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Purpose: Realgar, as a kind of traditional mineral Chinese medicine, can inhibit multiple solid tumor growth and serve as an adjuvant
drug in cancer therapy. However, the extremely low solubility and poor body absorptive capacity limit its application in clinical
medicine. To overcome this therapeutic hurdle, realgar can here be fabricated into a nano-realgar hydrogel with enhanced chemother-
apy and radiotherapy (RT) ability. Our objective is to evaluate the superior biocompatibility and anti-tumor activity of nano-realgar
hydrogel.

Methods: We have successfully synthesized nano-realgar quantum dots (QDs) coupling with 6-AN molecules (NRA QDs) and further
encapsulated with a pH-sensitive dextran hydrogel carrier with hyaluronic acid coating (DEX-HA gel) to promote bioavailability,
eventually forming a multifunctional nano-realgar hydrogel (NRA@DH Gel). To better investigate the tumor therapy efficiency of the
NRA@DH Gel, we have established the mice in situ bearing GL261 brain glioblastoma as animal models assigned to receive
intratumor injection of NRA@DH Gel.

Results: The designed NRA@DH Gel as an antitumor drug can not only exert the prominent chemotherapy effect but also as
a “sustainable reactive oxygen species (ROS) generator” can inhibit in the pentose phosphate pathway (PPP) metabolism and reduce
the production of nicotinamide adenine dinucleotide phosphate (NADPH), thereby inhibiting the conversion of glutathione disulfide
(GSSG) to glutathione (GSH), reducing GSH concentrations in tumor cells, triggering the accumulation of ROS, and finally enhancing
the effectiveness of RT.

Conclusion: Through the synergistic effect of chemotherapy and RT, NRA@DH Gel effectively inhibited the proliferation and
migration of tumor cells, suppressed tumor growth, improved motor coordination, and prolonged survival in tumor-bearing mice. Our
work aims to improve the NRA@DH Gel-mediated synergistic chemotherapy and RT will endow a “promising future” for the old drug
in clinically comprehensive applications.
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Introduction

Brain gliomas are the most common and fatal primary tumors among central nervous system malignancies. The standard of
care is surgical resection followed by radiotherapy (RT) and chemotherapy, but the prognosis is extremely poor' Clinical
chemotherapeutic drugs are typically associated with common limiting features, including a single variety, poor targeting, high
doses, strong toxicity, and significant side effects that are not easily tolerated. Conventional fractionated radiotherapy (RT) is
often applied in clinical practice. However, it is prone to radiation-induced brain injuries, such as vasodilatation, blood—brain
barrier impairment, leucoencephalopathy, and radiation necrosis.®> > Additionally, the hypoxic environment of tumors and the
removal of reactive oxygen species (ROS) produced by intracellular antioxidants can cause radiochemotherapy resistance and
reduce the corresponding efficacy.®® The tumor microenvironment can be characterised by low pH, hypoxia, high
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concentrations of glutathione (GSH), and specific expression of enzymes. As a vital component of the antioxidant system,
GSH scavenges ROS in the body. However, stabilisation of the redox state is destroyed by the consumption of GSH, resulting
in ROS accumulation. Under the action of nicotinamide adenine dinucleotide phosphate (NADPH), glutathione disulfide
(GSSG) can be converted into GSH, which is a source of intracellular GSH. Therefore, NADPH is essential for the reduction
process. A competitive inhibitor of 6-Phosphogluconate Dehydrogenase (G6PDH) is 6-Aminonicotinamide (6-AN), which is
a key enzyme in the pentose phosphate pathway. NADPH production is reduced by the inhibition of the pentose phosphate
pathway (PPP), thereby blocking the conversion of GSSG to GSH.?'? Reducing intracellular GSH level is beneficial for many
cancer therapeutic regimens.

In the past few years, with the rapid development of nanotechnology, the use of nanotechnology has been
considered as a promising strategy to improve the therapeutic effect of cancer RT. Nanomaterials have numerous
advantages, such as good biocompatibility, high drug-loading capacity, and an enhanced permeability and retention
effect (EPR) effect in tumor tissues. The application of nano-RT sensitisers can promote the sensitivity of tumors to
ionising radiation and decrease the damage to normal tissues while enhancing the curative effect of RT. Currently,
numerous nanoparticles (NPs) have been developed for effective RT, which can inhibit tumor growth by enhancing the
deposition of radiation energy in cells, and then target the ROS with their killing effects, leading to excellent
radiotherapy sensitivity.'*'°

In glioma therapy, conventional chemotherapy methods can easily cause hematological toxicity and even induce epilepsy.
The structural redesign of traditional chemotherapeutic drugs and improvement of dosage can reduce toxicity and side effects,
thereby enhancing the efficacy of the drugs. Arsenic is a traditional Chinese mineral medicine, which has been used as an anti-
inflammatory and antibacterial medicine in ancient times.'’2° Modern medicine has also demonstrated arsenic as an effective
chemotherapeutic drug and that it can be used in various tumor treatments. For example, arsenic oxide therapy combined with
all-trans retinoic acid has already become the first-line treatment for acute promyelocytic leukaemia (APL). However, its
toxicity and side effects limit its widespread clinical application.”' >* Realgar, an important ore of arsenic, has higher biosafety
than that of arsenic oxide, and it can effectively induce tumor cell apoptosis, inhibit angiogenesis, restrain tumor liver and lung
metastasis, and prolong patient survival time.*>*® Conversely, the low solubility and poor bioavailability of traditional realgar
is not conducive to its clinical application. To improve its curative effect on tumors, realgar can be fabricated at the nanometre
scale or encapsulated with a hydrophilic polymer to promote bioavailability.”” >° When the realgar particle size is decreased to
the ultra-fine nanometre scale, it displays excellent fluorescence properties, resembling quantum dots (QDs), and also superior
biocompatibility and anti-tumor activity.>' >°

Drug carriers with good biocompatibility play a crucial role in successfully maximizing the delivery of drugs to tumor
regions. In recent years, biomacromolecule hydrogels have been rapidly developed into a new type of drug delivery
system, providing biological safety, as well as sustained and controlled release.** > An intelligent biomacromolecule
hydrogel is a hydrophilic, three-dimensional, network-structured gel. After specific and functional modifications, the
intelligent biomacromolecule hydrogel becomes an environmentally responsive gel that can be used for drug loading.
The corresponding physical structure and chemical properties can be changed by sensing variations in the external
environment or stimuli to achieve sustained drug release.****

In the present study, we designed high-performance nano-realgar QDs coupled with 6-AN molecules (NRA QDs)
with excellent fluorescent properties and potential medicinal efficacy. NRA QDs were then enveloped with pH-sensitive
dextran hydrogel with hyaluronic acid coating (DEX-HA gel) to form a multifunctional nano-realgar hydrogel
(NRA@DH Gel). We believe the NRA@DH Gel has utility as an anti-tumor drug by inducing a potent chemotherapy
effect and as a “sustainable ROS generator” for enhancing the efficacy of RT. The use of NRA@DH Gels as a synergistic
therapy for tumors presents a “promising future” for this old drug in a wide range of clinical applications.

Materials and Methods

Materials
Pure realgar powders (RP; Medical-Grade, 99%) were obtained from Xi'an Tianzheng Pharmaceutical Adjuvant Co., Ltd
(China). Methanol, 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
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and 2-(N-morpholino) ethanesulfonic acid (MES) were obtained from Aladdin Chemical Reagent Co., Ltd (China).
Hyaluronic acid (HA), and paraformaldehyde were purchased from Sinopharm Chemical Reagent Co., Ltd (China).
Dextran (DEX), NalO4, 6-AN were purchased from Shanghai Macklin Biochemical Co., Ltd (China). PEG,009 (NH;-
PEG2000-COOH; NPC) and PEG,pp (NH,-PEG2000- NH,; NPN) were purchased from Shanghai Ponsure
Biotechnology Co., Ltd (China). Deionized water was supplied by a Q-POD water purification machine (Millipore,
MA, USA). PEG200 was purchased from Beijing Solarbio Science & Technology CO., Ltd. (China).

The rabbit anti-CD31, Ki-67, and HIF-la primary antibodies, and horseradish peroxidase (HRP)-labeled goat
antirabbit secondary antibodies were purchased from Servicebio Technology Co., Ltd. (China). The CCK-8 assay kits,
JC-1 kit, Masson trichrome kit, SDS-PAGE gel preparation kit, and cell apoptosis detection kit (containing Annexin
V-FITC/PI) were purchased from KeyGEN Biotechnology Co., Ltd. (China). The ROS assay kit and the GSSG assay kit
were purchased from Beijing Solarbio Science & Technology CO., Ltd. (China). The GSH assay kit was purchased from
Beijing Boxbio Science & Technology CO., Ltd. (China). The mouse YH2AX ELISA kit was purchased from Shanghai
Xuanke Biotechnology CO., Ltd. (China).

Preparation of NRA@ DH Gel

For the NRA QDs synthesis, we first took 500 mg RP mixed with 50 mg NPC in the presence of PEG200 (high boiling
solvent) at 250 °C for 8 h via coordination chemical reaction to form arsenic atoms (present in NR QDs) with carboxy
terminus (NR@COOH QDs) by nucleation and growth process. Next, 60 mg EDC and 80 mg NHS were added in the
above solution at 37 °C and shaken for 30 min at 37 °C to activate the carboxyl terminal of NR@COOH QDs dispersed
in 10 mL of MES buffer (0.02 mol-L™") at pH 5.4. After ultrafiltration centrifugation, the active NR@COOH QDs
intermediates were further coupled with the 6-AN molecules in boric acid buffer (0.02 mol-L™") at pH 8.4, eventually
obtaining the NRA QDs.

For pH-sensitive DEX Gel drug carrier synthesis, we took 0.5 g of DEX powder dissolving and swelling in deionized
water, and then added 20 mg NalO, stirring 50 °C for 6 h to form the oxidized dextran (ODEX) Gel with aldehyde
terminus. After adding 30 mg functionalized NPN powder on the magnetic stir plate for 6~8 hours at 50 °C, the pH-
sensitive amide bonds were then introduced by the reaction of Schiff base reaction on the aldehyde groups in ODEX Gel,
forming the DEX Gel with amino terminals (DEX-NH, Gel). Next, 0.2 g HA powder was dissolved in deionized water,
and this was followed by adding EDC/NHS at room temperature for 30 min to activate the carboxyl group. The DEX-
NH; Gel was then coupled with activated HA molecules, mixed and stirred for 4 h, forming the DEX-HA gel with active
targeting ability. Finally, the above-mentioned NRA QDs were wrapped in DEX-HA gel by physical embedding using
magnetically stirred for 4 h, eventually obtaining NRA@DH Gel.

Characterization

The physical and chemical properties of NRA@DH Gel were characterized by the morphology, optical property,
rheologic behavior, as well as chemical and elemental analyses. Specifically, the morphology and elemental distribution
of NRA@DH Gel were, respectively, characterized by transmission electron microscopy (TEM; JEOL, Japan) and
scanning electron microscopy (SEM; Hitachi S-4800, Japan). The composition and structure of NRA@DH Gel were
measured by Fourier transform infrared spectroscopy (FT-IR; Bruker, Germany). The absorption spectrum of NRA@DH
Gel was performed using a UV—vis spectrophotometer (Shimadzu UV-2501PC, Japan). The fluorescence emission
spectrum of NRA@DH Gel was measured by a fluorescence spectrophotometer (Shimadzu F-7000, Japan) and
corresponding fluorescence imaging was carried out on a fluorescence imaging system (Caliper Life Sciences, USA)
with excitation of 610 nm filter and emission of 840 nm filter. The rheological properties of NRA@DH Gel were
performed on a rotated rheometer (Anton Paar, Germany) with a PP25 coaxial cylinder geometry. The chemical structure
of NRA@DH Gel was recorded using an in Via Raman microscope (Renishaw, UK).

In vitro Release of NRA QDs

The in vitro release characteristic of NRA QDs embedding in pH-responsive NRA@DH Gel was investigated by
a dialysis method. Specifically, the NRA@DH Gel was put into a dialysis bag (MD:7000KD) at 37°C and dipped in
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50 mL PBS with gentle shaking at pH 7.4, 6.5, and 5.5 over a period of 72 h. The optical density (OD) values of
NRA@DH Gel inside the dialysis bag were then measured using a UV—vis spectrophotometer (Shimadzu, UV-2501PC,
Japan) at 450 nm wavelength (characteristic peak of NRA@DH Gel) at different times. The in vitro release rate (RR) of
NRA QDs was calculated as follows: RR = (Ag — A))/Ag (Ao represents the initial absorbance of NRA@DH Gel solution
at 450 nm, and at represents the real-time absorbance of NRA@DH Gel under the different conditions). Drug release
curves were ultimately obtained by plotting cumulative drug release against time.

Cell Culture

The Mice brain glioma cancerous (GL261) cells were purchased from Cell Bank, Chinese Academy of Sciences
(Shanghai, China), and then cultured in DMEM media supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin mixed antibiotics containing 5% CO, atmosphere at 37 °C.

In vitro CCK-8 Assay

The in vitro cytotoxicity of NRA@DH Gel against GL261 cells was evaluated using CCK-8 assay. In detail, GL261 cells
were seeded on 96-well dishes at a density of 1x10° cells per well prior to the experiments (5% CO,, 37 °C). When the
density of cells reached 70~80%, the NRA@DH Gel or DH Gel with different concentrations were added, and
continually incubated together for 24 h. Subsequently, CCK-8 reagents were added into each well and incubated for 1
h at 37°C. Finally, the cell viability was evaluated by measuring the absorbance of each well at 450 nm using
a microplate reader (Bio Tek, Synergy H4, USA).

In vitro Plate Clone Formation Assay

An in vitro plate clone formation assay was carried out here to determine the clonogenicity and regeneration ability of
GL261 cells in the treatment of NRA@DH Gel under a radiation action. In detail, the GL261 cells were seeded and
cultured into 6-well dishes for 24 h (10° cells well ) and then incubated with added NRA@DH Gel for 24 hours at
different radiation doses (0, 2, 4, 6, and 8 Gy). After radiation, the cells were continually incubated for 10~14 days (5%
CO,, 37 °C) and then were stained with crystal violet, which was subsequently observed under a microscope.

In vitro Intracellular Imaging

The in vitro targeting capability of NRA@DH Gel for GL261 cells was evaluated by a confocal laser scanning
microscopy (CLSM; Leica, DMi8, Germany). Herein the GL261 cells were seeded on chamber slides and placed in
the 12-well plates, culturing for 24 hours (10° cells well ). The NRA@DH Gel was then added to each well and
continually incubated for 24 hours at 37°C (ultimate concentration: 0.7 pug of As mL™'). After the incubation of
NRA@DH Gel, the chamber slides were fixed in 4% paraformaldehyde for 30 min and washed in phosphate buffered
saline (PBS) three times. Finally, the fixed cells were stained with 50 pL 4',6-diamidino-2-phenylindole (DAPI; 0.02%,
blue-stained reagent) in the dark for 30 min and then observed the red fluorescence signals using CLSM.

Determination of Intracellular GSH/GSSH Levels in vitro

The intracellular GSH and GSSG contents were determined using a quantitative GSH/GSSG detection kit method. In
detail, the GL261 cells were first seeded in a 6-cm dish and cultured overnight (10° cells well ). The cells were then
incubated with PBS, NR@DH Gel, and NRA@DH Gel for 24 h (ultimate concentration: 1.0 pg of As mL™"). The levels
of GSH and GSSG were measured with above-mentioned detection kit per the manufacturer’s instructions using a UV—
vis spectrophotometer (Shimadzu, UV-2501PC, Japan) at 412 nm.

Determination of Intracellular ROS Levels in vitro

The intracellular ROS contents were determined using a quantitative ROS assay kit method. In detail, the GL261 cells
were first seeded in a 96-well dish and cultured overnight (10° cells well "). The cells were then incubated with Rousp,
PBS, Gel, NR@DH Gel, and NRA@DH Gel for 24 h (ultimate concentration: 1.0 pg of As mL™"). The levels of ROS
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were measured with above-mentioned detection kit per the manufacturer’s instructions using a fluorescence microplate
reader (BioTek, Synergy H4, USA) with excitation of a 488 nm filter and emission of a 525 nm filter.

Determination of Intracellular YH2AX Levels in vitro

The intracellular yH2AX contents were determined using by a yYH2AX ELISA kit method. In detail, the GL261 cells were
first seeded and cultured in a 6-well plate (37°C, 5% CO,, 10> cells well '). The cells were treated according to the
experimental conditions described, respectively, incubated with PBS, DH Gel, NR@DH Gel, and NRA@DH Gel, and
treated with selective RT for 24 h (ultimate concentration: 1.0 ug of As mL ™). The levels of yH2AX were measured with
above-mentioned detection kit per the manufacturer’s instructions using a microplate reader (Bio Tek, Synergy H4, USA)
with the absorbance of each well at 450 nm.

In vitro Cell Apoptosis Assay

The NR@DH Gel or NRA@DH Gel-induced cell apoptosis under the influence of radiation was evaluated by imaging
flow cytometry (IFC; Amnis, Flow sight, USA) via Annexin V-FITC/PI fluorescent detection kit. In detail, the GL261
cells were first seeded and cultured in a 6-well plate (37°C, 5% CO,, 10° cells well ). The cells were treated according
to the experimental conditions described, respectively, incubated with PBS, DH Gel, NR@DH Gel, and NRA@DH Gel,
and treated with selective RT for 24 h (ultimate concentration: 1.0 pg of As mL™'). The RT here was performed at a dose
of 2 Gy (6MYV, 500 cGy/min) using a X-ray linear accelerator at room temperature. By centrifugal selection (1000 rpm),
the collected cells were subsequently washed three times with PBS and re-suspended in a 500 pL of binding buffer, and
then labeled with 5 pL of an Annexin V-FITC/PI probe, with continuous coincubation for 10 min in the dark. The
intracellular fluorescence intensity was detected using IFC and analyzed using IDEAS software V6.2.

In vitro Mitochondrial Membrane Potential Assay

Detection of the mitochondrial membrane potential (‘¥,,) was performed using a JC-1 assay kit and evaluated using IFC
(Amnis, Flow sight, USA). In detail, the GL261 cells were first seeded and cultured in a 6-well plate (37°C, 5% CO,, 10°
cells well ). Then, the cells were, respectively, incubated with PBS, DH Gel, NR@DH Gel, and NRA@DH Gel, and
treated with selective RT for 24 h (ultimate concentration: 1.0 pg of As mL™"). By centrifugal selection (1000 rpm), the
collected cells were washed three times with PBS and re-suspended in a 500 puL JC-1 working fluid and incubated for 15
min at 37 °C in the dark. The intracellular fluorescence intensity was detected using IFC and analysed using IDEAS
software V6.2.

In vitro Transwell Migration Assay

The in vitro cell metastatic activity was evaluated by transwell migration assay using a matrigel membrane. In detail, the
GL261 cells (3x10%) were suspended in serum-free medium and seeded in the upper chamber, and then a DMEM
medium with 10% FBS is added to the lower chamber. In different treatments, the cells were, respectively, incubated with
PBS, DH Gel, NR@DH Gel, and NRA@DH Gel, and treated with selective RT for 48 h (ultimate concentration: 1.0 pg
of As mL™"). The bottom ventricle cells were finally fixed by 4% paraformaldehyde and stained with 0.1% crystal violet.
The migrated cells were photographed and counted under a microscope.

Animal Protocol

The 6~8 weeks old C57BL/6 female mice were purchased from Beijing HFK Bioscience Co., Ltd., and fed in a specific-
pathogen-free-level laboratory. For implantation, mice were anesthetized using 3% isoflurane in oxygen gas, and then the
mice were placed in a stereotaxic apparatus, in situ injected of 5x10°> GL261 cells. The coordinates were set as follows:
1 mm right lateral, 1 mm behind the intersection of the coronal and sagittal cranial sutures, 3.5 mm depth. All of the
animal care and experimental procedures were performed in accordance with the Animal Management Rules and
Guidelines of the Ministry of Health of the People’s Republic of China and approved by the Animal Ethics
Committee of Xuzhou Medical University and Jiangsu Normal University.
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The GL261 tumor-bearing mice were divided randomly into seven groups: (1) saline as the control, (2) intratumor
injection of empty Gel carrier, (3) intratumor injection of NR@DH Gel, (4) intratumor injection of NRA@DH Gel, (5)
only RT administration alone, (6) intratumor injection of NR@DH Gel with RT action, and (6) intratumor injection of
NRA@DH Gel with RT action. The mice were designed with intratumorally administered NRA@DH Gel (single dose of
0.85 mg of As kg~ body weight) experimental group under radioactive ray exposure within two stages (with 7 days as
a stage, a total of 14 days) of synergistic therapy combining RT with chemotherapy. The RT here was performed at a dose
of 5 Gy (6MV, 500 cGy/min) using an X-ray linear accelerator.

In vivo Fluorescence Imaging

Real-time in vivo drug distribution in tumor tissue was carried out under an IVIS fluorescence imaging system (Caliper
Life Sciences, USA) with excitation of 610 nm filter and emission of 840 nm filter. The in vivo fluorescence signal of the
tumor area in mice was detected at different times during 0~6 day. Meanwhile, the CI values between the tumor tissue
and adjacent normal brain tissue were calculated using the following formula: CI = I1/Iy;, where It was the average
fluorescence signal of the tumor area and Iy; was the signal of adjacent normal brain tissue calculated by using regions of
interest (ROI) functions. To further observe the distribution of drug inside mice organs, normal organs such as heart,
liver, kidneys, lungs, spleen, and tumor tissue were, respectively, stripped from the body for further ex vivo fluorescence
detection.

Histological Examination

On the 16th day, the GL261 tumor-bearing mice in different groups were sacrificed, and major organs or tissue were
stripped, fixed in 4% paraformaldehyde and subsequently embedded in paraffin at a thickness of 3~5 mm. In histological
analysis, the tissue sections were then deparaffinized in xylene and finally sealed using neutral gum within hematoxylin
and eosin (H&E) staining for optical microscope observation.

In immunohistochemical (IHC) staining, tumor paraffin slices were first dewaxed and rehydrated prior to antigen
retrieval. Next, the slices were put into 3% H,O, for 10 minutes to block endogenous peroxidase activity, and then
blocked with 5% BSA for 1 h. After washing with PBS 3 times, the slices were incubated with primary antibodies
(CD31, Ki-67, and HIF-1a) overnight at 4 °C, and subsequently incubated with HRP labeled goat anti-rabbit secondary
antibodies (1:200) for 20 minutes. After adding the diaminobenzidine (DAB) chromogenic solution, the sections were
incubated with a hematoxylin dye solution for 5 min and finally sealed with neutral gum for optical microscope
observation.

In Masson trichrome staining, the tumor paraffin slices were dewaxed and rehydrated, then counterstained with
hematoxylin for 5 min. After washing with distilled water 3 times, the slices were finally stained by Masson trichrome
staining reagent according to the manufacturer’s instructions for optical microscope observation.

Hematologic Examination

On the 16th day, the whole blood was collected from GL261 tumor-bearing mice and used for liver or kidney function
and routine blood examination. All hematologic tests were provided by the Department of Laboratory Medicine of
Xuzhou Central Hospital.

In vivo Western Blotting Assay

Invasion and migration-related proteins (Gpr56 and Flotillin-2) in tumor tissue were detected using a Western blotting
(WB) assay. Specifically, here the tumor tissues were lysed on ice with RIPA buffer for 30 min, and centrifuged to obtain
the supernatant proteins (12,000 rpm, 10 min). Then, BCA assay kit was used to quantitatively calculate the concentra-
tion of extracted proteins. Equal amounts of protein were separated by 10% SDS-PAGE and immediately transferred to
PVDF membrane. Subsequently, the membrane was blocked with 5% BSA for 1 h followed by incubation with specific
primary antibodies (anti-Gpr56, anti-Flotillin-2, and anti-B-actin) overnight at 4 °C. After washing with PBST for 3
times, the membranes were incubated with HRP-linked anti-rabbit IgG or anti-mouse IgG secondary antibodies (1:5000,
Cell Signaling Technology, Inc., Beverly, MA, USA) for 1 hour at room temperature. Using an ECL chemiluminescent
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kit (Pierce Biotechnology, Inc., Rockford, IL, USA) to detect the blots by an automatic chemiluminescence imaging
analysis system (Amersham Imager 600, General Electric Company, MA, USA). Quantitative analysis of protein
expression was analyzed using ImageJ software (Version 1.52v, National Institutes of Health, Bethesda, MD, USA).

In vivo Anti-Tumor Efficacy Evaluation

The in vivo anti-tumor efficacy was evaluated by tumor volume, mice body weight, and mice survival rate analysis.
Tumor volumes were calculated from the H&E staining images of brain sections of orthotopic glioma-bearing mice and
bioluminescence imaging in vivo after 16-day treatment in all groups. The mice body weight was measured every
other day during 16 days’ observation period. At the end of drug administration, the mice survival period and survival
rate were also evaluated in different groups.

Behavioral Evaluation

Pressure on peripheral nervous system from advanced brain tumor may cause disorders of movement and balance ability in
mice. Based on this, the behavioral evaluation of mice is a critical indicator for tumor therapeutic effect. The spontaneous
locomotor activities of the mice were evaluated by open field test and rotarod test. Specifically, the mice in different groups
were placed in the center of individual square box (45 cm X 45 cm) and allowed to freely explore the chamber for the
duration of the 5 min test session, recorded by a real-time automatic camera system. In addition, the steps of the rotarod test
were as follows: setting the starting speed of the rotarod to 5 rpm, the final speed to 40 rpm, the acceleration time to 5 min,
and the running time to 5 min, to observe the movement state and time of the mice on the rod, repeated for each group for 3
times.

Results and Discussion
Synthesis and Characterization of NRA@DH Gel

Herein, we describe a novel method for synthesizing high-performance NRA QDs. Specifically, pure RP was first dispersed
in functionalized NPC and PEG, solution at high temperature (250 °C) via a coordination chemical reaction to form NR
QDs with a carboxy terminus (NR-COOH QDs) by a nucleation and growth process. The use of NPC as an amino acid
coating ligand was able to strongly coordinate with NR QDs. Then, NR-COOH QDs were further coupled with 6-AN
molecules at their carboxyl terminus by the activation of EDC and NHS to produce NRA QDs as shown in Figure 1A.

Moreover, pH-sensitive DEX gel, a type of smart hydrogel, can be used as a carrier for sustained, controlled, and
targeted drug release in situ. In the present study, DEX gel with multiple hydroxyl groups was firstly oxidized by NalO,
to form ODEX gel with an aldehyde terminus. After the addition of functionalized NPN molecules, pH-sensitive amide
bonds were then introduced by a Schiff base reaction at the aldehyde groups of ODEX gel to form DEX gel with amino
terminals (DEX-NH, gel). Next, DEX-NH, gel was coupled with activated HA molecules to form DEX-NH, gel with
active targeting ability. Finally, the above-mentioned NRA QDs were encapsulated in DEX-HA gel by physical
embedding to fabricate NRA@DH Gel. A detailed procedure for the synthesis of NRA@DH Gel is shown in Figure 1A.

The aim of the present study was to develop a multifunctional NRA@DH Gel capable of increasing intracellular ROS
levels to increase tumor sensitivity to the combination of RT and NRA@DH Gel-mediated chemotherapy in vivo. The
following characteristics of NRA@DH Gel were evaluated in the present study (Figure 1B): (1) active targeting
following intratumoral administration in GL261 glioma tumor-bearing mice to enhance penetration and accumulation
in tumor tissue and cells; (2) intracellular release of NRA QDs from pH-sensitive NRA@DH Gel in tumor acidic
microenvironments; (3) the use of NRA@DH Gel as a competitive inhibitor of PPP metabolism; and (4) the synergistic
effect of the combination of NRA@DH Gel-mediated RT and chemotherapy as a comprehensive tumor therapy. Note that
the inhibitory effect of NRA@DH Gel on PPP metabolism improves the efficacy of RT by substantially reducing
NADPH production, blocking the conversion of intracellular GSSG to GSH and stimulating continuous production of
ROS to improve the efficacy of RT.

Synthesized NRA QDs encapsulated in gel had a brownish yellow appearance with good water solubility. TEM
images demonstrated that NRA QDs are present as individual, well-defined spheres with an average size of 2-2.5 nm
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Figure | (A) Schematic illustration showing the synthesis of NRA QDs, DEX-HA gel, and multifunctional NRA@DH Gel. (B) Schematic representation of the in vivo
mechanisms underlying synergistic therapy with NRA@DH Gel including accumulation in tumor tissues, deep penetration, and sustained ROS generation.

(Figure 2A). Further SEM examinations revealed that NRA@DH Gel has a clear three-dimensional (3D) network
structure (Figure 2B). The inherent pore structure and connectivity improve the release of NRA QDs and match the
structure of natural extracellular matrix (ECM) in vivo. Additional elemental distribution mappings confirmed the
coexistence of As, S, and C elements in NRA@DH Gel with a uniform distribution (Figure 2B). Further, FTIR
characteristic specific vibrations of NRA@DH Gel were present at 3450, 2875, 1650, and 1480 cm™' which correspond
to v(O—H), v(N—H), v(CHO), v(C=0), and v(CONH) (Schiff’s base bonds) stretching modes, respectively (Figure 2C). In

addition, the observation of a peak at approximately 513 cm™’

, which corresponds to the stretching vibration of the S—S
group, supports the presence of NR QDs in the NRA@DH Gel. In order to characterize our material more precisely,
Raman spectroscopy was here used to characterize the characteristic structure of the NR QDs. Raman spectroscopy is
able to express the characteristic peaks in the low-frequency region more precisely. The Raman characteristic peaks of
NRA@DH Gel in low-frequency regions (150~400 cm ') consisted of three specific vibrations, As—As stretching at
185 cm™', As—S stretching at 270~300 cm ™', and As—S—As bending at 221 cm™' and 160 cm ™', which verified the nature
of realgar (Figure S1).

The optical properties of NRA@DH Gel were next evaluated. The UV—vis absorption of NRA@DH Gel exhibited
strong broadband characteristic absorption within the range of 400—700 nm, which provides a basis for multiband
excitation (Figure 2D). The fluorescent emission of NRA@DH Gel was characterized by optimal excitation at 610 nm
with the largest emission peak observed at 840 nm (near-infrared region, Figure 2D). To further evaluate the photo-
stability of the NRA@DH Gel, we evaluated fluorescence performance over placement time (1-30 days), with no
obvious fluorescence loss observed over the study period indicating that NRA@DH Gel possesses high photostability
(Figure 2E). The excellent optical properties of NRA@DH Gel are expected to provide a foundation for applications in
cancer diagnosis and treatment.
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Figure 2 (A) TEM images of NRA QDs. (B) SEM image and corresponding elemental mapping images of NRA@DH Gel. (C) FT-IR spectra of pure RP and NRA@DH Gel.
(D) UV—vis absorption and fluorescence spectra of NRA@DH Gel. (E, = 610 nm; E;, = 840 nm). Inset shows fluorescent image. (E) Fluorescence stability of NRA@DH Gel
after one month. (F) Photographs of NRA QDs, DEX gel, and NRA@DH Gel. (G and H) Rheological properties of NRA@DH Gel at varying pH levels. (1) pH-controlled
encapsulated NRA QDS release curves for NRA@DH Gel at pH 7.4, 6.5, and 5.5 over 72 h.

In addition, the gelation behaviors of NRA@DH Gel were evaluated by rheological analyses. Compared with NRA
QDs, NRA@DH Gel had greater viscosity, which increased the utility of NRA@DH Gel as a carrier for sustained,
controlled, and targeted drug release (Figure 2F). We investigated the rheological properties of NRA@DH Gel using
oscillatory rheology experiments with monitoring of variations in the storage modulus (G’) and loss modulus (G”) with
angular frequency at room temperature (Figure 2G and H). Considering the use of intracranial in situ drug delivery in the
present study, a soft hydrogel may decrease intracranial pressure thereby facilitating practical applications.**** The G’
and G” values of NRA@DH Gel were approximately the same throughout the experiment (0-100 s) at varying pH
conditions, indicating that NRA@DH Gel is stable with good mechanical and gelation state properties.

In vitro Release of NRA QDs from NRA@DH Gel
Regulating the release of NRA QDs encapsulated within NRA@DH Gel is important for enhanced anti-tumor activity.

Since tumor microenvironments are typically acidic, particularly inside lysosomes and endosomes within tumor cells, we
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quantitatively evaluated in vitro drug release efficiency of pH-responsive NR-loaded gels in neutral and acidic condi-
tions. NRA@DH Gel was incubated in phosphate buffer adjusted to pH 7.4, 6.5, and 5.5 at 37°C. NRA release curves at
varying temperatures are shown in Figure 2I. pH-controlled NRA QDs release is mediated by the breaking of Schiff base
bonds (containing C-N double bond of the imine or azomethine group) between amino groups (present in NPN) and
aldehyde groups (present in oxidized DEX). Our results indicate that the structural stability of NRA@DH Gel is
dependent on time and acidity, with the NRA QDs release rate from NRA@DH Gel comparatively lower at pH 7.4
(47.6%) but increased significantly at pH 6.5 (58.6%) and 5.5 (65.2%). Under acidic conditions, acid-sensitive Schiff
base bonds in DEX macromolecules were broken, and encapsulated NRA QDs were released from the disintegrating
NRA@DH Gel network structures.

In vitro Cytotoxicity

To validate the cytotoxicity of the NRA@DH Gel in vitro, we used CCK-8 assay kits to perform cytotoxicity assay in
GL261 cells. As illustrated in Figure 3A, there was a trend toward decreasing cell viability with increasing concentrations
of NRA@DH Gel. We calculated the ICs, value of NRA@DH Gel in GL261 cells as 0.7 As pg mL~'. We also evaluated
the toxicity of empty Dex-HA (DH) gel in GL261 cells (Figure 3B). DH Gel demonstrated negligible non-cytotoxicity
with a cell viability greater than 80% when the concentrations of DH are lower than 12.5 mg mL™". The in vitro CCK8
results indicate that NRA@DH Gel has toxic effects on GL261 cells, with the inhibitory effect predominantly mediated
by NRA QDs in concentration-dependent manner.

Mechanisms Underlying the Effect of NRA@DH Gel on Radiotherapy Sensitization
6-AN has been posited as an inhibitor of the oxidative pentose phosphate pathway by competitively inhibiting glucose-
6-phosphate dehydrogenase and decreasing the production of NADPH, the primary cofactor involved in reducing
glutathione (GSSG to GSH conversion) and reducing scavenging of ROS by GSH. To assess this proposed mechanism,
we measured GSH and GSSG levels in GL261 cells following treatment with NRA@DH Gel. As shown in Figure 3C,
higher concentrations of GSSG and lower concentration of GSH were observed in cells treated with NRA@DH Gel
compared with the control group, indicating NRA@DH Gel is an inhibitor of the oxidative PPP and reduces the activity
of GSH, thereby acting as a sensitizing agent for RT.

Interestingly, we found that NR@DH Gel without 6-AN also induced substantial changes in GSH concentration,
indicating that NR QDs may have GSH-scavenging properties. To verify this finding, we measured GSH concentrations
in GL261 cells in response to treatment with different doses of NR QDs. As shown in Figure 3D, GSH concentrations
decreased as NR QD concentration increased. This finding indicates that the effect of NR QDs on GSH levels may be
attributable to arsenic in realgar forming conjugates with GSH, thereby reducing the amount of dissociative GSH in cells
and disturbing the equilibrium between oxidation and reduction.***” In addition, we verified the total concentration of
ROS in cells in response to different treatments. As shown in Figure 3E, a significant increase in ROS level was detected
after treatment GL261 cells with NRA@DH Gel compared with the control group and other treated groups. The
increased generation of intracellular reactive ROS may lead to the accumulation of reactive ROS leading to oxidative
damage and RT sensitization. Finally, the in vitro radio-sensitization efficacy of NRA@DH Gel was measured by colony
formation (Figure 3F and G). As predicted, NRA@DH Gel with RT successfully suppressed the proliferation of cancer
cells with a sensitization enhancement ratio (SER) value of 1.654, demonstrating the substantial potential of NRA@DH
Gel as a radiosensitizer. Overall, NRA@DH Gel decreases GSH levels and increases ROS production, thereby indicating
the efficacy of NRA@DH Gel in enhancing the efficacy of RT.

In vitro Targeting Effect

As the NRA@DH Gel was coupled with the targeting ligand HA, NRA@DH Gel specifically bound CD44 (the HA
receptor) on the surface of tumor cells, thereby increasing intracellular enrichment and anti-tumor activity.***’ The
cellular uptake of NRA@DH Gel is a critical determinant of targeting ability. Given the excellent fluorescence
performance, we used CLSM to track the red fluorescence of NRA@DH Gel to evaluate cell-specific targeting
(Figure 3H). CLSM images of cells demonstrated a large portion of overlapping red (NRA@DH Gel) and blue

752 hetps: International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Wang et al

>

Survival rate (%)

)

RT

RT+NRA@DH
Gel

(.

Healthy cells

Concentration (ug-mL")

EE NRA@DH Gel B Il DH Gel C 250 I GsH
100 Bl cssc
100
= 200
~ 80 =
80 g £
2 2 100
£ 60 e
60 E S
2 ]
2 &
£ 100
40 a 4 g
g
8
2 20 50
0 0 0
0.05 0.09 0.17 0.35 07 14 28 56 111 222 020 0.39 078 1.56 313 625125 25 50 100 Control NR@DHGel  NRA@DH Gel
Concentration (As pg-mL-) Concentration (DH mg-mL-)
140 B GsH Euonno
F -
2 100000
@
2
£ c
£ so000 s
P =
g
g 60000 S o4
S 40000 5
] H —— RT
]
9 zom0 —=- RT+NRA@DH Gel
Control 0.7 09 11 ° o ; p p ) y
ontrol . X ) >
) & 2 4 6 8 10
Concentration (As pg-mL-) Radiation dose (Gy)
H DAPI NRA@DH Gel
. 100 pm

Control Gel NR@DH Gel NRA@DH Gel RT NR@DH Gel + RT NRA@DH Gel + RT

Annexin V-FITC

Control Gel NR@DH Gel NRA@DH Gel RT NR@DH Gel + RT NRA@DH Gel + RT

Apoptptic cells

NR@DH Gel + RT
3 \ = s

NRA@DH Gel + RT

NRA@DH Gel

-

Figure 3 (A) Concentration-dependent cell viability of GL261 cells after treatment with NRA@DH Gel and (B) empty DH Gel. (C) Concentration of GSH/GSSG after different
treatments in GL261 cells. (D) The concentration of GSH after treatment with different concentrations of NRA QDs in GL261 cells. (E) Fluorescence intensity of ROS after different
treatments in GL261 cells. (F) Digital images of colony formation after treatment with PBS and NRA@DH Gel under 0, 2, 4, and 6 Gy radiation. (G) Colony formation curves of GL26|
cells treated with PBS and NRA@DH Gel under 2, 4, 6 and 8 Gy radiation. (H) Specific nuclear targeting effect of NRA@DH Gel on GL261 cells observed by CLSM. Cell nuclei stained
with DAPI are shown in blue and fluorescent NRA@DH Gel is shown in red. (I) Apoptosis and necrosis in response to different treatments as measured by Annexin V-FITC/PI double
staining detected by FCM. (J) Changes in A¥m using JC-| dye as detected by FCM following different treatments. (K) In vitro metastatic activity of GL26 | cells determined by transwell
migration assay in response to different treatments.
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(DAPI, nuclear dye) fluorescence after incubation with NRA@DH Gel for 24 h, indicating that NRA@DH Gel was able
to enter cells through targeted endocytosis. To measure the specificity of NRA@DH Gel for HA receptors on
a cytomembrane, we performed a competition assay by pre-treating GL261 cells with free HA as a competitive inhibitor
and then incubating cells with NRA@DH Gel at the same concentration. The observation of a weak intracellular red
fluorescence signal demonstrated decreased cellular uptake of NRA@DH Gel indicating that cellular internalization of
NRA@DH Gel is medicated by HA receptor-mediated endocytosis, thereby increasing enrichment at tumor sites

(Figure S2).

In vitro Anti-Tumor Efficacy

Apoptosis and changes in mitochondrial membrane potential are the two main mechanisms underlying the anti-tumor
effects of NRA@DH Gel in vitro. First, we used an Annexin V-FITC/PI double staining flow cytometry (FCM) approach
to compare NRA@DH Gel-induced apoptosis in GL261 cells following exposure to selective RT compared to the control
group (Figure 31). The apoptotic rate in GL261 cell was calculated as the total percentage of early and late apoptosis cells
(indicated by LR and UR in a quadrantal diagram). As shown in Figure 31, apoptosis rates were significantly higher in the
NR@DH Gel (10.15%) and NRA@DH Gel group (17.95%) than in the control group (2.38%) and gel group (3.67%),
indicating that NR QDs and NRA QDs have significant in vitro anti-tumor activity. Compared with NR@DH Gel group,
the apoptosis rates of NRA@DH Gel group were higher, this may be related to the addition of 6-AN, which increase the
concentration of GSSG and ROS and damage cells. However, cell apoptosis rates reached 49.64% and 68.33% in cells
treated with NR@DH Gel or NRA@DH Gel in combination with RT, while cells treated with RT only had cell apoptosis
rates of 22.28%. These apoptosis rates indicate that chemotherapy with NR@DH Gel or NRA@DH Gel in combination
with RT is more effective in increasing apoptosis in GL261 cells.

Numerous studies have reported that almost all mitochondrial structures and functions are affected during the early
stages of apoptosis, including decreases in mitochondrial membrane potential. Accordingly, we used JC-1 dye as an
indicator of changes in mitochondrial membrane potential (Ay,,) by fluorescence emission displacement as the propor-
tion of J-aggregates (intact state, red fluorescence) converted to J-monomers (impaired state, green fluorescence).” As
shown in Figure 3J, no significant changes in Ay,,, were observed in the control (10.70) and gel groups (8.09) with the
ratio of J-aggregate and J-monomers, respectively. Treatment with NR@DH Gel and NRA@DH Gel led to significant
decreases in the ratio to 4.58 and 1.73, respectively, NRA@DH Gel Group decreased more than NR@DH Gel group,
indicating that drug hydrogels are able to induce apoptosis by damaging DNA structure and depolymerizing J-aggregates
into J-monomers, and NRA@DH Gel led to more decrease than NR@DH Gel. After combining NR@DH Gel or
NRA@DH Gel treatment with RT, the radio decreased to 1.30 and 0.75, respectively, indicating further break down of
J-aggregates into J-monomers. These results demonstrate that treatment with NR@DH Gel or NRA@DH Gel combined
with RT has a synergistic effect on decreasing the mitochondrial membrane potential of tumor cells.

To further explore the DNA damage, we measured YH2AX protein levels in GL261 cells following treatment using
ELISA (Figure S3). We can see that compared with the control group and the gel group, the YH2AX protein content in
the NR@DH Gel and NRA@DH Gel groups is significantly increased, which proves that drugs can cause DNA damage,
and the YH2AX protein content is higher when NR@DH Gel and NRA@DH Gel are combined with radiotherapy
compared with RT only. It proved that treatment with NR@DH Gel or NRA@DH Gel combined with RT has
a synergistic effect on increasing DNA damage.

In addition, in vitro cell metastatic activity was evaluated by transwell migration assay using Matrigel membranes
(Figure 3K). Greater decreases in invasiveness and migration were observed in cells (purple staining) treated with
NRA@DH Gel and RT compared with other groups. The results of these in vitro anti-tumor assays demonstrate the
substantial potential of NRA@DH Gel as an optimized therapeutic agent for synergistic cancer therapy in vivo.

In vivo Tissue Accumulation and Metabolism of NRA@DH Gel

To evaluate tissue accumulation and metabolism of NRA@DH Gel in vivo, we established an in-situ mouse model of
glioblastoma using GL261 cells. Mice received intratumoral injection of NRA QDs or NRA@DH Gel (0.5 mg of
As kg™! body weight). Real-time in vivo fluorescence imaging was used to track the accumulation and retention of NRA
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QDs or NRA@DH Gel in tumor tissue over a 6-day period, as shown in Figure 4A. A strong fluorescence signal was
observed in tumor tissue on the first day after intratumoral injection of NRA@DH Gel, with the fluorescence signal
slowly decreasing between days 2 and 6 before falling to a nadir on day 6 after administration. In contrast, no discernible
fluorescence signal was observed at tumor sites in the NRA QDs group at day 3 after administration due to poor
accumulation, poor retention, and relatively short duration in the systemic circulation. Compared with smaller-sized NRA
QDs, larger-sized NRA@DH Gel had a more pronounced aggregation effect at tumor sites. To quantitatively evaluate the
circulation, accumulation, and metabolism of NRA QDs and NRA@DH Gel in a time-dependent manner, we calculated
the corresponding contrast index (CI) values between tumor tissue and adjacent normal brain tissue (Figure 4B). CI
values on days 2 and 3 after the administration of NRA@DH Gel were 5.88 and 3.82, respectively, higher values than
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Figure 4 (A) Real-time in vivo fluorescence images (Ex = 610 nm; Em = 840 nm) of GL261 tumor- bearing mice after intratumoral injection of NRA QDs and NRA@DH
Gel over a 6-day period (administered dose, 0.5 mg As kgf' body weight). (B) Corresponding fluorescence signal-based ClI values at tumor sites and adjacent normal brain
tissue at different times post-administration (0—6 days). (C) Ex vivo fluorescence imaging of heart, liver, spleen, lung, kidneys, and tumor tissues collected after the injection
of NRA@DH Gel at different times post-administration (I, 2, 3, and 6 days). (D) CLSM images of tumor cryosections after treatment with fluorescent NRA@DH Gel. Cell
nuclei stained with DAPI are shown in blue and NRA@DH Gel is shown in red.
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following the administration NRA QDs (3.72 and 1.04, respectively). NRA@DH Gel maintained a CI value of 3.21 over
the next 3 days, demonstrating superior retention in tumor tissues. Our results indicate that the use of hydrogel as a drug
carrier allows slow release of NRA QDs in vivo, prolonging the duration of action.

To better understand the metabolism of NRA QDs, we dissected and immediately collected major organs (heart, liver,
spleen, lungs, and kidneys) and tumors for further ex vivo fluorescence imaging following treatment with NRA@DH
Gel. Fluorescence signals were predominantly observed in tumor tissue, liver, and kidneys over the study period,
indicating that NRA QDs were gradually cleared by liver- and kidney-mediated metabolic processes (Figure 4C). In
addition, we further investigated the intracellular localization of NRA QDs released from NRA@DH Gel in tumor tissues
at 48 h post-administration using CLSM imaging of cryosections (Figure 4D). Substantial NRA QDs aggregates with red
fluorescence were observed throughout intracellular structures including the cytoplasm and nuclear membrane, indicating
NRA QDs were efficiently taken up via HA receptor-mediated endocytosis or were internalized into tumor connective
tissue. These findings are consistent with the results of in vivo and ex vivo fluorescence imaging.

In vivo Anti-Tumor Efficiency

The demonstration of substantial accumulation of NRA@DH Gel in tumor tissues indicates the potential of NRA QDs as
an anti-tumor therapy. After demonstrating the accumulation and retention of NRA@DH Gel in tumor tissues by in vivo
fluorescence imaging over a period of 6 days, we next evaluated an optimized in vivo therapeutic strategy in a murine
model of intracranial glioblastoma. At 7 days after intracranial GL261 inoculation, mice developed significant dysmo-
tility symptoms, indicating successful establishment of the intracranial glioma model. Mice then received intratumoral
administration of NRA@DH Gel (single dose of 0.85 mg As kg™ body weight) combined with RT in two stages (RT at
days 7 and 14; Figure 5A). Mice were randomly divided into seven groups as follows: (1) intratumoral injection of saline
as a control, (2) intratumoral injection of empty gel carrier, (3) intratumoral injection of NR@DH Gel, (4) intratumoral
injection of NRA@DH Gel, (5) RT only, (6) intratumoral injection of NR@DH Gel with RT, and (7) intratumoral
injection of NRA@DH Gel with RT.

After 16 days of treatment, mice were sacrificed and tumor tissues were sectioned and stained with H&E (Figure 5B).
H&E staining revealed greater tissue injury and necrosis including decreased cell density, nuclear shrinkage, and
fragmentation in tumor tissues from the NRA@DH Gel and RT treatment group compared to other groups.
Additionally, significant tumor cell injury was observed in the NR@DH Gel with RT treatment group, NR@DH Gel
treatment group, NRA@DH Gel treatment group, and RT only treatment group. Normal tumor cell morphology was
observed in the empty gel treatment group and control group. The histogram of the necrosis rate in different groups was
added into Figure S4. In addition, the anti-tumor efficacy of treatments was further investigated in tumor ECM composed
of dense collagen (blue-stained) and muscle fibers (red-stained) by Masson’s trichrome staining (Figure 5B). Collagen is
a major component of ECM, where a higher stromal content of dense collagen is associated with poor survival outcomes,
which compresses and distorts tumor blood vessels and acts as a physical barrier to drug delivery. NRA@DH Gel
combined with RT had the greatest suppressive effect on the growth of collagen fibroblasts and lowest muscle fiber
density compared to other treatments, thereby enhancing NRA@DH Gel penetration of tumor tissues. The inhibition of
cancer-associated ECM activity disturbs the tumor microenvironment, indicating the synergistic effect of NRA@DH Gel
and RT in the treatment of tumors.

The in vivo anti-tumor efficacy of NRA@DH Gel was also evaluated by IHC staining of tumor tissues. To our
knowledge, the presence of hypoxic regions in solid tumors may decrease NRA@DH Gel-mediated sensitivity to
radiotherapy, chemotherapy, and combinatorial treatment in GL261 cells. Accordingly, increasing the targeting of
NRA@DH Gel to tumor tissues may improve tumor oxygenation, thereby enhancing the efficacy of RT. Anti-hypoxia-
inducible factor 1 alpha (HIF-1a) antibody staining is routinely used for the evaluation of hypoxic states in tumor
tissues. HIF-1a is an oxygen regulated subunit of HIF-1. HIF-1a levels are determined by tumor oxygen levels, which
have been shown to be associated with resistance to radiotherapy and chemotherapy.”’ The results of IHC staining
demonstrated that HIF-1a protein expression (marked in brown) was significantly lower following treatment with
NRA@DH Gel (Figure 5C). This finding indicates that the hypoxic state of tumors may be alleviated by NRA@DH
Gel treatment by improving tumor oxygenation and enhancing the effect of NRA@DH Gel on radio-sensitization. In
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addition, IHC staining for CD31 and Ki-67 was performed to evaluate tumor angiogenesis, cell proliferation, and
migration,>> as shown in Figure 5C. As expected, CD31 and Ki-67 expression levels in tumors treated with
NRA@DH Gel and RT were significantly lower compared to other treatments, indicating NRA@DH Gel inhibits
cell proliferation and migration and has a suppressive effect on tumor microvasculature. These findings highlight the
potential of NRA@DH Gel as a synergistic therapy in vivo. The semi-quantitatively of immunohistochemical was
added in Figure S5.

To determine the mechanisms underlying the anti-tumor effects of NRA@DH Gel, we performed WB of Gpr56 and
Flotillin-2, proteins involved in tumor migration and invasion (Figure 5D and Figure S8). Gpr56 protein, which is
secreted by a range of tumor types, plays a crucial role in cancer metastasis.’® Flotillin-2 protein has been shown to
increase tumor invasion.”> As predicted, Gpr56 and Flotillin-2 protein levels in tumors treated with NRA@DH Gel
combined with RT were significantly lower than in other groups, demonstrating a synergistic effect of treatment with
NRA@DH Gel and RT on inhibiting tumor angiogenesis and suppressing tumor migration and invasion. The results of
WB are consistent with the aforementioned IHC staining results.

To evaluate tumor growth over time, we performed H&E staining of brain tissue sections from orthotopic glioma-
bearing mice and bioluminescence imaging in vivo after 16 days of treatment in all groups (Figure 6A-C). H&E staining
and luminescence intensity in tumors indicated that the NRA@DH Gel and RT synergistic treatment group had the
smallest tumor size compared to other treatment groups. Quantitative luminescence analysis of tumor area ratio (TAR)
at day 16 and day 1 demonstrated greater suppression of tumor growth in the NRA@DH Gel combined with RT
treatment group, with an inhibition TAR value of 0.30 compared to the NR@DH Gel combined with RT treatment group
(0.58), NRA@DH Gel treatment group (0.95), NR@DH Gel treatment group (3.82), RT only treatment group (1.09), gel
only treatment group (11.25), and saline treatment group (14.38). These results indicate that NRA@DH Gel combined
with RT treatment group had the greatest inhibitory effect on tumor growth.

Safety Evaluations

Mice were sacrificed on day 16 and evaluated for toxic side effects on major organs including the heart, liver, spleen, lung,
and kidneys by H&E staining. No significant morphological changes were observed in major organs in any treatment group,
indicating minimal systemic toxicity, or damage to normal tissues during treatment with NR@DH Gel, NRA@DH Gel, or
RT (Figure 6D). Blood was collected for routine serological examinations and assessment of liver and kidney function
(Figure 6E). Routine serological parameters [white blood cells (WBC), red blood cells (RBC), blood platelet (PLT),
hemoglobin (HGB), hematocrit (HCT), erythrocyte mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH)] and markers of liver and kidney function [aspartate aminotransferase (AST), alkaline phosphatase (ALP), albumin
(ALB), blood urea nitrogen (BUN), uric acid (UA), and creatinine (CREA)] remained at normal levels in the NR@DH Gel
and NRA@DH Gel treatment groups, indicating good hematological, liver, and kidney safety profiles. In addition, mice
body weights were recorded over the 16 days of treatment. Blood routine tests and liver and kidney function tests of mice
treated with NRA QDs alone found that both blood routine and liver function were within the normal range. However, the
parameter of kidney function of the mice showed low values compared to the other treatment groups, demonstrating the
lower metabolic toxicity of the NRA QDs alone (Figure S6). No variations in body weight over the study period were
observed in NR@DH Gel or NRA@DH Gel treatment groups, indicating that mice tolerated repeated administration of
NR@DH Gel and NRA@DH Gel (Figure 6F). We previously conducted a trial and found that the change in NRA QDs
treatment groups in weight was not significantly abnormal compared to the saline group (Figure S7).

Behavioral Evaluations

Pressure on peripheral nerves due to advanced brain tumors may cause disorders of movement and poor balance in mice.
Accordingly, we performed behavioral evaluations of mice as a critical indicator of therapeutic effect.’® On day 16, we,
respectively, selected open field experiments and rotating rod experiments to evaluate changes in mobility and balance in
mice after treatment with NR@DH Gel or NRA@DH Gel (Figure 7A-C). The open field experiment allows the
assessment of a range of behaviors in animals when entering an open environment and is used to evaluate locomotor
ability and mental state in mice. As shown in Figure 7A and B, the normal mice group moved 3100-3300 cm, while mice
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Figure 6 (A) H&E staining of murine brain tissue following different treatments over a period of 16 days. (B) In vivo bioluminescence in glioma-bearing mice following
different treatments at |, 8, and 16 days. (C) Quantitative bioluminescence analysis of tumor area ratio (TAR) at day 16 and day |. (D) Images of H&E staining of normal
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parameters (AST, ALP, ALT, BUN, and CREA) in blood collected from mice. (F) Body weight changes in indicated groups over the |6-day observation period.

International Journal of Nanomedicine 2023:18 hetps: 759

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

Saline B 000
h ”, 3

3500

3000

2500

2000

Distance (cm)

1500

1000

500

NRA@DH Gel

C D

300

100

:
)
®
2
4
=
]
‘S 50—
>
=
8
[}
-]
o
<
o

=t  Saline
b Gel

L~ NR@DH Gel
—l— NRA@DH Gel

1
-

1

Time (s)

RT
NR@DH Gel + RT '
NRA@DH Gel + RT

0 10 20 30 40 50

>
&7
©

& \g? Time (days)

Figure 7 (A) Trajectory maps and (B) numerical statistics of open field tests in different groups. (C) Numerical statistics from the rotarod test in different groups. (D)
Survival curves of mice in different groups (n = 8 per group).

in the saline group moved the least miles, basically around approximately 1000—1200 cm, mice. Mice paused more often
in the field and moved essentially only as they moved around the field. The motor mileage of the tumor distance traveled
by tumor-bearing mice in the gel administration gel treatment group was 1200-1300 cm, indicating that the empty gel did
not have a gel that had no significant alleviating effect on glioma-induced dyskinesia. In contrast, the NR@-DH Gel
administration gel treatment group, the NRA@-DH Gel administration gel treatment group, and the RT only treatment
group of mice showed some improved demonstrated greater locomotor performance by reaching travelling 1900—
2000 cm, 2400-2500 cm, and 2300-2400 cm, respectively, after treatment. The NRA@DH Gel administration in
combination with RT synergistically treated group of tumor-bearing mice could reach a motor course. Tumor-bearing
mice treated with NRA@DH Gel combined with RT traveled more than 2800 cm, which was not significantly different
from normal mice, indicating that the NRA@DH Gel-mediated synergistical treatment could significantly inhibit glioma
and improve limb movement in mice.

The rotating rods experiments evaluate the motor coordination of mice by measuring sense of balance, which is an
important tool for evaluating the effects of drugs on the central nervous system. As seen in Figure 7C, mice in the
NRA@DH Gel and RT treatment group had a longer stick time (292 s) compared to the saline and other treatment
groups, indicating combinatorial treatment with NRA@DH Gel and RT had the greatest effect on locomotion and
balance. NRA@DH Gel combined with RT significantly prolonged survival in mice by an average of 40 days compared
to normal saline and other treatment groups.
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Through NRA@DH Gel and RT combination therapy, the survival of mice was prolonged to an average of 38 days,
with statistically significant differences versus normal saline and other treatment groups (Figure 7D).

Conclusion

In summary, the present study demonstrates the successful fabrication of a functional herbal medicine NRA@DH Gel
with active targeting properties and pH-responsiveness. As a traditional drug in a modified administration form,
NRA@DH Gel demonstrated potent anti-tumor activity. As a fluorescent probe, NRA@DH Gel emitted fluorescence
up to the near-infrared region and had excellent bioimaging properties, indicating the utility of NRA@DH Gel in the
evaluation and treatment of tumor-bearing mice. NRA@DH Gel allows sustained drug release in the acidic environment
of the tumor microenvironment of glioma in mice. The enclosed NRA QDs were shown to inhibit PPP metabolism and
reduce the production of NADPH, thereby inhibiting the conversion of GSSG to GSH, reducing GSH concentrations in
tumor cells, promoting the accumulation of ROS, and improving the tumor hypoxic environment. Each of these effects
contributes to the significant RT sensitizing properties of NRA@DH Gel. Through the synergistic effect of chemotherapy
and RT, NRA@DH Gel effectively inhibited the proliferation and migration of tumor cells, suppressed tumor growth,
improved motor coordination, and prolonged survival in tumor-bearing mice. We believe NRA@DH Gel represents
a highly effective chemotherapeutic agent with fluorescence properties, which can be combined with RT to achieve the
goal of “new applications of old drugs” for the traditional Chinese medicine realgar and allow applications in future
clinical treatments.
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