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Chemotherapy is the primary palliative treatment for advanced hepatocellular carcinoma (HCC). However, the
systemic delivery is associated with the drawbacks including a high risk of adverse effects and a low efficacy.
Therefore, local injection therapy may be beneficial. Nevertheless, the existing local drug-carrying microspheres
(DOBM)have the characteristics of low loading and abrupt release, can not simultaneously load two drugs, and
may cause unnecessary toxicity. In this study, we created the dual-loaded bovine serum albumin (BSA) micro-
spheres (also known as DOBM), which were hollow and contained both oxaliplatin (OXA) and Adriamycin hy-
drochloride (DOX). In addition, this pH-sensitive drug delivery method exhibited a high drug loading capacity
and was promising in breaking through biological barriers, making it a viable option for the treatment of HCC
through local implantation. Based on physiochemical evaluation of BSA microspheres, they had a porous
structure which was close to the surface. Adriamycin and oxaliplatin were successfully added to the surface of
BSA microspheres. According to in vitro experimental results, the growth of human HCC (HCC-LM3 and PLC/
PRF/5) cell lines was significantly inhibited by DOBM. Furthermore, in the subcutaneous PLC/PRF/5 HCC
model, DOBM played an essential role in tumor development and change in the tumor microenvironment.

1. Introduction

Hepatocellular carcinoma (HCC) ranks the sixth among cancers in
terms of its morbidity; besides, it also ranks the third among factors
inducing cancer-related mortality worldwide [1]. HCC, which is
frequently associated with chronic liver disease, is classified based on
the cell origin of the tumor. It exhibits the highest prevalence, and

originates from liver cells, occupying 75-85 % of all cases [2]. According
to the HCC tumor stage and the degree of associated liver dysfunction, a
variety of treatment options are available. Localized destructive treat-
ment, surgery, and liver transplantation are among the therapeutic op-
tions benefiting patients with early-stage HCC [3]. Unfortunately, only
approximately one-third of newly diagnosed HCC patients are suitable
for these curative treatments. However, the 5-year recurrence rate of
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Scheme 1. Adriamycin/Oxaliplatin Dual-Carrier BSA Microspheres (DOBM) Synergistically Enhance Local Injection Treatment of HCC (generated at Biorender.
com). (A) The DOBM establishment route. (B) DOBM were utilized in the mouse xenograft tumor model.

these patients after curative treatment is 60-70 % [4-6]. Systemic
chemotherapy is the main palliative treatment for advanced HCC pa-
tients. Nevertheless, the systemically administered chemotherapy can
cause severe side effects, particularly cardiac, hepatic, renal, and bone
marrow suppression, due to the non-selective biodistribution of the
chemotherapeutic agents in healthy tissues and organs. In addition, the
relatively low bioaccessibility of these chemotherapeutic agents in the
target tumor tissues, which can be rapidly cleared from the circulation,
can result in low bioavailability, therefore severely compromising the
therapeutic efficacy and resulting in an increased incidence of drug
resistance [7-9]. Recently, local treatment of tumors has received
extensive attention and has been widely investigated to maximize the
efficiency of drug delivery [10-12]. Anti-cancer medications are injec-
ted locally into and around the tumor. They exhibit promising thera-
peutic advantages over systemic intravenous administration because of
the highly selective accumulation and active cellular uptake of chemo-
therapeutic agents in the tumor. This not only reduces the required drug
dose and improves the efficacy, but also avoids the toxicity of chemo-
therapeutic agents to normal cells throughout the body and minimizes
the risk of off-target toxicity [8,12]. Therefore, it is expected that this
highly concentrated delivery can enhance the safety and effectiveness of
chemotherapy in cancer.

To address these issues, a wide range of drug carriers, including fi-
bers, hydrogels, and liposomes, have been thoroughly synthesized for
tumor therapy during the last decade [13-17].

Regardless of the advantageous methods and benefits of these drug
carriers, there still exist several shortcomings. For example, the
bioavailability of a medication can be impacted by the simple drug

packaging, which can result in premature or quick drug release, short
retention of therapeutic agent, and poor absorption of anticancer
treatment by drug-resistant malignancies. Further research and devel-
opment efforts are required to guarantee the ability of the carriers to
provide many medications immediately. The synthetic polymers that are
frequently used to create such carriers usually call for complex synthetic
routes or extra chemicals, causing the difficult preparation procedures
that are time-consuming and may trigger unintentional toxicities.
However, biogenerated materials are simple to use in biomedical ap-
plications and reveal a good biocompatibility [18-24].

Therefore, it is essential to develop new drug delivery systems that
use natural biopolymers to effectively load and release drugs for the
local treatment and clinical applications in HCC.

In this study, a hollow bovine serum albumin (BSA) microsphere
with multiple functionalities, which could be loaded with both adria-
mycin hydrochloride (DOX) and oxaliplatin (OXA), was prepared for the
local treatment of HCC. Its synthetic route is schematically presented in
Scheme 1A. Proteins are abundant in nature, which lay a candidate
foundation for creating microscopic objects due to their highly repeat-
able, monodisperse structures and the accurately localized functional
groups. The use of protein assemblies, protein capsules and protein
cages has attracted considerable interest and has been widely investi-
gated in recent years [25-32]. Among them, BSA is a naturally sourced
protein characterized by good biocompatibility and biodegradability.
Notably, it avoids the immune system, is non-immunogenic and pos-
sesses a strong drug binding capacity [33-37]. Therefore, effective
cross-linking of BSA into protein microspheres for preparing new drug
packaging systems can overcome the problem of lower drug loading
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efficiency and achieve dual-drug loading, which is promising for the
sustained and controlled release of drugs locally to the tumor and avoids
the systemic toxicity of chemotherapeutic agents to a large extent. In
this study, DOX and OXA were used as the model drugs, which were
loaded simultaneously into BSA microspheres at a fixed ratio. DOX is an
anthracycline drug that is highly toxic mainly to the heart. Many
methods have been investigated to lessen its toxicity [38]. The
third-generation platinum chemical OXA can selectively inhibit DNA
replication, repair, and transcription in cancer cells by inducing nuclear
DNA cross-linking at the N7 position of guanine and adenine [39]. The
clinical use of DOX in combination with OXA chemotherapy causes
positive pathological changes and prolongs patient survival compared
with DOX treatment alone [40,41].

In this study, the research group previously employed a simple,
versatile, efficient, and economical method to fabricate BSA micro-
spheres, including (i) doping tannic acid (TA) in CaCOg; (ii) removing
BSA from CaCOj particles by utilizing 4-(4,6-dimethoxy-1,3,triazin-2-
yD)-4-methylmorpholinium chloride (DMT-MM) for cross-linking BSA
deposited on the surface of CaCO3 while eliminating the CaCOs core;
and (iii) enhancing protein adsorption by TA involved in TA-CaCOs
particles through various interaction patterns such as hydrophobic-
hydrophobic interaction, electrostatic interaction, hydrogen bonding,
and van der Waals force, finally resulting in a uniform protein coating.
This method was not influenced by isoelectric point (IEP), molecular
weight, wettability, the applied protein functional domains or amino
acid sequence, making sampling highly reproducible and stable [42].
The TA retained in the template showed properties such as
anti-inflammation [43,44]. The, DOX and OXA were adsorbed on the
surface of BSA microspheres by shaking at a fixed ratio. Due to the
above-mentioned properties, the developed BSA microspheres had a
large specific surface area and a high local retention capacity, which
were the monodisperse microspheres with high injectability, tight sur-
face pores that reduced drug leakage, high drug loading of hydrophilic
drugs, and the ability to lower local inflammation. Through in vitro
experiments, it was found that the drug-loaded BSA microspheres were
pH-responsive, with better drug release in an acidic environment
(namely, better release in the tumor microenvironment). Moreover, it
released the drug in a fast-first-slow-first manner, which was expected to
be absorbed by tumor cells. Based on in vivo experimental results, the
drug-loaded BSA microspheres could effectively inhibit tumor growth
and recurrence by remodeling the local tumor microenvironment and
reducing inflammation, therefore inhibiting epithelial-mesenchymal
transition (EMT), increasing oxidative stress (ROS), and achieving syn-
ergistic anti-tumor effects. As a result, they enhanced the local thera-
peutic efficacy against HCC in a mouse xenograft tumor model (Scheme
1B). Additionally, the biocompatibility of dual-loaded BSA microspheres
was also demonstrated. These results suggest that the current
dual-loaded BSA microspheres may be potentially used in the local in-
jection therapy for HCC.

2. Materials and methods
2.1. Materials

DOX and OXA were obtained from Sigma-Aldrich Trading Co., Ltd.
Human liver cancer PLC/PRE/5 cells, metastatic human liver cancer
HCC-LM3 cells, and LO2 cells were provided by Shanghai Cell Center
(Chinese Academy of Sciences). Fetal bovine serum and trypsin-EDTA
were offered by Sigma-AldrichTrading Co., Ltd. BSA was provided by
Sigma-Aldrich. Anti-Ki 67 antibodies were provided by Abcam (UK).
Fluorescein (TUNEL) and in situ cell death detection kit were obtained in
Roche (Indianapolis, IN, USA). Calcein-AM was provided by Thermo
Fisher Scientific (USA). Each reagent used in immunofluorescence and
immunostaining was utilized following manufacturer’s protocols. Every
chemical, 4-(4, 6-dimethoxy-1, 3,5-triazin-2-yl)-4-methyl morpholi-
nium chloride (DMT-MM), sodium carbonate, or calcium chloride, was
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provided by Aladdin (China). Dialysis bags (MWCO = 1000 Da) were
provided by Shanghai Yuanye Bio-Technology Co., Ltd. Anti-human
BCL2 (ab32124-40, Abcam), anti-human BAX (ab32503-40, Abcam),
anti-human N-cadherin (66219-1-Ig-50pl, Proteintech Group), anti-
human E-cadherin (20874-1-AP-50pl, ProteintechGroup), anti-
humanKEAP1 (10503-2-AP-50pl, Proteintech Group), and anti-human
HO-1 (26416T, CST) were also used.

2.2. Preparation of the dual-loaded microspheres

The NayCOj3 solution was poured into a mixture of CaCly and TA
under 40 s of stirring at room temperature. The formed pellets were aged
and centrifuged for 5 min to collect the TA-CaCO3 microsphere pellets,
which were rinsed three times using HO before collection and vacuum-
drying overnight under 50 °C. The 2 mg/ml BSA solution was prepared
with pH 6.8 HEPES buffer as the solvent. TA-CaCO3 microspheres were
added into BSA solution, followed by 2 h of shaking. The TA-CaCOs3
particles coated with BSA were rinsed with 10 mL HEPES, and washed
twice to remove the remaining BSA prior to resuspension within DMT-
MM solution (5 mL). Then, the samples were shaken for another 2 h
before being centrifuged for 5 min to collect particles. Subsequently, the
particles were rinsed with the HEPES buffer solution (10 mL) three
times. The particles were incubated in an EDTA solution to remove the
CaCOs core from the microspheres. The microspheres were rinsed three
times using deionized water and centrifuged to obtain BSA microspheres
(BM), which were later resuspended in HyO and set aside.

Specifically,1 mg DOX powder was added into H,O (10 mL) to pre-
pare a solution, which was then blended thoroughly to obtain the DOX
solution. Similarly, 3 mg OXA powder was added into H,O (10 mL) to
prepare the illustration, which was later mixed sufficiently to obtain the
OXA solution. Afterwards, 3 mg OXA powder was introduced into 1 mg
DOX powder and the mixture was subsequently added into H,O (10 mL)
after thorough mixing to obtain the DOX/OXA co-mixture solution.
Next, prior to being centrifuged for 5 min at 3000 rpm, 10 mg BM was
introduced into each of those three solutions for being incubated for 2 h
on an oscillator. The procedure produced DOX, OXA and DOX/OXA
microspheres (namely DBM, OBM and DOBM, respectively).

2.3. Physicochemical characterizations of the dual-loaded microspheres

The energy-dispersive spectroscopy (EDS) equipment was employed
to obtain SEM images and EDS spectra of the test samples for surface
analysis, while the material morphology and elemental content were
observed under the JSM-7401F microscope [45].

Then, samples were analyzed by Fourier-transform infrared spec-
troscopy (FT-IR) with the TNZ1-5700 spectrometer (Nicolet, USA) at a
scanning rate of 500-4000 cm—1. The X-ray photoelectron spectrometer
was also used to investigate the characteristics and chemical states of the
particles within a measuring range of 1200-0 cm -1

2.4. Drug loading and release characteristics of the dual-loaded
microspheres

2.4.1. Drug loading behavior of the dual-loaded microspheres

Firstly, 10 mg DOX was transferred into a 10-mL volumetric flask.
Then, deionized water was added to adjust the DOX concentration at 1
mg/mL. Secondly, aliquots of 0.0007812, 0.0015625, 0.003125,
0.00625, 0.0125, 0.025, 0.05, 0.1 and 0.2 mL solution were taken. Then,
the aliquots were diluted sequentially in 10 mL volumetric flasks to
obtain the 0.015625, 0.15625, 0.3125, 0.625, 1.25, 2.5, 5, 10, and 20
pg/mL solutions, respectively. Later, the absorbance value of every so-
lution was determined with the UV spectrophotometer, and the standard
curve was plotted [46]. After thoroughly vortexing test samples, the
centrifugation was performed for 5 min at 2500 rpm to collect super-
natants (200 pL) to measure absorbance using the UV spectrophotom-
eter. Elemental contents in the acid-treated elemental ion solution were
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directly detected by ICP-MSto to analyze the DOX and OXA levels in the
supernatants (W1). The encapsulation efficiency (ER) was determined as
follows.

ER (%) = [(W — W1) / W] x 100%

where W represents the original drug loading level (mg).

2.4.2. Drug release characteristics of the dual-loaded microspheres

After the removal of supernatants, the drug-loaded microspheres
were placed in the new 50 mL centrifuge tube for drug release. The
release medium was phosphate buffer at the pH values of 6.5 and 7.4.
The thermostatic shaker temperature was 37 °C and the shaker speed
was 100 rpm. Sample collection was performed at 1, 2, 3, 4,5,6,7, 8,9,
10, 11, 12 h, 1, 2, 3, and 4 days, respectively. Immediately following
every sample collection, blank release medium (phosphate buffer) at the
same amount was added. Next, the sample absorbance values in DBM
and DOBM groups were measured by the UV-visual photometer.
Meanwhile, the elemental contents in the acid-treated elemental ion
solution were directly detected by ICP-MS for each sample in OBM and
DOBM groups, followed by the calculation of the cumulative drug
release percentage in every group.

2.5. Biocompatibility studies in vitro

The biocompatibility of BM was determined by PLC/PRF/5, HCC-
LM3, and LO2 cell proliferation assays.

PLC/PRF/5, HCC-LM3, and LO2 cells (2 x 10°5 cells/mL) were
inoculated in the 6-well plates.

Then, cells were classified into control and BSA microsphere groups,
cultured for 24 h, and observed by calcein-AM staining.

Additionally, PLC/PRF/5, HCC-LM3, and LO2 cells were inoculated
in 96-well plates added with 10 % FBS-containing DMEM at 8 x 10"3
cells mL-1 under 5 % CO, and 37 °C conditions. The medium was
eliminated following complete cell adherence. After washing once by
PBS, cells were co-cultured with 10 % DMEM with the BSA microsphere
suspension at varying concentrations (0, 25, 50, 100, 200 pg/ml) for 24
h, followed by incubation for 24 h with 10 % DMEM. Every well was
introduced with CCNP (10 pL), and after being incubated for 2 h, cell
viability was determined using a microplate reader at 450 nm.

2.6. Cell uptake efficiency

After 12 h of inoculation of PLC/PRF/5 and HCC-LM3 cells (2 x
10"5/wells) in the confocal dishes, DOX and DBM (containing 1 pg/mL
DOX) added in DMEM were introduced to incubate cells for another 6
and 12 h, respectively. The cell cytoskeletal structure was subjected to
Actin-Tracker green and DAPI staining and then observed under the
confocal laser scanning microscope (Al Nikon Japan). PLC/PRF/5 and
HCC-LM3 cells (2 x 10"5/wells) were seeded into 6-well plates. After the
cells completely adhered to the wall, BM (100 pg/mL) were added at 1,
2,3,4,5, 6,12 and 24 h, respectively. The medium was discarded after
co-incubation. Then, cells were washed with the pre-warmed PBS once,
and then with EDTA-free. Subsequently, cells were collected into the 15
mL centrifuge tubes with EDTA-free trypsin, followed by being centri-
fuged for 5 min at 1000 rpm and washing once by pre-warmed PBS.
After the adjustment of cell density to (2-4) x 10°6/mlL, cells were
resuspended in the EP tube. Following the removal of the supernatant,
cells were resuspended by the addition of 300 pL. DMEM and analyzed
using flow cytometry.

2.7. Inhibition of the dual-loaded microspheres on HCC-LM3 and PLC/
PRF/5 cells

To assess the in vitro cytotoxic effects of the dual drug-loaded mi-
crospheres, HCC-LM3 and PLC/PRF/5 human HCC cells were used as
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seed cells. This study was divided into five groups, including (1) DMEM
(as negative control), (2) OBM, (3) DBM, (4) DOG ((free DOX + OXA as a
positive control), and (5) DOBM groups.

2.7.1. MTT assay

The cells were digested, then inoculated into 96-well plates at 100
pL/well, and incubated at 37 °C with 5 % CO,. When cells were fully
adhered, the suspensions of DOX, OXA, DOG, as well as OBM, DBM, and
DOBM containing DMEM (10 % FBS) at varying concentrations were
added to incubate the cells for another 24 h. Then, MTT reagent (10 pL)
was introduced into every well for MTT assay following the specific
instructions.

2.7.2. Live/dead cell staining

The cells were digested, inoculated into 6-well plates, and incubated
in the 5 % CO; incubator at 37 °C. Following complete adhesion, cells
were rinsed once by PBS and subjected to respective treatments in the
culture supernatants. After being co-cultured for 24 h, 4 mM calcein-AM
(5 pL) was diluted with 10 mL DMEM, and each group was introduced
with 500 pL cell staining solution. Next, the plates were incubated for 30
min at 37 °C in dark. Finally, the inverted fluorescence microscope was
used to observe the cells.

2.7.3. Cell cloning experiment

The digested cells were inoculated into 6-well plates and incubated
under 37 °C with 5 % COs. Following complete cell adherence, PBS was
added to wash cells once, followed by the addition of different treat-
ments into culture supernatants. After being co-cultured for 2 weeks, 4
% paraformaldehyde was added for 15 min cell fixation, followed by
overnight staining with 1 % crystal violet, washing three times by PBS,
and visualization.

2.7.4. Flow cytometry of cell apoptosis

Cells were digested and subsequently inoculated into 6-well plates
under 37 °C with 5 % CO». Following complete cell adherence, diverse
cell treatments were performed, followed by being incubated for 24 h.
Then, cells were harvested into the 15 mL centrifuge tubes with EDTA-
free trypsin, centrifuged for 5 min at 1000 rpm and washed by PBS
twice. Later, cells were collected into the 15 mL centrifuge tubes with
EDTA-free trypsin for being centrifugated for 5 min at 1000 rpm and
washed by PBS twice. After the adjustment of cell density to (2-4) x
10°6/mlL, cells were resuspended in the EP tube. By removing the su-
pernatant, binding buffer (300 pL) was introduced. Then, 5 pL
membrane-bound protein FITC and 10 pL PI (Beyotime Biotechnology)
were added into every EP tube to resuspend and incubate cells for 5 min
prior to flow cytometry.

2.7.5. Measurement of intracellular ROS levels

PLC/PRF/5 and HCC-LM3 cells (2 x 10"5/ml) were inoculated prior
to 24 h of treatment in different groups. After removing the medium,
DCFH-DA (1 mL, 10 pM) was introduced to each well at 37 °C with cells
being incubated for 30 min away from light. Thereafter, flow cytometry
and fluorescence microscopy were performed for sample analysis.

2.8. In vivo experiments of the dual drug-carrying microspheres

2.8.1. Establishment of a Balb/c mouse model of PLC subcutaneous graft
tumor

Totally 25 five-week-old female BALB/c mice were split into five
groups randomly, including PBS-treated group, OBM-treated group,
DBM-treated group, DOG-treated group, and DOBM-treated group. The
upper-middle groin of each mouse was cleaned, prepped, and then
subcutaneously injected with 2.5 x 1076 cell suspension. Tumor devel-
opment was monitored every day, and when the tumor volume reached
100 mm?®, 100 mg sample was injected into the tumor of each mouse
every four days for therapy. Tumor volume and body weight were
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Fig. 1. Physicochemical characterizations. (A) Scanning electron microscopy (SEM) images under different magnifications, scale bars: 1 pm, and 100 nm. (B)
Elemental composition, scale bar: 1 pm. (C) FT-IR spectra for DOX, OXA, and BM. (D) FT-IR spectra for DBM, OBM, DOBM. (E)XPS spectra for DOX, OXA, BSA, and
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monitored every two days. Five groups were set, including (1) Control
(PBS), (2) OBM, (3) DBV, (4) DOG, and (5) DOBM groups.

2.8.2. Histological staining and sampling

Following mouse euthanasia and photographing, tumors surgically
resected were analyzed. After making a skin incision, the tumor was
isolated from the neighboring muscle tissue layer by layer prior to
photographing. Tumor tissues were stained with HE, IL-6, TNF-a, Ki-67,
VEGF, tunnel, E-cadherin, and N-cadherin. Additionally, the heart,
spleen, lung, kidney and liver samples were collected and stained with
HE.

2.8.3. Biochemical analysis

Blood specimens of experimental rats were collected 2 weeks after
local injection treatment. Then, cardiac, hepatic and renal function in-
dexes including alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), cardiac myosin profile (CK), creatine kinase isoenzyme
(CK-MB), serum creatinine (Cr) and blood urea nitrogen (BUN) were
examined.

2.9. Western blot assay

RIPA buffer (Beyotime Biotechnology, Shanghai, China) containing
protease (APExBIO, K1007) and phosphatase inhibitor cocktail (C0002
and C0003, TargetMol) was added to lyse tumor tissues in xenograft or
cells of different groups. The BCA Kit (Thermo Fisher Scientific) was
employed to measure total protein content following the specific pro-
tocols. Protein separation was performed with SDS-PAGE, followed by
transfer onto the polyvinylidene difluoride (PVDF) membrane. Next,
membranes were blocked for 60 min using 5 % defatted milk, followed
by overnight primary antibody incubation at 4 °C. After washing,
membranes were subjected to 60 min of secondary antibody incubation
under room temperature. Antibody binding was visualized with
chemiluminescent HRP substrates (Millipore, Billerica, MA, USA).

2.10. Statistical analysis

The data were indicated as mean + SD. Statistical analysis was
performed with one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 represented statistical significance.

3. Results and discussion
3.1. Physiochemical characterizations of the drug-carrying microspheres

The SEM findings (Fig. 1A) indicated that the BM was spherical, with
wide and irregularly distributed pores on the rough surface. There were
drug crystals on the surfaces of DBM, OBM, and DOBM, and their shapes
were comparable to those of BM. Particle size analysis (Fig. S1B) sug-
gested that the BM particles were concentrated at approximately 2000
nm. The diameters of DBM, OBM, and DOBM were increasing and pri-
marily concentrated at around 2300 nm, with the diameter of DOBM
representing the largest increase. This could be explained by the ho-
mogeneous drug adsorption on the surface of BM. In addition, the SEM
images in Fig. 1A provided high magnification images showing the
surface morphology of BM, OBM, DBM and DOBM after lyophilization.
The surfaces of drug-loaded BSA microspheres (OBM, DBM, and DOBM)
were covered by drug crystals to varying degrees, and some pores on the
surface of BM disappeared. DOBM had the most drug crystals adsorbed
on the surface and the least surface pores, demonstrating that the surface
modification of BSA microspheres by drug crystals (DOX, OXA) was
successful (Fig. 1A).

EDS elemental mapping was employed to investigate DOBM. There
were different elements (C, N, O, S, Pt, and Cl) labeled onto the DOBM
sample surface with different colors, as shown in Fig. 1B. The main
components of BSA were C, N, O, and S, while those of BM were also C,
N, O, and S, and those of DOX were C, N, O, and Cl, while those of OXA
were C, N, O, and Pt. The EDS data demonstrated that DOBM was
effectively loaded with both DOX and OXA since C, N, O, S, Pt, and Cl
elements were uniformly distributed on the surface of the DOBM
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Fig. 3. Laser confocal scanning microscopy for observing the uptake of DOBM and DOX by HCC-LM3 and PLC/PREF/5 cells. (A) Red and green fluorescence emissions
from BM, OBM, DBM, and DOBM groups under the excitation light were examined using a confocal laser scanning microscope. (B, C) DOBM cellular uptake into HCC-
LM3 and PLC/PRF/5 cells measured through a confocal laser scanning microscope. Fluorescence staining images representing HCC-LM3 (B) and PLC/PRF/5 (C) cells
after co-incubation with DMEM and DOBM for 12 h. Scale bars: 20 pm. (D, E) Flow cytometry conducted using FITC-Annexin V/PI for the detection of DOBM
cytophagocytosis by HCC-LM3 (D)and PLC/PRF/5(E) cells after 0, 1, 2, 3, 4, 5, 6, 12 h of DOBM treatment. (F, G) The fluorescence staining images showing HCC-LM3
(F) and PLC/PRF/5 (G) cells co-incubated using DOX, DMEM, and DOBM for 6 h. Nucleus (blue), Cytoskeleton (green), DOBM (red), DOX (red). Scale bar: 20 pm

( H ) Quantitation of DMEM, DOX, and DOBM intensities in HCC-LM3 and PLC/PRE/5 cells (*.

microspheres.

X-ray photoelectron spectroscopy (XPS) (Fig. 1E and F) and FT-IR
(Fig. 1C and D) were used to verify the loading of medicines on the
BM surface. Fig. 1C presents the IR spectra of the raw materials DOX,
OXA, and BM. A broad peak measured at 3320 cm ™! for DOX was caused
by the telescopic vibration peak of the O-H bond in the material; besides,
a potent peak at 1731 cm ™! was the telescopic vibration peak of C=0,
representing the benzoquinone portion, and ester group of DOX; while
the peak at 1589 cm ™~ corresponded to the bending vibration peak of N-
H, that at 802 cm™! was associated with C-H vibration outside the
benzene ring, and that at 802 cm™! was related to C-H vibration outside
the benzene ring. For OXA, a peak detected at 3214 cm ™! was resulted
from the N-H stretching vibration peak; that detected at 1650 cm-1 was
the C=0O stretching vibration peak; and, most importantly, that
appeared at 475 cm-1 was the Pt-O vibration peak, while that occurred
at 570 cm™' was correlated with Pt-N vibration, which was a

a significant difference compared with the DOX group).

characteristic peak of OXA. From the IR spectra for BM, the peak
detected at 2985 cm ™! was associated with C-H stretching vibration in
the aliphatic chain; that at 1400 cm™! was related to C=0 bending vi-
bration of carboxylic acid; that measured at 1075 cm ™! was associated
with C-N bond stretching vibration of amino acid and polypeptide; in
addition, a sharp peak appearing at 876 cm-1 was associated with C-H
bending vibration peak in the benzene ring. It was observed in Fig. 1D
that DBM, OBM, and DOBM exhibited the characteristic infrared peaks
belonging to BM at 2985 cm L, 1400 em™t, 1075 cm ™!, and 876 em™ L in
the infrared spectra of microspheres. This suggested that the blank BM
were used as carriers to carry the drug. However, the infrared spectro-
gram of DBM microspheres exhibited a weak N-H bending vibrational
peak at 1582 cm ™!, indicating that DOX was successfully filled into the
blank BM. In the IR spectrogram of OBM microspheres, the C=0
stretching vibrational peak was observed at around 1650 cm™, indi-
cating the successful incorporation of OXA. In DOBM, the C=0
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Fig. 4. Cytotoxicity and in vitro inhibition of DOBM. IC50 values of adriamycin hydrochloride (DOX) (A) and Oxaliplatin (OXA) (B) on HCC-LM3 and PLC/PRF/5
cells were measured through MTT assay. (C) Determination of the effects of DOX, OXA, and combination treatment on cell viability of HCC-LM3 and PLC/PRE/5 cells.
CI values were calculated at each dose with the CompuSyn software. (D) Inhibitory effects of varying concentrations of OBM, DBM, DOG, and DOBM on HCC-LM3
and PLC/PRF/5 cells detected through MTT assay. (E-G) Colony formation assay performed to detect the impacts of DMEM, OBM, DBM, DOG and DOBM (for DOX
(HCC-LM3: 2 pM, PLC/PRF/5: 2 pM); for OXA (HCC-LM3: 8 pM, PLC/PRF/5: 8 pM), and combinations (HCC-LM3: 2 uM + 8 pM, PLC/PRF/5: 2 pM + 8 uM)) on HCC-
LM3 and PLC/PRF/5 cell proliferation. (H-J) Microscopic observation of DMEM, OBM, DBM, DOG and DOBM (DOX (HCC-LM3: 2 pM, PLC/PRF/5: 2 uM), OXA (HCC-
LM3: 8 pM, PLC/PRF/5: 8 uM), and combinations (HCC-LM3: 2 pM + 8 uM, PLC/PRF/5: 2 pM + 8 pM)) in the co-culture with HCC-LM3 and PLC/PRF/5 for 24 h and
corresponding quantitative results. PRE/5 cells (2 pM + 8 pM) were co-cultured with HCC-LM3 and PLC/PRF/5 for 24 h. Live cell staining and quantification were
completed. Scale bar: 100 pm. (K-M) DMEM, OBM, DBM, DOG, and DOBM (DOX (HCC-LM3: 2 uM, PLC/PRF/5: 2 uM), OXA (HCC-LM3: 8 pM, PLC/PRF/5: 8 uM),
and combinations (HCC-LM3: 2 uM + 8 pM, PLC/PRF/5: 2 uM + 8 pM)) were applied to HCC-LM3 and PLC/PRF/5 cells for 24 h. Apoptosis was performed using flow

cytometry. Results are indicated by mean + SD (n = 3). ((*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

vibrational peak belonging to DOX was also found, but the Pt-O and Pt-N
bonds belonging to OXA could not be found in this IR spectrogram.
Probably, it was because that the Pt content in the sample was too low to
form a clear absorption peak. The full XPS spectra of BSA, DOX, OXA,
and BM are shown in Fig. 1E.

BSA and BM exhibited only elemental peaks of C, O, N, and S, sug-
gesting that there existed no change after constructing the TA-CaCOs3
template by adsorbing, cross-linking and denuclearizing BSA to syn-
thesize the blank BM. The elemental peaks of Cl 2p at 199 eV for DOX
and Pt 4f at 73 eV for OXA stood for their respective characteristic
elemental peaks. As displayed in Fig. 1F, the Cl 2p peak appeared in the
material after BM was loaded with DOX, and the appearance of Pt could
be seen after BM was loaded with OXA. Finally, the elemental peaks of Cl
and Pt were seen in the XPS full spectrum after BM was loaded with DOX
and OXA simultaneously, indicating that the two drugs were simulta-
neously loaded into the microspheres, and that the preparation of the
dual-loaded microspheres was successful.

Drug loading and release are the crucial metrics for assessing how
well drug-loaded microspheres work. When BM was loaded with a single
drug, the encapsulation rates of DOX and OXA were 78.41 + 1.43 % and
81.67 + 2.52 %, respectively, based on the findings of encapsulation
efficiency (Fig. 1G). Concurrent loading of BM with DOX and OXA
caused a modest reduction in the encapsulation rates, which were 62.74
+ 1.56 % and 66.68 + 0.33 %, respectively. Our findings demonstrated
that co-loading the two medications exerted little impact on the drug
loading efficiency; nevertheless, the encapsulation rate remained over
50 %, which ensured the high drug loading efficiency.

The degradation behavior of BM, OBM, DBM, and DOBM in phos-
phate buffer (pH 6.5) was examined. SEM results demonstrated that the
BSA microspheres (BM, OBM, DBM, and DOBM) developed in this study
remained approximately spherical after incubation under acidic condi-
tions for 3, 7, 15, and 30 days, and that obvious pores could be observed.
The drug-loading process exerted no influence on the degradation rate of
the BSA microspheres, indicating that the drug-loaded BSA micro-
spheres were well stabilized under slightly acidic conditions, and that
the degradation rate could satisfy the requirements for topical injection
therapy and maintain the requirements for long-term drug slow release
(Fig. S1 A).

In vitro, drug release behaviors of OBM, DBM, and DOBM were
investigated at varying pH values (pH 6.5, pH 7.4), with PBS as a release
medium. As shown in Fig. 1Tand J, on day 4, the cumulative DOX release
rates were 75.379 + 0.01 % and 44.56 + 1.53 % for DBM and 92.21 +
0.01 % and 44.56 + 0.01 % for DOBM, respectively, at pH 6.5 and pH
7.4. Similarly, for OXA, the cumulative release rates of OBM were 73.89
+ 0.01 % and 42.37 + 1.23 % at pH 6.5 and pH 7.4, respectively, while
those of DOBM were 96.67 + 0.01 % and 44.74 + 1.45 % at pH 6.5 and
pH 7.4, respectively. Therefore, DBM, OBM, and DOBM all remained
stable in vitro drug release in different pH environments and were able
to prolong and control drug release to satisfy the pharmacological re-
quirements of clinical therapy. The release of DOX and OXA was faster
and the final cumulative release rate was higher in slightly acidic tumor
microenvironments. This indicated that the successive releases of DOX
and OXA from the DOBM were responsive to pH. The fast-then-slow, pH-
sensitive, and persistent DOX and OXA release could result in a rapid

killing of tumors, followed by the maintenance of the effective drug
concentration and the sustained antitumor effect in tumors.

3.2. Biocompatibility evaluation

To assess the in vitro cytotoxicity induced by BM, varying doses (0,
25, 50, 100, 200 pg/ml) of BM were added to incubate LO2, PLC/PRF/5,
and HCC-LM3 cells for 24 h. No significant statistical differences were
observed, and a minor variation in cell viability was observed at every
dose (Fig. 2A-C). Cytotoxicities induced by BM to LO2, PLC/PRF/5, and
HCC-LM3 cells were analyzed by live-cell staining. Therefore, the BM
group exhibited a close fluorescence intensity to the control group (with
no BM) (Fig. 2D, E, and F). Meanwhile, mouse erythrocytes (2 % v/v)
were treated with different masses of BM for hemolysis test. Then, the
OD value of the supernatant was determined. It was found that the su-
pernatants of different masses of BM were colorless and close to the
negative control. In addition, erythrocyte fragmentation resulted in a
scarlet color in the supernatant of the positive control. Additionally, the
HR of BM treatment was lower than 5 % of the maximum limit, indi-
cating that BM had a high blood compatibility (Fig. S2A). These results
suggest that BM exhibit a high biocompatibility and are not harmful to
cells.

3.3. Cellular uptake

The emission of red and green fluorescence from OBM, DBM, and
DOBM drug-loaded microspheres, as well as blank BM under the exci-
tation light was examined using a confocal laser scanning microscope.
Fluorescence intensity of the blank BM revealed no significant change
during the drug-loading process (Fig. 3A). Confocal laser scanning mi-
croscopy was performed to investigate the DOBM adsorption into HCC-
LM3 and PLC/PRE/5 cells (Fig. 3B and C). The uptake of DOBM by HCC-
LM3 (Fig. 3D) and PLC/PRF (Fig. 3E) cells was measured using flow
cytometry. The cytophagy of DOBM by cancer cells slightly increased as
time went by, peaking at 12 h. Confocal laser scanning microscopy was
performed to analyze the adsorption of DOX- and DOBM-released DOX
into HCC-LM3 and PLC/PRF/5 cells (Fig. 3F and G). The fluorescence
intensity of DOBM was slightly stronger than that of DOX group
(Fig. 3H). These findings suggest that DOBM have strong cellular
phagocytosis, DOX encapsulated by DOBM show stronger endocytosis,
and BM exert no influence on the phagocytosis of DOX, which can
further enhance the cytotoxic effect on tumor cells.

3.4. Cytotoxicity and in vitro inhibition of OBM, DBM, DOG and DOBM

To create the drug-loaded microspheres, cytotoxicity is of great
importance. MTT assay, colony formation assay, Annexin V/PI flow
cytometry and live cell staining kit were used to assess the killing effects
of OBM, DBM, DOG, and DOBM against HCC-LM3 and PLC/PRF/5 cells.
To assess the synergistic inhibitory effects of DOX and OXA on HCC cell
survival, DOX and OXA alone were applied to treat HCC-LM3, and PLC/
PRF/5 cells. After 24 h, MTT assay was performed to measure cell sur-
vival. Therefore, DOX and OXA monotherapies suppressed HCC cell
viability dose-dependently. IC50 levels of DOX in HCC-LM3 and PLC/
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collected in different groups (all tissues: x 200). The change in the tumor’s basic state was monitored by HE staining. The brown areas in Ki-67 and TUNEL staining
indicated Ki-67-positive and TUNEL-positive cells, respectively. (G) The Ki-67-positive cell index of every group was calculated. (H) The TUNEL-positive cell index of
every group was identified by the apoptotic cell-to-total cell ratio in every field. Results are indicated by mean + SD (n = 3). Scale bar; 50 ym. (*P < 0.05, **P < 0.01,

*#*P < 0.001, ****P < 0.0001).

PRF/5 cells were 4.0 + 0.90 pM and 2.87 + 0.51 pM, respectively
(Fig. 4A), and those of OXA were 54 + 5.50 pM and 35 + 5.36 pM,
respectively (Fig. 4B). To evaluate the synergistic effect of DOX and
OXA, Calcusyn software (Biosoft, Cambridge, UK) and Chou-Talalay
method were used. The combination index (CI) which is less than 1
suggests the synergistic effect of drug combinations. The CI values for
the combination of DOX and OXA were as low as 0.40 and 0.48 in HCC-
LM3 and PLC/PRF/5 cells (Fig. 4C), indicating that the combination of

11

DOX and OXA had a strong synergistic activity at this concentration. To
further explore the anti-tumor proliferative effects of dual-loaded mi-
crospheres, the time-dependent effects of DBM, OBM, DOG, and DOBM
on the above two cells lines were examined using MTT assay. The DOBM
dual-loaded microspheres showed a stronger potency of inhibiting HCC
cell proliferation than the single-loaded microspheres and the direct
two-drug combination groups (Fig. 4D). Clone formation assays indi-
cated that the DOBM group had the least colonies following 2 weeks of
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Fig. 7. Mechanisms of the combined antitumor and anti-metastatic effects in vivo. (A) Images showing VEGF immunofluorescence (IF) staining and DOX fluores-
cence imaging for tumor tissues collected in different groups. Nuclei were stained with DAPI. Green and red fluorescence indicates VEGF and DOX levels in tumor
tissues. (B) The fluorescence intensity of the VEGF-positive area in every group was determined. (C) The fluorescence intensity of the DOX-positive area in every
group was identified by residual DOX level in the tissue. (D) Images showing IHC staining for E-cadherin, N-cadherin, IL-6, and TNF-a in tumor tissues collected from
different groups. The E-cadherin-positive (E), N-cadherin-positive (F), IL-6-positive (G), and TNF-a-positive (H) area intensities of every group were determined.
Results are indicated by mean + SD (n = 3). Scale bar: 50 pm. Data are indicated by mean + SD (n = 3). (*P <0.05, **P <0.01, ***P < 0.001, ****P < 0.0001).

(Color interpretation of the figure can be found from the online version).

co-incubation compared with the OBM.DBM.DOG groups (Fig.E-G). In
addition, viable cell staining analysis conformed to MTT and colony
formation assays, significantly decreasing the viable cell percentage of
DOBM group, with the statistically significant difference between DOBM
and DOG groups (Fig. 4H-J). Live cell staining and quantification of
DMEM, OBM, DBM, DOG, and DOBM groups were performed following
24 h of co-incubation in HCC-LM3 and PLC/PRF/5 cells. Scale bar: 100
pm. HCC-LM3 and PLC/PRE/5 cell apoptosis in each group following 24
h of treatment was measured by FITC-Annexin V/PI flow cytometry. As
shown in Fig. 4K-M, the total apoptotic numbers of HCC-LM3 cells in
each group were 0.82 + 0.26 %, 1.46 + 0.41 %, 3.17 + 1.71 %, 3.79 +
1.26 %, and 16.08 + 1.92 %, respectively, and those of PLC/PRE/5 cells
were 4.63 + 1.34 %, 5.62 % + 0.62 %, 14.17 + 0.65 %, and 24.38 +

12

3.14 %, respectively, after being co-cultivated with DMEM, OBM, DBM,
DOG, and DOBM for 24 h. The findings demonstrate a substantial dif-
ference in the Ming’s total apoptotic cell rate between the DOBM group
and the DOG group. By examining the apoptotic data, DOBM were more
effective on killing HCC cells than OBM, DBM, and DOG. This suggests
that OXA and DOX may work in concert to combat tumors and that the
drug-loaded microspheres may exert a greater anti-tumor impact.

3.5. Inhibition on reactive oxygen species accumulation

ROS are known to be essential for a number of biological functions
[47,48], and disturbances in the redox equilibrium have the potential to
permanently harm cells, which is a phenomenon that has been
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Table 1
Main pharmacokinetic parameters of DOX (1 mg/kg) in mice treated with DOG
and DOBM.group A, DOG group; group B, DOBM group; (n = 5, mean + SD).

parameters unit A B

ti/2 h 2.79 + 0.48 13.92 + 3.20%*
Tmax h 0.5 1.00

Crnax pg/mL 2.67 + 0.57 2.29 £ 0.18
AUCo. pg-h-mL ™! 6.70 + 1.29 31.32 4 3.74%%*
AUGCo.o pg-h-mL™? 6.96 + 1.27 34.31 + 4.6
MRTg.o, h 3.32 + 0.61 19.20 + 3.29*
vd Lkg! 0.60 + 0.17 0.59 + 0.12

CL Lhlkg! 0.15 + 0.03 0.03 4 0.004%**

**p < 0.01, significant in comparison with group A; ***p < 0.001, significant in
comparison with group A.

Table 2
Main pharmacokinetic parameters of OXA (3 mg/kg) in mice treated with DOG
and DOBM.group A, DOG group; group B, DOBM group; (n = 5, mean + SD).

parameters unit A B

t1/2 h 2.56 + 0.47 12.01 + 3.52%*
Tinax h 1.00 2.00

Cnax pg/mL 3.86 + 0.31 3.51 + 0.29
AUCo.¢ pg-h-mL~? 13.59 + 1.54 51.30 4 8.22%%*
AUCo.oo pg-h-mL~? 14.05 + 1.63 54.60 + 9.44%**
MRTo.o h 3.75 + 0.53 15.23 + 3.48%*
vd Lkg™? 0.79 + 0.15 0.96 + 0.26

CL Lh~tkg™! 0.22 + 0.03 0.06 4+ 0.01%**

**p < 0.01, significant in comparison with group A; ***p < 0.001, significant in
comparison with group A.

connected to therapeutic resistance, metastasis, and cancer [49]. Rela-
tive to the control group, the DOBM group had significantly increased
intracellular ROS levels in HCC-LM3 and PLC/PRF/5 cells, as observed
from Fig. SA-F. Western blot assay of ROS and apoptotic indicators also
corroborated these results (Fig. 5G-L). In both cell lines, Bax, KEAP1,
and E-cadherin levels significantly increased in DOBM group relative to
OBM group, DBM group and DOG group, while NRF2, HO-1, NQO1,
N-cadherin and Bcl-2 levels significantly decreased. Meanwhile, ROS
production in DOBM group obviously increased by over 50 %, and the
difference was of statistical significance relative to DOG group. The
obtained results demonstrate that the DOBM group inhibits HCC cell
growth and migration by increasing the cellular mitochondrial ROS
expression.

3.6. Observation of histopathological changes in tumors

The subcutaneous PLC/PRF/5 xenograft tumors were created in
nude mice in vivo. The animals were randomly assigned to five groups,
and received treatments with PBS, OBM, DBM, DOG, and DOBM every
four days. As expected, direct administration of DOX and OXA therapies
revealed a modest reduction of tumor development. Compared with
direct treatment, DOBM exerted a much stronger tumor-inhibitory ef-
fect, which caused a reduced tumor growth rate, volume, and weight
(Fig. 6A-D). Importantly, we found significant differences in weight and
significant signs of toxicity in the direct drug administration group
compared with the other three drug-loaded microsphere groups, sug-
gesting that the drug-loaded microsphere group well tolerated drug
administration relative to direct chemotherapeutic drug treatment
group (Fig. 6E). All mice were necropsied, and tumor tissues were
collected to perform different pathological staining at 2 weeks post-local
injection. Basic tumor status and necrosis were observed post-treatment
through H&E staining. As presented in Fig. 6F, cell nuclei in control
tumors were tightly arranged. By contrast, the tumors in DBM, OBM,
DOG, and DOBM groups exhibited obvious signs of cell necrosis, with
the area of necrosis in the DOBM group being much larger than those in
the other treatment groups. Ki-67 is a key marker for tumor cell
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proliferation [50]. Our results demonstrated that the Ki-67-positive cell
proportions in control, OBM, DBM, DOG and DOBM groups were 80.41
+ 7.64 %, 68.97 + 4.04 %, 49.47 + 3.22 %, 43.37 + 3.46 %, and 25.38
+ 4.00 %, respectively. The Ki-67-positive cell proportion of DOBM
group significantly decreased relative to those in the remaining three
treatment groups, exhibiting the superior anticancer effect of DOBM on
tumor cell proliferation (Fig. 6F and G). Meanwhile, the apoptotic cell
index values of control, OBM, DBM, DOG, and DOBM groups were 11.33
+ 3.51 %, 19.59 + 1.94 %, 28.65 + 2.89 %, 49.33 + 3.65 %, 70.21 +
0.89 % and 85 + 6.00 %, respectively, as measured through TUNEL
staining. Therefore, DOBM-treated mice had the greatest apoptosis rate
among different groups (Fig. 6F-H). Ki-67 staining led to similar results
to TUNEL IHC staining, demonstrating the better antitumor effect of
DOBM than OBM, DBM, and DOG. Therefore, DOX combined with OXA
exerted the synergistic antitumor effect and DOX/OXA loaded into BM
had a better antitumor effect than that of the drug alone.

3.7. The anti-tumor and anti-metastatic mechanisms

VEGEF is a key angiogenic factor for tumor tissue, showing a close
relationship with the anti-tumor efficacy of tumor cell growth. To
further investigate and comprehend the possible mechanisms of DOBM
with their anti-tumor and anti-metastatic actions, VEGF expression and
the residual DOX level were investigated in tumor tissues. Fig. 7A dis-
plays the representative photos of VEGF IF-stained tumor tissues of
different groups. The VEGF-positive region in DOBM group showed a
considerably lower fluorescence intensity, as demonstrated by IF stain-
ing, relative to the control, OBM, DBM, and DOG groups, with the
statically significant difference (Fig. 7B). Next, we evaluated the role of
DOBM in inhibiting angiogenesis in vitro through the HUVECs tube
formation assay. Compared with the DMEM, OBM, DBM, and DOG
groups, the DOBM group showed fewer tubular structures (Fig. S3A),
which was clearly confirmed by quantitative analysis of the tubular
structures (Figs. S3B-E). Based on in vitro results, the DOBM group was
more successful than the OBM, DBM, and DOG-treated groups in
inhibiting the generation of HUVECs tubules. The obtained results
indicated that DOBM inhibited VEGF expression more strongly than the
other groups. This suggests that DOBM suppress tumor cell growth and
migration by interacting with VEGF. The concentration of chemother-
apeutic medicines in tumor tissues significantly influences the antitumor
activity. In the tumor acidic microenvironment, a pH-responsive drug
delivery system contributes to providing persistent drug release, pro-
longing the drug action time, increasing drug concentration, improving
the anticancer effect, reducing the systemic drug content and decreasing
adverse reactions [51-53]. Therefore, the ability of the BM drug delivery
system was evaluated to increase DOX uptake in the tumor by moni-
toring the residual DOX in tumor tissues. As shown in Fig. 7A-C, the
tumor tissues in DBM and DOBM groups showed much higher fluores-
cence intensities of DOX than the DOG group. There were many poor
vascular systems, accompanied by a high extracellular matrix density in
tumor tissues. The results suggest that DBM, OBM, and DOBM can
overcome these barriers and reach the tumor mass interior. Therefore,
BM increased DOX deposition and drug content in tumors by the
pH-responsive slow-release drugs, therefore enhancing the inhibitory
effect of locally injected therapies on HCC. Tumor cells can change from
epithelial into mesenchymal phenotype through EMT, which is a crucial
step in tumor cell invasion and metastasis [54]. To further investigate
how DOBM inhibited HCC growth and migration, IHC staining was
performed on tumor tissues in different groups for E-calmodulin,
N-calmodulin, interleukin-6, and TNF-« staining. As shown in Fig. 7D-F,
the density of E-calmodulin-positive area was significantly higher and
that of the N-calmodulin-positive area of DOBM group significantly
decreased relative to the control group, and the difference compared
with DOG group was statistically significant. TNF-a and IL-6 are key
factors associated with inflammation [55]. IHC analysis (Fig. 7D, G, H)
indicated that TNF-a- and IL-6-positive cell percentages were the lowest
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Fig. 8. Biosafety Assessment of DOBM, DBM, OBM, and DOG. (A-F) Changes in hepatic, cardiac, and renal functions of every group. (G) HE staining of liver, heart,
lung, spleen, and kidney tissues from every group at 2 weeks of post-treatment. Scale bar: 50 pm.

in the DOBM group. These above results indicate that DOBM slow down 3.8. In vivo imaging and the alleviation of harmful side effects

the release of DOX and OXA, and inhibit part of the tumor inflammation

to inhibit the EMT, thus further suppressing tumor growth and A real-time fluorescence imaging system was used to examine the in

migration. vivo biodistribution of drug-loaded microspheres in tumor-bearing nude
mice at different time points after local injection. From Supplementary
Fig. S4A, due to the anti-immune clearance and local slow-release

14



J. Weng et al.

effects, the drug-loaded BSA microsphere groups (OBM, DBM, and
DOBM) were slowly released locally in the tumors compared with the
direct administration group (DOG), and the fluorescence intensity did
not fade significantly within 96 h, while the DOG group showed a
weaker fluorescence signal locally in the tumors after 96 h. As displayed
in Supplementary Fig. S4B, OBM, DBM and DOBM were mainly
distributed in the tumor tissue (Tu). Over time, OBM-, DBM- and DOBM-
treated mice showed insignificant signal fading at the tumor site, in
comparison with the DOG, where the fluorescence essentially faded
completely after 96 h. This may be due to the rapid elimination of blood
circulation and the immune system [56]. The above results suggest that
localized extended-release therapy with drug-loaded microspheres
(OBM, DBM, DOBM) can be maintained for a long period of time
compared with the DOG.

The concentrations of DOX and OXA in various mouse samples were
calculated using calibration curves. The calibration curves showed
sensitive linearity over the concentration range of 0.01-10 pg/mL. The
regression equations were Y = 175.4X + 61.21 (R2 =0.997) and Y =
152.1X + 80.80 (R2 = 0.997), respectively. Supplementary Fig. S4C, D
present the concentration-time curves for the DOG and DOBM groups.
The main pharmacokinetic parameters are shown in Tables 1 and 2.
Compared with DOG treatment, DOBM had a significant delayed-release
effect, and the T1/2, AUC0O-c0 and MRTO-co of DOX increased by 398.92
%, 392.96 %, and 478.31 %, respectively, and the Tmax of DOX
increased by 30 min. While the T1/2, AUCO-c0 and MRTO-co0 of OXA
increased by 369. The results showed the long-lasting and slow-release
effect of DOBM, which improves the circulation time of the drug in
vivo and enhances the bioavailability of the drug.

The administration of DOX- and OXA-loaded microspheres through
local injection to provide sustained-release therapy and minimize the
side effects induced by direct chemotherapy can be considered for
subsequent clinical applications. After 2 weeks of treatment, the cardiac,
hepatic and renal functions, as well as pathological changes in the heart,
liver, kidney and spleen were assessed. In the DOG treatment group, ALT
and AST levels significantly increased post-treatment, while their levels
were not up-regulated in the OBM, DBM, or DOBM treatment group, and
their levels slightly increased in the DOBM group relative to the control
group (Fig. 8A and B). It may be associated with the necrosis of liver cells
and tumor tissues after chemotherapy, causing abnormal renal function.
Renal function-related indices, including creatinine and urea nitrogen,
increased. The DOG group had significantly increased levels in com-
parison with other treatment groups, and only a slight increase was
observed in the DOBM group (Fig. 8C and D). Myocardial injury-related
indices also exhibited corresponding changes. The levels of CK-MB and
CK significantly increased only in the DOG group, but not in the DBM,
OBM, or DOBM group. The CK levels increased in all groups, with the
most pronounced increased being observed in the DOG group (Fig. 8E
and F). Histopathological examination based on HE staining indicated
significant myocardial injury, renal tubular injury, and hepatic injury in
the DOG group, while no pathological change was observed in the other
treatment groups, or in the spleen or lungs (Fig. 8G). These results
indirectly demonstrate that DOBM have a certain cardio-hepatic and
renal protective effect in tumor treatment compared with direct
chemotherapy, effectively preventing the formation and recurrence of
tumors. This produces a synergistic anti-tumor impact where 1 + 1+1 >
3. To sum up, DOBM provide vital conversion opportunities and are
promising for the treatment of resistant liver cancer.

4. Conclusion

To conclude, in this study, we successfully constructed the BSA dual
drug-loading microspheres using TA-CaCOs as the template. By utilizing
the intrinsic properties of BSA, the BM showed efficient dual-drug
loading capacity and pH responsiveness, and exhibited the first-fast-
then-slow sustained release characteristics for DOX and OXA. DOX
and OXA, the two traditional TACE drugs approved locally at a ratio of
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1:3, exerted a synergistic effect, which altered the inflammatory factors
and ROS levels in the tumor microenvironment with the anti-
inflammatory activity of TA component in BM, effectively inhibited
tumor growth, recurrence and metastasis, and realized the synergistic
antitumor effect. In conclusion, BM exhibit a good biocompatibility and
are expected to penetrate the biological barrier, which are promising to
be adopted for treating locally advanced refractory HCC with vital
clinical translational possibilities.
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