and 1.25 lead to AP and AZD6738 loading efficiencies in the range
of 14%e77% and 11%e81%, respectively. The optimal loading capac-
ities of 77% (AP) and 81% (AZD6738) are obtained at the AP/AZD6738
concentration ratio of 1.

The transmission electron microscope images shown in
Fig. 2A demonstrate that @G is composed of spherical nano-
particles with a diameter of 12 nm approximately. The nano-
particles in AP@G, AT@G, and AA@G are nearly spherical;
however, their diameters are larger than that of the @G nano-
particles. Elemental mapping analysis shows that Au, S, O, and N
elements are scattered on the surface of the AA@G sample
(Fig. 2B). These elements are attributed to AP�S�Au, which is
formed upon the reduction of Au3þ in HAuCl4 by the thiol in AP. It
can be seen from the photograph shown in Fig. 2C that all sys-
tems investigated herein (@G, AP@G, AT@G, and AA@G) are
purple solutions and the @G and AT@G solutions are darker than
the AP@G and AA@G solutions. Based on dynamic light scattering
analysis, the hydrodynamic diameter of AA@G is about 22.3 nm
(Fig. 2D), which is larger than that of @G. Moreover, the zeta
potential of this system is up to �21.6 mV (Fig. 2E), whereas that
of the @G system is �8.95 mV (Fig. 2F). This indicates that AA@G
is more capable of entering cells than @G. As shown in Fig. 2G,
the ultraviolet-visible spectroscopy (UV-vis) spectrum of AA@G
exhibits the characteristic absorption peaks of AP and AZD6738
(250, 320, and 530 nm), indicating that both agents are suc-
cessfully loaded into @G (Fig. 2G). This is consistent with the
fourier transform infrared spectroscopy results presented in
Fig. 2H. Overall, the analytical data discussed above confirm that
AA@G has been successfully prepared.

Stability and controllability are essential characteristics of
antitumor drug formulations [22,30]. Herein, we hypothesize that
AA@G remains stable as it circulates in the blood and that the gold
nanoparticles decompose at the target cells to release the thera-
peutic agents AP and AZD6738. The decomposition of the AA@G
system is triggered by high concentrations of GSH, a peptide that
can promote the decomposition of gold nanoparticles [40], in tu-
mor cells [41]. To confirm the stability of AA@G in blood circulation,
the systemwas incubated in PBS with 20% fetal bovine serum at pH
7.4 for 24 h, and variations in its hydrodynamic diameter were
monitored. As shown in Fig. 2I, the hydrodynamic diameter of
AA@G does not change significantly after incubation, which in-
dicates that it remains stable. The GSH-responsive decomposition
behavior of AA@G was also tested, and the results presented in
Fig. 2I demonstrate that the hydrodynamic diameter of the system
decreases quickly after adding 10 mMGSH. Fig. 2J demonstrate that
the AA@G particles incubated in PBS solution for 12 h do not exhibit
AP, regardless of the solution's pH value (6.0 or 7.4). This confirms
that the prepared particles remain stable. However, when 10 mM
GSH is added to the incubation solution, an obvious AP is detected
in incubated AA@G sample. Based on the spectra recorded at
different times during incubation, the release rate of AP reaches
100% within 8 h. A similar release rate is detected for AZD6738
(Fig. S2). Overall, the results prove that AA@G has good stability in
blood circulation and that the drugs are only released at the tumor
site, where the concentration of GSH is high.
s of apoptin (AP) (AA@G) in vivo. (A) Treatment illustration design, mice in different
loaded AP (AP@G), gold nano drug carrier loaded AZD6738 (AT@G), and AA@G (n ¼ 5).
5). (D) Tumor weight of every mouse in each group (n ¼ 5). (E) Photographs of tumor in
rase-mediated dUTP nick end labeling (TUNEL) staining in each group (n ¼ 3). (G)
¼ 3). *P < 0.05; **P < 0.01; and ***P < 0.001. ATM: ataxia telangiectasia-mutated gene.
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3.3. Cellular uptake of AA@G

Based on the enhanced permeability and retention (EPR) effect,
nanomaterial drug delivery systems (NDDSs) passively accumulate
at the tumor site, and thus, do not affect normal tissues [42]. The gold
nanoparticles typically used as carrier in NDDSs have superior EPR
effect [43], and thus, they are used as an adjuvant in this study to
ensure passive targeting of AA@G. To confirm the targeting efficiency
of AA@G, experiments were conducted wherein Cy5 was coupled to
AP and AZD6738 to form AP-AZD6738-Cy5 or to AA@G to form
AA@G-Cy5. After incubationwith Hep3B cells for 6 h, the AA@G-Cy5
group showed a stronger fluorescence signal compared to both the
control group and the AP-AZD6738-Cy5 group (Fig. 3A). Indeed,most
Hep3B cells incubated with AA@G-Cy5 showed obvious red fluo-
rescence after 4 h. Based on flow cytometry analysis, the percentage
of fluorescent cells in the AA@G-Cy5 group reached 61.78% and
71.41% after 4 and 6 h of incubation, respectively, which is signifi-
cantly higher than the percentage detected in the AP-AZD6738-Cy5
group (1.51%) (Fig. 3B).

Since 3D cell spheroids are proposed as better mimics of tumors
in vivo [44], the penetrability of AA@G into solid tumor tissues was
investigated using 90 mm3D Hep3B cell spheroids. After incubation
with AP-AZD6738-cy5 or AA@G-cy5 for 6 h, the cells were observed
by laser scanning confocal microscopy. Based on the results pre-
sented in Fig. 3C, both groups of cells show maximum fluorescence
at approximately 40 mm away from the spheroid center. The fluo-
rescence intensity decreases at distances closer to the center,
indicating that the gold adjuvant promotes the penetration of the
AP and AZD6738 drugs into simulated solid tumor.

To assess the in vivo distribution of AA@G, Hep1-6 tumor-
bearing C57 mice were injected with AA@G particles; then, the
content of AA@G in tumors and organs was determined by
measuring 197Au using inductively coupled plasma mass spec-
trometry. The obtained results show that AA@G is detected in tu-
mors at 6 h after injection and that it accumulates in the tumor
tissue for up to 72 h (Fig. 3D). AA@G is also detected in the liver,
spleen, and lung at 6 h; however, it is almost undetectable at 72 h
(Fig. 3D). This indicates that AA@G is gradually excreted from the
body and that it does not accumulate in normal tissues. The tumor-
to-organ distribution ratio of 197Au increases significantly over
time, which confirms the tumor-targeting ability of AA@G (Fig. 3E).
These results demonstrate that AA@G can effectively target tumors
and is readily cleared from the body.

3.4. Therapeutic efficacy and mechanism of AA@G in vitro

The therapeutic efficacy of AA@G against four liver cancer cell
lines (Hepg2, Hep3B, Huh7, and Hep1-6) was evaluated using the
Cell Counting Kit-8 (CCK-8) assay. The results show that treatment
with AA@G significantly inhibits the viability of the tested cells;
however, the cell viability inhibition ability of free combination of
AP and ATR inhibitor (AZD6738) is even inferior to AT@G (Fig. S3),
because AP is a short peptide, which cannot enter the cell without
transmembrane penetrating peptide modification, and the carrier
@G has a therapeutic auxiliary effect [31,36e39]. In addition,
treatment with AP@G or AT@G has minimal effect on cell viability
(Fig. 4A). The effect of the combined drug formulation was further
analyzed using the King's formula: q ¼ EAþB/(EA þ EB � EA � EB),
Fig. 7. Biocompatibility of gold nano drug carrier (@G), gold nano drug carrier loaded 97�11
and gold nano drug carrier loaded AZD6738 and AP (AA@G) in vivo was evaluated. (A) The c
(PLT). (B) The changes of alanine aminotransferase (ALT), aspartate aminotransferase (AST)
inflammatory factors in serum. (D) Hematoxylin-eosin staining (H&E) staining of mice afte
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where EA, EB, and EAþB are the inhibition rates of drug A, drug B, and
the combined drugs, respectively. If q < 1, the drug combination has
an antagonistic effect; if q � 1, the drug combination has a syner-
gistic effect. As shown in Fig. 4B, the q values calculated for Hepg2,
Hep3B, Huh7, and Hep1-6 cells are all greater than 1, indicating that
AP and AZD6738 exhibit synergistic therapeutic effects. To assess
the interaction of AP with AZD6738, the CDI [45] was also calcu-
lated using the following formula: CDI ¼ AB/(A � B), where A, B,
and AB represent the absorbance ratios of the drug A, drug B, and
combined drug (AB) groups, respectively, to the control group at
450 nm. CDI values less than 1 indicate that the two drugs are
synergistic, and the synergy is highly significant if CDI < 0.7. As
shown in Fig. 4C, all cells treated with AA@G yield CDI < 1, with
some groups having CDI < 0.7, except for the Huh7 cells incubated
with AP and AZD6738 at the highest drug concentrations. Knowing
that Huh7 is a hepatoma cell line with p53 mutation, it may be
concluded that this mutation is not conducive to tumor treatment.

Fig. 4D showed the apoptotic rate detected for the AA@G
treatment group (47.37%) is significantly higher than the rates
detected for the AP@G (24.51%), AT@G group (27.07%), and control
(4.64%) groups, and Fig. 4E was the statistical result of three inde-
pendent repeated cell apoptosis experiment, indicating that AA@G
improved the apoptotic rate of liver cancer cells, which is consistent
with the CCK-8 assay results. Flow cytometry evaluation of the cell
cycle distribution (Fig. 4F) reveals that all treatment groups exhibit
a higher percentage of cells in the G1 phase than the control group
(40.72%). Moreover, the percentage of G1 phase cells in the AA@G
group is 73.07%, which is higher than the corresponding percent-
ages in the AP@G (50.27%) and AT@G (51.93%) groups (Fig. 4G).
These results indicate that combined treatment with AP and
AZD6738 inhibits G2/M checkpoint activation in Hep3B cells,
thereby blocking the cells in the G1 phase and arresting cell pro-
liferation. Furthermore, calcein-AM/propidium iodide staining ex-
periments performed on 3D Hep3B cell spheroids demonstrate that
nearly all Hep3B cells stainedwith AM in the control and@G groups
exhibit green fluorescence (Fig. 4H). However, only the cells in the
AA@G group show strong red fluorescence (Fig. 4H), indicating that
the AA@G formulation can effectively improve the curative effects
of AP and AZD6738.

To maintain life stability, it is essential to preserve the DNA and
repair any damage induced by double strand breaks (DSBs) [46].
However, to suppress the growth of tumors, DNA damage must be
promoted, and DNA damage repair must be inhibited. Herein,
AA@G was designed to achieve both goals, as it induces DNA
damage in liver cancer cells while preventing DNA damage repair
(Fig. 5A). To explore the mechanism underlying the effect of AA@G
in killing hepatoma cells, WB and immunofluorescence analyses
were performed. The WB results illustrated in Fig. 5B demonstrate
that the expression level of the DSB marker g-H2AX increases
significantly after AA@G treatment, while the levels of the DNA
damage repair proteins Rad51 and p-chk1 significantly decrease.
Similarly, the immunofluorescence results reveal that AA@G
treatment upregulates g-H2AX but downregulates Rad51 and p-
chk1 (Fig. 5C). This indicates that AA@G can simultaneously
improve DNA damage and inhibit DNA repair after DSBs in liver
cancer cells (Fig. 5A). Considering that the XPO1 inhibitor AP leads
to G1 phase arrest, the expression level of CyclinD1, a mitogenic
sensor that controls cell cycle progression [47], was also analyzed
0 amino acids of apoptin (AP) (AP@G), gold nano drug carrier loaded AZD6738 (AT@G)
hanges of white blood cell (WBC), red blood cell (RBC), hemoglobin (HGB), and platelet
, blood urea nitrogen (BUN), and creatinine (CR). (C) The changes of concentrations of
r three injections of @G, AP@G, AT@G, and AA@G (n ¼ 3).
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by WB. As shown in Fig. 5B, AA@G treatment downregulates the
expression of CyclinD1. This result is confirmed by immunofluo-
rescence analysis (Fig. 5C), and it indicates that AA@G inhibits the
proliferation of cells by blocking them in the G1 phase (Fig. 5A).

3.5. Therapeutic efficacy and mechanism of AA@G in vivo

To determine the effect of AA@G in vivo, Hep1-6 tumor-bearing
mice were randomly divided into different groups and administered
with PBS (control group), @G, AP@G, AT@G, or AA@G, as illustrated
in Fig. 6A. The tumor volumes and tumor weights of the mice were
recorded every two days in order to assess the effects of different
treatments. As shown in Fig. 6B, the tumor volumes of mice treated
with AP@G, AT@G, and AA@G are smaller than those of the control
group mice, and the smallest tumors were detected in AA@G mice.
However, the body weights were almost the same in every group
(Fig. 6C). A similar trend was observed for tumor weights, with
AA@Gmice showing the least weights at the end of the experiment,
followed by AP@G and AT@G mice, and then the control and @G
mice (Fig. 6D). In addition, Fig. 6E showed the photograph of strip-
ped tumor body from control, @G, AP@G, AT@G, and AA@G groups.
To confirm the therapeutic efficacy of AA@G, H&E and terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
staining analyses were performed. As shown in Fig. 6F, the necrosis
and green dots detected in the AA@G group are greater than those
observed for other experimental and control groups, which indicate
that AA@G has remarkable therapeutic efficacy in vivo. The mech-
anism underlying the tumor proliferation inhibition activity of
AA@Gwas determined by immunohistochemical (IHC) staining. The
obtained results reveal that AA@G treatment upregulates the
expression of the DNA DSB marker g-H2AX (Fig. 6G), which agrees
well with the results of in vitro experiments. This indicates that
AA@G promotes DNA damage by increasing the number of DSBs. In
addition, it effectively inhibits tumor cell proliferation, as evidenced
by Ki67 IHC staining analyses (Fig. 6G). Knowing that the activation
of ataxia telangiectasia-mutated gene (ATM) and ATR induces DSB
repair and that the inhibition of ATR abrogates the repair of DSBs by
HR [17], the effects of different treatments on the expression levels
of ATM and ATR in tumor-bearing mice were also examined. As
shown in Fig. 6G, AT@G and AA@G treatments downregulate ATM
and ATR expression due to the effect of AZD6738 in inhibiting ATR.
Meanwhile, the expression level of CyclinD1 in tumor sites is
downregulated by AT@G, as well as by AP@G treatment, and it is
significantly reduced by AA@G. This indicates that AP@G and AT@G
can block cells in the G1 phase and that the combined drug formula
(AA@G) has the best G1 blocking effect. Based on these results, it
may be concluded that AA@G inhibits tumor growth by promoting
DNA damage, inhibiting DNA damage repair, promoting G1 phase
arrest, and inhibiting tumor cell proliferation.

3.6. Biocompatibility of AA@G

To determine whether a drug formulation may be applied in
clinical treatment, it is essential to evaluate its biosafety [48].
Considering that changes in the behavior and body weights of mice
are considered as signs of acute toxicity and that changes in gross
pathology reflect long-term toxicity [49], these parameters were
assessed throughout the treatment period. Blood samples were
collected from mice administered with intraperitoneal injections of
PBS, @G, AP@G, AT@G, and AA@G, and the behavior and body
weights of these mice were monitored. The results show that treat-
ment with @G, AP@G, AT@G, or AA@G does not induce significant
variations in mouse behavior and body weight compared to the
control group (Fig. 6C), which proves that the acute toxicity of @G,
AP@G, AT@G, and AA@G is low. Similarly, routine blood tests reveal
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that the PBS- and drug-injected groups do not exhibit any appre-
ciable differences, even after 30 days of treatment (Fig. 7A). This
indicates that@G, AP@G, AT@G, and AA@Gdonot cause hemolysis or
myelosuppression. To evaluate any potential liver or kidney damage
induced by @G, AP@G, AT@G, and AA@G, liver and kidney function
tests were performed. In accordance with previous studies, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were
assessed as liver damage indexes, and blood urea nitrogen (BUN) and
creatinine (CR) were assessed as kidney damage indexes [50e52].
The obtained results demonstrate that ALT, AST, BUN, and CR values
corresponding to different groups are similar (Fig. 7B), which sug-
gests that @G, AP@G, AT@G, and AA@G do not damage liver and
kidney functions. Assessment of the inflammatory factor levels in
serum samples collected from mice in different groups shows that
these levels do not exhibit significant variation compared to the
control group (Fig. 7C), which suggests that treatment with @G,
AP@G, AT@G, or AA@Gdoes not cause serious immune inflammatory
reaction. Concomitantly, H&E staining analysis reveals that no organ
damage is induced by @G, AP@G, AT@G, or AA@G (Fig. 7D). Collec-
tively, the data signify that @G, AP@G, AT@G, and AA@G are highly
biocompatible and can potentially be used in clinical treatment.

4. Conclusion

In this study, a super-assembled nano-pill (AA@G) with multiple
therapy sensitizations against liver cancer was prepared by loading
AZD6738 (ATR small-molecule inhibitor)-binding HSA onto an AP
(XPO peptide inhibitor)-Au supramolecular nanoparticle. The ob-
tained results show that AA@G possesses superior biocompatibility
and improved therapeutic efficiency compared to other treatments,
both in vitro and in vivo. The therapeutic efficacy of AA@G is
attributed to its multiple effects, including XPO1 inhibition, ATR
inhibition, DNA damage enhancement, DNA damage repair sup-
pression, cell cycle blocking, and apoptosis. Overall, this study pro-
vides a co-delivery strategy for the clinical treatment of intensive
liver cancer. Moreover, it develops an approach to unify the phar-
macokinetics of peptide and small-molecule compounds, thereby
extending the scope of drugs used in advanced combination therapy.
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