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1 | INTRODUCTION

Hongyuan Wang | Zhuo Yang | Shaolong Zhou |
Hengwei Zhang | Wulong Liang | Weihua Hu |
Abstract

Glioblastoma multiforme (GBM) is among the most common adult brain
tumors with invariably fatal character. Following the limited conventional
therapies, almost all patients, however, presented with symptoms at the time
of recurrence. It is dire to develop novel therapeutic strategies to improve the
current treatment of GBM. Gallic acid is a well-established antioxidant, pre-
senting a promising new selective anti-cancer drug, while gold nanoparticles
(GNPs) can be developed as versatile nontoxic carriers for anti-cancer drug
delivery. Here, we prepared gallic acid-GNPs (GA-GNPs) by loading gallic acid
onto GNPs, reduction products of tetrachloroauric acid by sodium citrate,
through physical and agitation adsorption. GA-GNPs, rather than GNPs alone,
significantly inhibited the survival of U251 GBM cells, as well as enhanced
radiation-induced cell death. Moreover, GA-GNPs plus radiation arrested the
cell cycle of U251 at the S and G2/M phases and triggered apoptotic cell death,
which is supported by increased BAX protein levels and decreased expression
of BCL-2. Thus, GA-GNPs have great potential in the combination with radia-
tion therapy in future studies for GBM treatment.
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chemotherapy (such as temozolomide)." However, most
patients with GBM undergo recurrence and succumb to

As the most common intracranial malignancy in adults,
glioblastoma multiforme (GBM) is treated with the
combination of surgery, radiation, and limited

Abbreviations: GA, gallic acid; GNPs, gold nanoparticles.
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this disease although intensive treatment is given.
Importantly, GBM cells in the high-dose radiation field
eventually harbor radioresistant characters, leading to
recurrences.’ Therefore, in order to improve the sur-
vival or the well-being of GBM patients, it is imperative
to search for new drugs to augment and sensitize exis-
ting radiotherapy.
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Some polyphenols occurring in nature have antioxidant,
anti-inflammatory, and antitumor property that might be
applied in drug development against cancer.’ Gallic acid
(3,4,5-trihydroxybenzoic acid), a predominant polyphenol,
has been verified to inhibit carcinogenesis in both cancer
cell lines in vitro and animal models. Importantly, gallic acid
exhibits selective cytotoxicity against a variety of tumor cells,
including prostate, lung, colon cancer cells, as well as GBM
cells.** A derivative of gallic acid, lauryl gallate, increases
activities of caspases and induces cell apoptosis in U87 GBM
cells.® Gallic acid also leads to DBTRG-05MG GBM cell
death through mitochondrial apoptotic pathways, but spares
normal CTX TNA2 rat astrocytes.7 In addition, other investi-
gations found that gallic acid inhibits cell proliferation and
invasion in U87 and T98G GBM cells by decreasing AKT
and MAPK pathways.*'® On the other hand, gallic acid
modulates the expression of genes related to cell cycle,
metastasis, and angiogenesis to achieve its antitumor abil-
ity.* Although gallic acid has been identified to exhibit cyto-
toxicity in GBM cells, the potential effect of gallic acid on
the sensitivity of GBM cells to radiation remains elusive.

Improving drug delivery and duration is crucial for pro-
moting the therapeutic efficacy of a drug and minimizing its
side effects. Regarding GBM drug treatment, blood-brain
barrier is an another layer of protective barrier abolishing
easy passage of therapeutic moieties to brain, which requires
drugs to be administered at much higher doses."' > Among
the various drug delivery systems, nanoparticles have
attracted great attention in the drug delivery for targeting
brain disease, as they are capable of accomplishing con-
trolled and site-specific delivery of a wide variety of drugs.**
16 One of the key advantages of nanoparticles is their higher
surface-to-volume ratio, reducing the dose and frequency of
drug administration and improving patient compliance.'”*®
Gold nanoparticles (GNPs) have large surface area-to-vol-
ume ratio, enabling their surface to be coated with hundreds
of molecules. In addition, GNPs are less toxic to cells and
easy to conjugate with bio-active compounds with high sta-
bility.'*2!

In this study, we prepared gallic acid-gold nanoparticles
(GA-GNPs) and examined the biological effects of GA-
GNPs on the viability and sensitivity to radiation in U251
GBM cells. Our findings indicate that the GA-GNPs signifi-
cantly inhibit U251 cell survival and enhance its radio-
sensitization, suggesting a perspective on GBM theranostics
of GA-GNPs in future investigations.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Human glioma U251 cells were purchased from Suzhou
Saiye Biotechnology Co., Ltd. (China). HAuCl,
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(chloroauric acid), sodium citrate, and gallic acid were
obtained from Aladdin (China). Dulbecco's modified
eagle medium (DMEM) and penicillin-streptomycin
were obtained from Hyclone, and fetal bovine serum
(FBS) was from Biological Industries (Israel). Trypsin-
EDTA was purchased from Gibco. MTT and Western blot
kit were obtained from Sigma-Aldrich. Apoptosis detec-
tion kit was provided by Invitrogen. Cell cycle detection
kit and Coomassie bright blue fast staining solution were
purchased from Biyun Sky (Beijing, China).

2.2 | Characterization of gold
nanoparticles

Gold nanoparticles were synthesized by the Turkevich
method.”* One milliliter 25mM chloroauric acid
(HAuCL,4-3H,0) solution was added to 100 ml deionized
water in a three-neck flask (250 ml) with an oil bath at
130°C and stirring speed at 300 rpm. After 2 min, 2.5 ml
sodium citrate solution (34 mM) was quickly added in the
flask and boiled for 10 min. The color of the solution chan-
ged from purple to black, and then to purple red. The solu-
tion was cooled to room temperature for storage. The size
and morphology of the gold nanoparticles were analyzed
by transmission electron microscopy and dynamic light
scattering (DLS). The concentration of gold nanoparticles
was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). Briefly, The ICP-AES
measurements were done with an Agilent 730 ICP-OES
(Agilent) equipped with an Au ICP touch and a quadru-
pole mass analyzer by setting axial detector mode and lin-
ear calibration type. The following parameters were used
in the assay: plasma flow (15 L/min), auxiliary gas flow
(1.5 L/min), and nebulizer gas flow (0.75 L/min).

2.3 | Generation and characterization of
GA-GNPs

Gold nanoparticle solution (10 ml) was centrifuged at
18,500g for 10 min. The pellet was dissolved in 25 ml
deionized water in the dark. Resuspended gold nanopar-
ticle solution (5 ml of each) was mixed with 5 ml of
deionized water, 22.4, 44.8, 89.6, 134.4, or 179.2 pg/ml
gallic acid solution, respectively, and stirred overnight at
room temperature. Finally, the unbound gallic acid was
removed by centrifugation at 18,500g for 10 min. The
concentration of gallic acid in the supernatants was mea-
sured by ultraviolet spectrophotometer to calculate gallic
acid:GNPs binding rates. Briefly, a Shimadzu Pharmspec
UV 1800 ultraviolet spectrophotometer was used, and the
calibration curve was prepared from the above superna-
tants against clear blank by taking the absorbances of the
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prepared standard dilutions at indicated wavelengths,
and then plotted the result against concentration. The
remaining pellets were then resuspended in DMEM
media for further biological assays.

2.4 | U251 cell culture

U251 cells were cultured in DMEM containing 10% FBS
and 1% penicillin-streptomycin. DMEM medium was
changed every 3 days. The cells were maintained at 37°C
in a humidified incubator with 5% CO, and passaged
when the confluence reached about 90%.

2.5 | MTT assay

U251 cells at logarithmic growth stage were inoculated in
96-well plates (8,500/well) and cultured overnight. Differ-
ent concentrations of GNPs or GA-GNPs in the culture
medium (0, 100, 150, and 200 pg/ml) were added. After 1,
2, and 3 days, the medium was removed, and the MTT
substrate was added to the wells. The plate was then
shaken at low speed for 10 min. After incubation in the
incubator for 1, 2, or 3 hr, the absorbance of each well at
450 nm was detected by a microplate reader.

2.6 | X-rayirradiation

X-ray irradiation was given to U251 cells with different
doses (0, 2, 4, 6, 8, 10, and 12Gy), respectively (6MV X-
ray, SSD 100 cm, and 1.5 or 10 cm solid water were added
to the 96-well plates above or below the plate).

2.7 | Cell cycle and cell death analysis
U251 cells at logarithmic growth stage were inoculated
into 6-well plates at a density of 2 x 10° per well. After
treated with control, gallic acid, GNPs, and GA-GNPs (all
groups with radiation treatment) for 48 hr, the cells were
detached with trypsin and fixed in ethanol with 70%
phosphate buffered saline (PBS). The cells were incu-
bated with propidium iodide (40 pg/ml) and Ribonucle-
ase (RNase) (100 pg/ml) before cells were analyzed with
a flow cytometer (BD FACSCalibur System, CA).

Under the same treatment condition, U251 cells were
digested with trypsin and washed with PBS to disperse the
cells. Annexin-V dye (5 pL) and propidium iodide (40 pg/
ml) were added to 100 pL cell suspension in the dark at
room temperature for 15 min. Cell apoptosis was detected
by the flow cytometry within 1 hr. CflowPlus software was
used to analyze both cell cycle and apoptosis data.

2.8 | Western blotting

Total protein of U251 cells in response to indicated treat-
ment was extracted by using RIPA buffer (20 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1 mM NaEDTA, 1 mM
EGTA, 1% NP-40, 1% sodium deoxycholate, and protease
inhibitors and phosphatase inhibitor cocktails). The cells
were incubated in RIPA buffer on ice for 10 min followed
by brief sonication. The extract was further centrifuged for
10 min at 14,000g in a cold microfuge, and the supernatant
was harvested as total cell protein lysates. The protein con-
centration of cell lysates was measured by a BCA protein
quantification kit according to manufacturer's instruction.
The protein samples were loaded and resolved by 10%
SDS-PAGE, and the gel was transferred onto a PVDF
membrane. Subsequently, the membrane was blocked
with blocking buffer containing 5% nonfat milk at room
temperature for 2 hr, and then incubated with primary
antibodies against BAX (Cell Signaling Technology #2772,
1:1000), BCL-2 (Cell Signaling Technology #15071, 1:1000)
and GAPDH (Cell Signaling Technology #5174, 1:1000)
overnight at 4°C. After washing three times with 1x TBS-
T, the membrane was incubated with Anti-rabbit IgG,
HRP-linked Antibody (Cell Signaling Technology #7074,
1:3000, for BAX and GAPDH antibodies) or Anti-mouse
IgG, HRP-linked Antibody (Cell Signaling Technology
#7076, 1:3000, for BCL-2 antibody) at room temperature
for 2 hr, and finally exposed by an automatic imaging sys-
tem (iBright Western Blot Imaging System, ThermoFisher
Scientific) with ECL Western Blotting Substrate (Pierce
#32106) according to manufacturers’ instruction after
washed three times by 1x TBST buffer. The intensity of
WB bands was quantitatively analyzed by the iBright
Analysis Software (ThermoFisher Scientific).

2.9 | Statistical analysis

All experiments were carried out in triplicates, and repre-
sentative results are shown. Data are presented as the
mean + SEM. Statistical analysis was generally per-
formed using single factor analysis of variance and ¢-test.
*p < .05, ¥*p < .01, ¥**p < .001, and ****p < .0001 were
considered statistically significant.

3 | RESULTS

3.1 | Characterization of the acidity of
gallic acid solution and gold nanoparticles

As shown in Figure 1a, gallic acid molecule harbors four
potential acidic protons, that is, three phenolic OHs with
pKa values of, 8.7, 11.4, and 13 and a carboxylic acid with
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pKa value of 4.0. In order to determine the acidity of gal-
lic acid and avoid the potential effect of the acidity on gli-
oma cell growth, we detected the pH value of gallic acid
solutions at the concentrations of 100, 200, and 300 pg/
ml. The pH value of the above gallic acid solutions was
7.34 + 0.041, 7.20 + 0.0251, and 7.11 + 0.055 in the 100,
150, and 200 pg/ml group, respectively, while the pH
value of PBS solvent was 7.39 + 0.056 (Figure 1b). Our
results indicate that the gallic acid has subtle effect on
the solution acidity, which supports that gallic acid is an
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extremely weak acid. Therefore, it is unlikely that the
acidity of gallic acid solution contributes to its biological
role in glioma cell growth.

We next examined the characteristics of GNPs by
using a transmission electron microscope (TEM), and
found that GNPs demonstrated round in shape with rel-
atively uniform in size and shape, with an average diam-
eter of 20 + 0.65 nm. Furthermore, good dispersion and
no obvious fusion adhesion between the particles were

observed (Figure 1c). In addition, the GNP
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physicochemical properties were measured by DLS anal-
ysis. The average diameter of GNPs was 23 + 0.34 nm
(Figure 1d), which is slightly larger than the diameter of
GNP under TEM due to GNPs encapsulated by water
molecules. Consistent with the observation in TEM, the
particle size also displayed uniformed distribution. Last,
we measured the concentration of GNP solution as
44.80 pg/ml by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), and calculated that the
actual gold recovery was 91.24%, which was supported
by a previous study.® These data imply the GNPs in this
study are appropriate for gallic acid carrier due to these
characteristics.

3.2 | Generation of GA-GNPs and
definition of GA:GNP feed ratio

To further characterize gallic acid solution, we performed
ultraviolet spectrophotometer analysis and found that the
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maximal absorption peak was at 265 nm (Figure 2a).
Based on the absorption peak, we further defined a stan-
dard curve with linear equation as Y = 0.0419x +0.00552
and the correlation coefficient R* = 0.99981 (Figure 2b).
Given that the correlation coefficient is higher than
0.999, the linear equation has a good fitting degree with
the concentration ranged from 0.1 to 20 pg/ml.

We next generated GA-GNPs by adding gallic acid to
the GNP solution and stirring in the dark for overnight.
The 20-nm-diameter GNP solution was pale red, while
the gallic acid solution showed colorless. When gallic
acid was mixed with GNP, we observed a pale purple
solution, indicating that gallic acid may conjugate with
GNPs (Figure 2c). In order to define the GA:GNP feed
ratio, we mixed GNPs and gallic acid at the ratios of 1:1,
1:2, 1:3, or 1:4. When the ratio of GNPs to gallic acid
was 1:1, the drug loading almost reached the plateau
(Figure 2d), because when the ratios of GNPs to gallic
acid continued to increase, the drug loading rate did not
show linear elevation (Figure 2d). This might indicate
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that GA loading under 1/1 ratio has uniformed and even
GA distribution on GNPs, which makes GA-GNPs have
stable characteristics. This feed ratio might be attributed
to the surface properties of GNPs. Therefore, our gener-
ated GA-GNPs have the feeding ratio 1:1 in our follow-
ing biological experiments.
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3.3 | GA-GNPs demonstrate cytotoxic
effect on human glioma U251 cells and lead
to sensitization to radiation

We first investigated the toxic effects of GA-GNPs on
U251 cells by using MTT proliferation test. Based on
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previous publications regarding the cytotoxic concentra-
tions of GA-GNPs,>>** we treated U251 cells with
increasing concentrations of GA-GNPs (100, 150, 200 pg/
ml) for 24, 48, and 72 hr. The toxic effect was evaluated
according to the decrease in survival percentage. As
shown in Figure 3a, GA-GNPs showed a significant cyto-
toxic effect on U251 cell survival in a time-dependent
manner (day 1 to day 3). These highest values correlated
to decrease in surviving cells were 70.25, 70, and 68.75%
upon treatment with 100, 150, and 200 pg/ml GA-GNPs
at day 3, respectively. This result validated the cytotoxic
effect of GA-GNPs on glioma cell survival. Intriguingly,
we did not observe any significant cytotoxicity of GNPs
alone in U251 cells at any individual time point and dose
(Figure 3a), indicating that gallic acid on the GA-GNPs
might play a key role in inhibiting U251 cell survival,
and GNPs do not abrogate the biological effects of gal-
lic acid.

We next evaluated whether GA-GNPs are able to sen-
sitize glioma U251 cells to radiation, as radiotherapy is
usually performed after surgery for high-grade gliomas.
We treated U251 cells by combination of different doses
of radiation (0, 2, 4, 6, 8, 10, and 12 Gy) and GA-GNPs
(100, 150, and 200 pg/ml) for 48 hr, and found significant
survival differences in the GA-GNPs plus radiation treat-
ment, relative to radiation alone, especially at higher con-
centrations of GA-GNPs (150, 200 pg/ml) (Figure 3b).
Therefore, our data that GA-GNPs render glioma U251
cells sensitive to radiation.

3.4 | GA-GNPs enhance RT-induced S
and G2/M cell cycle arrest and cell death in
U251 cells

Given that GA-GNPs possess radiosensitization ability in
glioma U251 cells, we further examined the cell cycle dis-
tributions of U251 cells in response to control, gallic acid,
GNPs, GA-GNPs in the presence of radiation. As shown
in Figure 4a, both gallic acid and GNPs increased the per-
centages of S and G2/M cell populations, while GA-GNPs
further induced the S and G2/M cell cycle arrest (with S
%, 21.2; G2/M, 8.1). The S and G2/M accumulation of
cells was at the expense of a decrease in Gl-phase cell
population in the GA-GNPs treated group. In addition,
we performed flow cytometry analysis and observed,
upon radiation, a higher increase (32.7%) of U251 cell
death when simultaneously treated with GA-GNPs, com-
pared with control (17.3%), GNPs (24.8%), or gallic acid
(28.3%) (Figure 4b). As the Annexin V staining in
Figure 4b indicated the early apoptotic cell population,
we therefore investigated the expression levels of a cru-
cial pro-apoptotic cell biomarker BAX as well as an anti-
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apoptotic protein BCL-2 in each treatment. Western blot-
ting analysis demonstrated that GA-GNPs plus radiation
treatment achieved highest BAX and lowest BCL-2 pro-
tein expression in U251 cells (Figure 4c,d). Taken
together, our results clearly showed that GA-GNPs facili-
tate RT-mediated S and G2/M cell cycle arrest and cell
death in U251 glioma cells.

4 | DISCUSSION

In this study, we have found that GA-GNPs are able to
exert cytotoxic effect on U251 cells and render cells sen-
sitive to radiation. GA-GNPs enhance radiation-induced
S and G2/M cell cycle arrest and cell death in U251
cells. Given the urgent need of novel therapeutic strate-
gies in GBM treatment, our work provided strong basic
evidence for further translational investigation of
GA-GNPs.

GBM is a common tumor of central nervous system,
and its incidence in China is significantly higher than the
world average with the 5-year survival rate was less than
10%.7%" The European Neuro-Oncology Society guide-
lines focus more on radiology based on the 2016 World
Health Organization recommendations for the clinical
treatment of adult GBM patients.*® The goal of radiother-
apy in GBM is to improve local control at a reasonable
risk benefit ratio. In the current clinical treatment, more
than 70% of patients with GBM need to receive radiother-
apy, while more than 80% of the tumors can significantly
improve the local control rate through combined radio-
therapy, thus affecting the survival rate and recurrence
rate.”® Therefore, overcoming radioresistence in GBM
treatment is crucial for promoting survival and disease-
free benefits in patients.

Gallic acid is one of the important polyphenol candi-
dates for cancer treatment. Gallic acid has demonstrated
its potent ability to suppress cell viability, proliferation,
invasion, and angiogenesis in the human glioma cell
lines.” Gallic acid has been also identified to have antioxi-
dant property, which functions as scavengers of reactive
oxygen species.”® Administration of gallic acid prevents
radiation-induced weight loss and mortality in mice by
facilitating DNA repair process.*' Therefore, gallic acid
exhibits cytotoxicity in cancer cells but spares normal tis-
sues, which makes gallic acid gain great attention for fur-
ther drug development.

The rapid development of nanoscience promotes inter-
disciplinary integration and accelerates the development
of anti-cancer drugs. Up to now, a large number of
nanoparticles are synthesized by physical and chemical
methods of metals such as silver, copper, platinum, and so
forth. Unfortunately, there are often some problems with



JING ET AL.

MW[ ]_Ey_ IUBMB LIFE

these nanoparticles, such as high biotoxicity and complex
synthesis. GNPs have become the most attractive nano-
system due to their good biocompatibility, small size, low
biotoxicity, easy to be synthesized, and can be used as a
nano-carrier for a variety of drugs, as well as the ability to
enhance CT and MRI image contrast.'*** In our work, we
generated GNPs by using sodium citrate as stabilizer and
reducing agent to react with tetrachloroauric acid in boil-
ing water. The GNPs have excellent particle size disper-
sion, and the solution of GNPs is generally stable and can
be stored for 1 month in the dark at room temperature.
Therefore, the GNPs in this study present essential charac-
ters as a nano-carrier of gallic acid.

Although the anti-tumor effects of GA-GNPs have
been examined in some cancers, the role of GA-GNPs as
a radiosensitizer has not been extensively studied. Our
work established that GA-GNPs enhance radiation-
induced U251 cell death and cell cycle arrest. Future
studies will expand this finding to other GBM cell lines,
as well as GBM stem cells. In addition, the therapeutic
efficacy of combination of GA-GNPs and radiation needs
to be tested in multiple in vivo xenograft mouse models.
Taken together, this study revealed GA-GNPs as a prom-
ising anti-tumor and radiation enhancement reagent for
GBM treatment.
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