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Department of Biosystems Background: Pancreatic ductal adenocarcinoma (PDAC) remains one of the most fatal
and Biotechnology, malignancies. Several chemotherapies employing fluorouracil (5-FU) and gemcitabine
E:!eBgistit‘r:zi)C;;;g?ea were attempted, but the survival rate was extremely low. Resveratrol (RVT), known
University, Seoul 02841, Republic as a polyphenol compound and phytoalexin, was demonstrated to induce intrinsic

of Korea apoptosis in cancer cells. However, its low delivery performance and efficiency at

tumor sites remain an obstacle to exploit RVT as a drug. To address these problems, we
bio-conjugated resveratrol with gold nanoparticles (GNPs) via polyvinylpyrrolidone as a
cross-linker (RVT@PVP-GNPs) and investigated whether the fabrications could enhance
the delivery performance and anti-tumor efficacy of RVT.

Results: The fabrication of gold nanoparticles (GNPs) and bio-conjugated with res-
veratrol (RVT@PVP-GNPs) was conducted firstly. TEM image, spectrophotometry and
zeta-potential revealed that the GNPs and RVT@PVP-GNPs having a size of approxi-
mately 40 nm were successfully synthesized and exhibited moderate stability. GNPs
alone represented no damage in PANC-1 cells and moreover diminished the cytotoxic-
ity of RVT in Raw264.7 murine macrophage cells, demonstrating the superiority of gold
nanoparticles as a drug carrier. Evaluation using dialysis showed a burst release rate of
RVT within 96 h at pH 5.0, demonstrating the possibility of enhanced efficiency of RVT
delivery through blood vessels to the tumor. The RVT@PVP-GNPs induced increased
rates of S-phase cell cycle arrest and apoptosis compared with free RVT. Notably, RVT@
PVP-GNPs diminished the proportion of necrotic cells, whereas free RVT increased it.
We also demonstrated that the RVT@PVP-GNPs may induce an apoptosis via intrinsic
mitochondria with higher degree compared with free RVT, indicating the possibility

of enhanced anti-tumor agents. In animal studies, RVT@PVP-GNPs conjugated with
AS1411 aptamer induced efficient tumor volume suppression without accumulation in
or damage to the kidneys in vivo.

Conclusions: The results demonstrate that RVT@PVP-GNPs enhance the anti-tumor
efficacy of free RVT by activating the intrinsic apoptotic pathway and could be consid-
ered as potential anti-tumor drug candidates against pancreatic cancer cells.
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Background

Pancreatic ductal adenocarcinoma (PDAC) was ranked third most common cause of
cancer-associated mortality in the United States (Sung et al. 2021). Owing to poor
prognosis, PDAC is considered one of the most fatal malignancies with a surviving
5 years of 10%. Surgical resection was the major treatment for PDAC but 5-year sur-
vival rate following surgery remained only 20% due to difficulties of diagnosis in early
stage (Mizrah et al. 2020). Several chemotherapies employing fluorouracil (5-FU) and
gemcitabine were also attempted up to date, but the efficacy was reduced by drug
resistance or recurrence (Amrutkar et al. 2017). Therefore, identification of new ther-
apeutic strategies for PDAC treatment is still needed.

One strategy for PDAC treatment is to exploit nano-carrier system offering novel
attributes that include simple surface modification, enhanced internalization and
delivery efficiency and target-specific delivery. These novel attributes made the sys-
tems highly suitable for drug delivery (Shi et al. 2017; Qiao et al. 2010; Germain et al.
2020). Diverse nanoparticles have been synthesized and modified for use as nano-
carrier systems. Above all, gold nanoparticles (GNPs) have emerged as attractive
candidates for enhanced drug delivery owing to their unique biological and chemical
attributes, including targeted delivery, biocompatibility and lower toxicity than other
metal nanoparticles (Ghosh et al. 2008; Elahi et al. 2018; Singh et al. 2018). Over the
past decades, GNPs have been characterized and developed to deliver several thera-
peutic drugs, including nucleic acids, peptides, proteins, and natural compounds, by
passive or active targeting (Kong et al. 2017; Chowdhury et al. 2017). More recently,
thermosensitive GNPs have been designed for delivery to target sites for diagnosis by
utilizing their highly efficient photo-thermal effects (Vines et al. 2019).

Several approaches have been attempted to synthesize GNPs including the Turk-
evich method (Turkevich et al. 1951). This method is known to synthesize GNPs
easily and rapidly with the attachment of a few chemical compounds. However, the
size of the synthesized GNPs varied markedly as gold ion reduction was conducted
at a single step. Cellular uptake or internalization was disturbed due to the varying
sizes of GNPs; therefore, therapeutic efficiency was decreased (Zhang et al. 2011). To
reduce the size variation of GNPs, we used the seed-growth method in the present
study, which could control the size of synthesized GNPs and enabled easy drug-load-
ing (Lee et al. 2019).

Resveratrol (RVT), a polyphenol compound and phytoalexin, is secreted by several
plants in self-defense against stress conditions or bacterial invasion (Ma et al. 2018).
Many studies have previously reported its diverse benefits, including anti-inflammatory
effects and cardiovascular system protection by lowering blood pressure (Kim et al.
2022; Bonnefont-Rousselot. 2016; He et al. 2010). RVT is also known to have anti-tumor
effects in several cancers by apoptotic signaling pathway via mitochondria. A recent
study demonstrated that the level of pro-apoptotic proteins and caspases were highly
upregulated after RVT treatment (Liang et al. 2021). However, a major issue in utiliz-

ing polyphenol compounds in therapy is its low delivery performance and efficiency at
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tumor sites, highlighting the need of carriers as drugs (Gimenez-Bastida et al. 2019; Li
et al. 2020).

Here, we designed RVT-loaded GNPs with polyvinylpyrrolidone (PVP) as a cross-
linker (RVT@PVP-GNPs) and investigated whether the fabrications could enhance the
delivery performance and anti-tumor efficacy of RVT. The fabrications were treated on
PANC-1 human pancreatic cells and subsequently in vivo mouse model. Our findings
also demonstrated novel potentiality of GNPs stability as drug carriers.

Results

Nanoparticle characterization

We hypothesized that resveratrol (RVT)-loaded gold nanoparticles (GNPs) could
enhance the anti-tumor efficacy of RVT alone. To elucidate the hypothesis, we aimed
to synthesize GNPs using the seed-growth method, which might be more suitable for
generating nanoparticles of the desired size than the conventional Turkevich method
(Zhang et al. 2011; Wuithschick et al. 2015). As expected, GNPs that were synthesized
by seed-growth method showed a size of approximately 30-40 nm with low variation
(Fig. 1A-a and b, 1B). They were then conjugated with RVT using polyvinylpyrrolidone
(PVP). TEM images revealed that GNPs were surrounded by RVT through PVP (RVT@
PVP-GNPs; Fig. 1A-c and d). For further characterization, we estimated the polydis-
persity (PDI) of GNPs and RVT@PVP-GNPs using Nanobrook 90 plus. The PDI val-
ues were found to be 0.319+0.006 and 0.22040.009 for GNPs and RVT@PVP-GNPs,

—— RVT@PVP-GNPs
—— PVP +GNPs
—— PVP+RVT
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Fig. 1 TEM and UV-spectrum of gold nanoparticles bio-conjugated with resveratrol (RVT@PVP-GNPs). ATEM
images of synthesized gold nanoparticles (GNPs) and RVT@PVP-GNPs. a and b Represent gold nanoparticles
(GNPs) with high or low magnification, respectively, whereas ¢ and d represent RVT@PVP-GNPs with high

or low magnification, respectively. The scale bar is indicated on the bottom left of each image. B Diameter,
polydispersity (PDI), and zeta-potential values of synthesized GNPs and RVT@PVP-GNPs. C UV/visible spectra
of RVT@PVP-GNPs (red), PVP-functionalized GNPs (blue), and resveratrol in PVP (green)
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respectively (Fig. 1B). Zeta potential values of GNPs and RVT@PVP-GNPs were
33.34+1.41 mV and 26.05+1.06 mV, respectively, indicating moderate stability of the
synthesized nanoparticles in solution (Ben Tahar et al. 2019). The absorbance spectra of
PVP-RVT, PVP-GNPs, and RVT@PVP-GNPs were acquired using a UV/visible spectro-
photometer (Fig. 1C). RVT was known to have a maximum absorption peak at approxi-
mately 320 nm, whereas GNPs demonstrated it at 530 nm (Jannin et al. 2004; Buso et al.
2008). As depicted in Fig. 1C, PVP-RVTs and PVP-GNPs showed maximum absorption
peaks at approximately 320 nm and 530 nm, respectively; whereas, RVT@PVP-GNPs
showed maximum peaks at both 320 nm and 530 nm, indicating the formation of RVT-
loaded GNPs (Gangwar et al. 2012).

In vitro drug cumulative release

The release rate of RVT from RVT@PVP-GNPs was estimated at intervals for 96 h at
two pH values (pH=7.4 and 5.0) (Fig. 2). Tumor cell tissues deviated from the normal
cell cycle; therefore, tumor cell growth accelerated, leading to hypoxia due to inadequate
oxygen supply (Hockel and Vaupel 2001). Cancer cells were also known to acidify their
environment (Wilson and Hay 2011). Thus, a major goal for nano-carrier utilization
could be an enhanced drug delivery using a pH-sensitive drug carrier. The percentage of
released RVT showed almost no difference at pH 7.4 (31.36%) and pH 5.0 (26.08%) for
up to 9 h. Then, higher levels of released RVT were observed at pH 5.0 than at pH 7.4,
and the difference in the extent of released RVT increased with time up to 96 h (from
31.36% to 48.90% at pH 7.4, and from 26.08% to 79.71% for pH 5.0). This suggests that
RVT release from RVT@PVP-GNPs is enhanced by decreased pH around target tumors.
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Fig. 2 Cumulative release of resveratrol (RVT) from RVT@PVP-GNPs. RVT@PVP-GNPs were dispersed in
1 x phosphate buffer (pH 7.4) or 1 x acetate buffer (pH 5.0) at 37 °C for 96 h
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Cell viability and DAPI/PI staining during treatment

We determined inhibitory concentration (ICy;) of RVT or RVT@PVP-GNPs for
PANC-1 cells by treating different sample concentrations after 72 h incubation at
37 °C (Fig. 3A). Groups treated with RVT and RVT@PVP-GNPs exhibited signifi-
cantly decreased cell viability in a dose-dependent manner. More importantly, the
RVT@PVP-GNPs group demonstrated a more rapid decrease in cell viability than
that by the RVT group. This result agreed with those reported in previous studies
where the drugs loaded onto GNPs demonstrated enhanced internalization to the cell
membrane (Li et al. 2009; Shah et al. 2011). These results suggest that RVT@PVP-
GNPs are internalized into cells to a larger extent than free RVT and have a higher
efficiency at a lower dose than free RVT.

To investigate cell viability after treatment, they were stained with DAPI or PI flu-
orescence dye and observed under a fluorescence microscope (Fig. 3B). The GNPs-
treated group demonstrated no difference in viability compared with the control after
6 h of incubation. In contrast, a higher number of PI-stained dead cells (red) were
observed in the RVT@PVP-GNPs-treated group than in the free RVT group. It is
known that PI fluorescence dye intercalates to DNA through permeable cell mem-
branes. Therefore, staining with PI alone could show the ability of cell death by drugs
but cannot distinguish between apoptotic and necrotic cells (Dive et al. 1992). Thus,
we subsequently conducted flow cytometry to establish whether cell death is caused
by apoptosis or necrosis.

We also analyzed the lactate dehydrogenase (LDH) leakage levels in Raw264.7
murine macrophage cell line (Additional file 1: Fig. S1). LDH is an enzyme that
catalyzes conversion of lactate to pyruvate in most cells. It easily leaks out of cells
damaged by foreign factors; hence, leaked LDH extent in solution was regarded as
evidence of cytotoxicity (Weyermann et al. 2005). A significantly lower LDH leakage
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Fig. 3 Cell viability after treatment of RVT or RVT@PVP-GNPs. A PANC-1 cell viability compared with that of
the control after RVT or RVT@PVP-GNP treatment for 72 h. Diverse concentrations of RVT or RVT@PVP-GNPs
were treated in PANC-1 cells before counting. B DAPI and Pl double staining after drug treatment for 6 h. Cell
nucleus was stained with DAPI. Cells undergoing apoptosis or necrosis were visualized by Pl staining and
observed using a fluorescence microscope at x 200 magnification
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level was observed in the two GNP-included groups compared with the control or
free RVT-included group, demonstrating lower cytotoxicity of the synthesized GNPs
compared with that of the control (Additional file 1: Fig. S1).

Flow cytometry analysis

PANC-1 cells were treated with GNPs, RVT, and RVT@PVP-GNPs at their IC, values
and incubated for 72 h. The GNPs-treated group did not represent significant differ-
ence in the cell cycle distribution compared with the control group (Fig. 4A, B). How-
ever, RVT- and RVT@PVP-GNPs-treated groups showed a different pattern of cell cycle
arrest when compared with the control and GNP-treated group. The RVT-treated group
demonstrated a significantly higher proportion of cells in the S-phase (37.72 £4.53% of
GNP-treated group to 50.37£2.49% of RVT-treated group) and a significantly lower
cell proportion in the G,/M phase (15.41 %+ 3.86% of GNP-treated group to 4.69+1.51%
of RVT-treated group), but much less difference was observed in the G,/G; phase. The
RVT@PVP-GNPs-treated group demonstrated an even higher proportion of cells in the
S-phase than any other groups (37.72£4.53% of GNP-treated group to 60.05 % 2.83% of
RVT@PVP-GNPs-treated group).
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Fig. 4 Induction of apoptosis in PANC-1 cells. A, B Change of PANC-1 cell cycle progression after drug
treatment. The cells were fixed with ethanol after 72 h treatment and evaluated using flow cytometry.

The percentage of cell populations in each phase is illustrated in B. C, D Apoptotic cell analysis after drug
treatment. Cells were stained with Annexin V/Pl and analyzed using flow cytometry. The percentage of cell
populations is illustrated in D. Data are expressed as the mean = SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
compared with the control
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We next quantitated the expression of cyclin D1 to elucidate the above results (Addi-
tional file 1: Fig. S2). As shown in Additional file 1: Fig. S2, cyclin D1 level was signifi-
cantly downregulated in RVT- or RVT@PVP-GNPs-treated group, compared to the
control group. Moreover, the RVT@PVP-GNPs-treated group had significantly lower
cyclin D1 expression than the RVT-treated group. These results suggest that treatment
with RVT and RVT@PVP-GNPs induces S-phase cell cycle arrest.

We also performed flow cytometry analysis of the cell population to determine the
apoptotic effects of each treatment (Fig. 4C, D). The cells were stained with Annexin V/
PI to analyze the apoptotic cell population after treatment with GNPs, RVT, or RVT@
PVP-GNPs after 48 h incubation. Numbers of apoptotic cells between GNP-treated
and the control group showed no significant difference. These results suggest that the
synthesized GNPs act as drug carriers without influencing the population of apoptotic
cells. The RVT-treated group showed significantly increased levels of both early apop-
totic (3.62+0.7% of the control to 8.05+0.9% of RVT-treated group) and late apoptotic
population (4.65+0.9% of the control to 17.57+0.3% of RVT-treated group) (Fig. 4D).
The RVT-treated group also had a significantly increased extent of necrotic cell pop-
ulation (1.30+£0.6% of the control group to 18.14+4.8% in the RVT-treated group)
(Fig. 4C). RVT@PVP-GNPs-treated group also displayed a significantly increased extent
of early apoptotic cell population (3.62+0.7% of the control to 9.74+2.2% of RVT@
PVP-GNPs-treated group) and late apoptotic cell population (4.65 £ 0.9% of the control
to 15.00£1.1% of RVT@PVP-GNP-treated group) (Fig. 4D). These results demonstrate
that the RVT induces cell death by apoptosis, and that the effect is enhanced by conju-
gating it with gold nanoparticles.

Quantitative analysis of mMRNA expression

To elucidate previous results, we quantified the mRNA levels of several apoptosis-
associated genes (Fig. 5). The expression of these genes was similar between the GNPs
and the control group as expected. However, RVT or RVT@PVP-GNPs groups demon-
strated significant higher levels of caspase-3, -7, and -9 compared with those in the con-
trol. More interestingly, caspase-7 and caspase-9 levels were significantly higher in the
RVT@PVP-GNPs group than in the RVT group (Fig. 5A-C).

Moreover, BAK expression was significantly higher in the RVT and RVT@PVP-GNPs
groups than in the control and GNPs groups (Fig. 5D). Furthermore, the RVT@PVP-
GNPs group had higher BAK expression than the RVT group. These results demonstrate
that the RVT@PVP-GNP nano-carriers we fabricated strongly induce apoptosis through
the intrinsic apoptosis pathway at the mRNA level.

Quantitative analysis of protein expression

We subsequently interrogated the immunoblot analysis to identify the anti-tumor effects
of drugs could be expressed till protein levels in vitro (Fig. 6). As expected, caspase-3 and
caspase-7 were upregulated in RVT and RVT@PVP-GNPs groups compared with that
in the control. These results corroborate the results obtained for mRNA levels; however,
there were no significant differences between the RVT and RVT@PVP-GNPs groups
(Fig. 6B). To further analyze the apoptosis pathway, the expression levels of bcl-2 associ-
ated X protein (BAX) and Bcl-2 associated agonist of cell death (BAD) were also verified.
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p53 and poly(ADP-ribose) polymerase (PARP) expression was also highly upregulated in
the RVT and RVT@PVP-GNPs groups (Fig. 6B). We observed that the expression lev-
els of p53 and PARP in the RVT or RVT@PVP-GNPs groups were noticeably higher.
Moreover, p53 and PARP levels in RVT@PVP-GNPs group were significantly higher
than those in the RVT group, indicating that the delivery efficacy of RVT into cells may
be enhanced by conjugation with GNPs. These results suggest that the fabricated RVT@
PVP-GNPs enhance the apoptotic effect in protein levels compared to RVT alone.
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In vivo study
Subsequently, in vivo study was conducted using a BALB/c nu/nu mouse model to
elucidate the anti-tumor effects of RVT@PVP-GNPs. The efficacy of delivering drugs
through the active targeting strategy in nano-carrier systems remains unknown, as
no other products have been circulated in the market. However, Amanda and Rachel
summarized the current state in the clinical setting (Pearce and O’Reilly 2019); they
described that the advantages of active targeting include enhanced cellular uptake and
delivery efficacy. Moreover, Yoo et al. reported several advantageous effects of bio-
logical ligands including aptamers for active targeting in various cancer cell lines (Yoo
et al. 2019). For application of the biological ligand, the AS1411 aptamer (Additional
file 1: Table S1) was employed for conjugation on the surface of RVT@PVP-GNPs to
enhance the delivery efficiency in in vivo experiments. The AS1411 aptamer targets
nucleolin, which was abundantly expressed on the surface of cancer cells (Soundara-
rajan et al. 2008).

PANC-1 cells were injected into the right flank of BALB/c nu/nu mice to develop
a heterotrophic xenograft mouse model. Each group was treated with appropri-
ate samples twice a week for 33 days. No significant changes in appearance were
observed, with respect to body weight. During the experiment, the tumor volumes
of the saline- or GNP-treated groups increased gradually up to approximately 240
mm? and 220 mm?, respectively, suggesting that GNP treatment has almost no effect
on tumor growth inhibition (Fig. 7A). However, the group treated with a low dose
(20 mg/kg) of RVT@PVP-GNPs demonstrated a slower increase in tumor volume,
which was approximately half the tumor volume of the control group on the last day
(i.e., the tumor inhibition rate was approximately 50%; Fig. 7D). More interestingly,
the group treated with a high dose (50 mg/kg) of RVT@PVP-GNPs had a dramati-
cally lower tumor volume throughout the observation period. The tumor inhibition
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rate was approximately 80% compared with that of the control (Fig. 7E). The results
demonstrate that RVT@PVP-GNPs diminish the tumor volume in a dose-dependent
manner.

At the end of experiment, all mice were euthanized, and their tumor tissues were
removed and homogenized to extract proteins and quantify their levels (Fig. 8A, B). In
all experiments, the GNP-treated group demonstrated no statistical difference com-
pared with those of the control, whereas the groups treated with a low dose (20 mg/
kg) or high dose (50 mg/kg) of RVT@PVP-GNPs displayed a dose-dependent increase
in the fold change of proteins examined. Caspases-3/7 and PARP were located down-
stream of the apoptosis pathway (Boulares et al. 1999). Following treatment with low
dose (20 mg/kg) of RVT@PVP-GNPs, the expression levels of caspases-3/7 and PARP
increased by at least 3—22 times, compared to those in the control, and by at least
40-90 times, compared to those in the control, on treatment with high doses (50 mg/
kg) of RVT@PVP-GNPs. The results might be correlated to the reduced tumor vol-
ume after treatment with RVT@PVP-GNPs. Additionally, the extent of BAX and
BAD, which are related to the intrinsic apoptosis pathway, was also upregulated after
treatment with RVT@PVP-GNPs (Singh et al. 2004). Of note, the extent of increase
of BAX and BAD proteins levels was also much higher with a high dose (50 mg/kg)
than with a low dose (20 mg/kg) of RVT@PVP-GNPs, as observed for the other three
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B. C Section images of tumor tissues and the kidneys after treatment with PBS, bare-GNPs, 20 mg/kg RVT@
PVP-GNPs, or 50 mg/kg RVT@PVP-GNPs. Sections were visualized utilizing a AxioVert 200 M microscope
(Carl Zeiss, Oberkochen, Germany) at x 200 magnification. Data are expressed as the mean & SEM. *p < 0.05,
**p<0.01 and ***p<0.001 compared with the control
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proteins (caspase-3/7 and PARP). These results suggest that RVT@PVP-GNPs induce
PANC-1 cell apoptosis via the intrinsic apoptosis pathway.

H&E staining of tumor tissues was conducted to observe any histological changes
after RVT@PVP-GNPs treatment (Fig. 8C). Compared with the control treated with
phosphate-buffered saline (PBS), tumor tissues treated with RVT@PVP-GNPs had more
vacuolation and reduced many tumor cells that had undergone karyolysis, whereas the
bare-GNP-treated group showed almost no difference with the control (Wang et al.
2018). Sliced kidney sections were also examined to observe any remnant drugs that
were accumulated. Images of kidney sections demonstrated little difference in glomeru-
lus among the control, GNP-treated, and RVT@PVP-GNPs-treated groups, demonstrat-
ing that the synthesized samples caused no kidney damage (EL Barky et al. 2020). These
results indicate that RVT@PVP-GNPs have potential therapeutic effects on in vivo
tumor tissues related to PANC-1 or other pancreatic cancer cells.

Discussion

Nano-delivery system offers various drug candidates for efficient delivery to target sites.
Resveratrol (RVT), a polyphenol compound and phytoalexin, was researched for a long
time as candidates for cancer treatment. However, its low delivery performance and
uptake efficiency through digestive system were major issues for utilization as drug can-
didates (Gimenez-Bastida et al. 2019; Li et al. 2020). Here, we fabricated gold nanoparti-
cles (GNPs) bio-conjugated with RVT to enhance anti-tumor efficacy and evaluated its
effects in pancreatic cancer cells.

The synthesized GNPs were aimed to be sized around 30—40 nm, since several studies
reported that nanoparticles with sizes ranging from 25-50 nm demonstrated higher cel-
lular uptake and endocytosis than those of other sizes (Yuan et al. 2010; Chithrani et al.
2006). Additionally, a study reported that curcumin was successfully conjugated with
GNPs through hydrogen bonds between curcumin and GNPs (Gangwar et al. 2012).
Since RVT is included in the same polyphenol category as curcumin, therefore, we pre-
sumed that it could also be bio-conjugated with GNPs.

Several studies have reported that RVT induces G,/G,- or S-phase cell cycle arrest
in breast, prostate, or pancreatic cancer cell lines and which component of the cycle is
arrested is still controversial (Roy et al. 2011; Kotha et al. 2006). In our research, RVT
bio-conjugated with gold nanoparticles (RVT@PVP-GNPs) demonstrated S-phase cell
cycle arrest among a significantly higher proportion of cells, compared with free RVT.
To cross-check the results of flow cytometry analysis, we performed immunoblotting for
assessing levels of cyclin D1, which has a vital role in cell cycle progression and prolif-
eration (Yang et al. 2006). Cyclin D1 expression was known to be downregulated in cells
that are in S-phase arrest, and the immunoblotting result was consistent with that of
flow cytometry analysis (Zhang et al. 2019; Joe et al. 2002).

Interestingly, RVT@PVP-GNPs group demonstrated considerably much smaller
necrotic cell populations compared with RVT group in the flow cytometry analysis
(Fig. 2E). Apoptosis is programmed cell death, whereas necrosis is unregulated cell death
that can induce pro-inflammatory responses due to the release of intracellular compo-
nents (Kanduc et al. 2002). Necrosis has been demonstrated to promote the release of
damage-associated molecular patterns (DAMPs) including uric acid, HMGB1, and IL-33
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from cells, resulting in immune responses (Martin et al. 2016). In our study, the RVT@
PVP-GNPs group showed much smaller necrotic cell populations while apoptotic cell
populations were still maintained, demonstrating RVT@PVP-GNPs could be used as a
potential therapeutic drug for treat pancreatic cancers.

In the molecular biological assays including real-time PCR and immunoblotting, we
estimated levels of several mRNA or protein that are associated with intrinsic apop-
tosis to determine the exact signaling pathway activated by our fabrication. Caspase-3
and caspase-7 are executioner caspases, which is a caspase family of cysteine proteases
located downstream of the apoptotic pathway (Boatright and Salvesen 2003). Several
apoptotic signals from extrinsic or intrinsic apoptotic pathways were transferred to
downstream apoptotic pathways. Executioner caspases were activated by the caspase
cascade resulting in apoptosis by cleaving cellular components (Villa et al. 1997). Thus,
increases in cleaved caspase-3 and caspase-7 levels are suggested as strong evidence of
apoptosis.

Caspase-9, another family of cysteine proteases, is an initiator caspase associated with
the intrinsic apoptosis pathway. It is activated by dimerization when it binds to the apop-
tosome, and it continuously cleaves caspase-3 and caspase-7 (Utaipan et al. 2020). The
bcl-2 homologous antagonist killer (BAK) is a pro-apoptotic regulator located in the
mitochondrial outer membrane to induce the release of cytochrome c to promote apop-
tosome-dependent caspase activations (Nechushtan et al. 2001). It was demonstrated
that BAX, when located in the cytosol in the normal state undergoes a conformational
shift and is transported to mitochondria in response to apoptotic signals. As a pro-apop-
totic gene, BAX binds to BAK to form BAX/BAK oligomer, which allowed cytochrome
¢ to escape into the cytoplasm and activate the apoptotic caspase cascade (Nechushtan
et al. 2001). BAD formed heterodimers with anti-apoptotic proteins, such as B-cell lym-
phoma 2 (Bcl-2), to sustain apoptosis (Condorelli et al. 2001). Thus, activation of cleaved
caspase-9 and mitochondrial proteins including BAX, BAK or BAD demonstrate that
the drug induces apoptosis through intrinsic apoptotic pathway.

Along with them, p53 played essential roles in cancer as tumor suppressor, including
preventing gene mutation, repairing DNA, holding cell cycle, and initiating apoptosis
(Sengupta and Harris 2005; Haupt et al. 2003). Cells that receive apoptotic signals acti-
vated p53 phosphorylation to promote apoptosis with tight control (Haupt et al. 2003).
PARP, which is located in the cell nucleus and involved in DNA repair, was another
key factor in apoptosis (Ahn et al. 2022). In programmed cell death, PARP induced
poly(ADP-ribose) (PAR) production, which stimulated apoptosis inducing factor (AIF)
from mitochondria (Ahn et al. 2022). All our results of mRNA and protein assays includ-
ing animal studies represented a higher level of apoptosis in RVT@PVP-GNPs-treated
group compared with free RVT, demonstrating its potential as a therapeutic drug for
cancer treatment.

Conclusions

In summary, we synthesized gold nanoparticles (GNPs), fabricated with resveratrol
(RVT) via PVP as a cross-linker (RVT@PVP-GNPs) and investigated its anti-tumor per-
formances. Synthesized GNPs and RVT@PVP-GNPs showed stable and homogeneous
size around 40 nm, demonstrating higher cellular uptake and endocytosis than those at
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other sizes. RVT@PVP-GNPs also showed moderate stability and burst release rate of
RVT, revealing the possibility of efficient delivery performance through the blood ves-
sels to the tumor. GNPs alone represented no damage in PANC-1 cells, and moreover,
reduced the cytotoxicity according to RVT in Raw264.7 murine macrophage cells, dem-
onstrating the advantages of gold nanoparticles as a drug carrier. Flow cytometry anal-
ysis revealed that RVT@PVP-GNPs induced higher S-phase cell cycle arrest than free
RVT. Notably, RVT@PVP-GNPs represented a much lower extent of necrosis than free
RVT. We also demonstrated that the RVT@PVP-GNPs induce an apoptosis via intrin-
sic mitochondria with higher degree compared to free RVT, indicating the possibility of
enhanced anti-tumor agents. The RVT@PVP-GNPs conjugated with AS1411 aptamer
also demonstrated dose-dependent suppression of tumor volume without accumulation
or kidney damage in vivo. These results demonstrate the therapeutic potential of RVT-
loaded GNPs to achieve successful nanomedicine-based cancer therapy.

Methods

Materials

Tetrachloroauric acid trihydrate (HAuCl, - 3H,O, 99.9%), cetrimonium bromide
(CTAB, >99%), trisodium citrate dihydrate (C;H;NasO, - 2H,0, >99%), L-ascorbic acid
(CcHgOg, 99%), PVP (M.W. 40,000), RVT (>99%), dimethyl sulfoxide (>99.7%), pro-
pidium iodide (PI,>94%), 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, >98%),
dithiothreitol (DTT,>99%) and bovine serum albumin (BSA) were obtained from Sigma
Aldrich (St. Louis, MO, USA). Tris(hydroxymethyl)aminomethane (Tris,>99.5%) and
glycine were purchased from BioShop (Burlington, Ontario, Canada). Sodium dode-
cyl sulfate was obtained from Affymetrix (Santa Clara, CA, USA). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum, and phosphate-buffered saline (PBS) for
cell culture were obtained from Welgene (Daegu, Korea). All antibodies utilized in this
study were purchased from Cell Signaling Technology (Beverly, MA, USA). All other
chemicals and reagents were of analytical grade.

Animals

BALB/c nu/nu mice (female, 5 weeks old) were obtained from Orient Bio (Seongnam,
Korea), housed in the Gyerim Experimental Animal Resource Center of Korea Univer-
sity (Seoul, Korea), and acclimatized for 2 weeks before being segregated into experi-
mental groups. The mice were housed under a 12-h light/dark cycle at a temperature
of 23 £4 °C and 60+ 5% humidity. All animals were provided ad libitum access to food
and water. All animal experiments were conducted in accordance with the guidelines
and permission of the Korea University Institutional Animal Care and Use Committee
(KUIACUC-2017-93).

Nanoparticle synthesis

GNPs were synthesized using seed-growth method with slight modifications (Zhang
et al. 2011). In brief, 20 mL of an aqueous solution comprising 2.5 x 10™* M of HAuCl,
and trisodium citrate was mixed with gentle stirring. After stirring, 0.6 mL of ice-cold
0.1 M NaBH, was incorporated to synthesize the seed solution. Simultaneously, 200 mL
of an aqueous solution comprising 2.5 x 10™* M HAuCl, and 0.08 M CTAB was prepared
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as the growth solution and heated at 45 °C until the solution appeared clear orange. The
seed solution (5 mL) and 0.1 M ascorbic acid were added together to 7.5 mL growth
solution with gentle stirring. The stirring was continued for approximately 15 min until
the solution turned pale red. The mixture was then used as another seed solution, and
the entire procedure was repeated until the GNPs reached an appropriate size.

Conjugation for RVT@PVP-GNPs

RVT was loaded onto the surface of GNPs by utilizing PVP as a cross-linker. The syn-
thesized GNPs were centrifuged thrice (4500 g, 30 min, 25 °C) to remove other ingredi-
ents, including CTAB. The GNPs were dispersed in 80 mL of distilled water, and mixed
with 1.67 x 107> M PVP at 45 °C. After 40 min, the mixture was cooled, and 4.5 x 107> M
of RVT was incorporated with stirring for 6 h at 45 °C. Subsequently, unloaded RVT was
removed by centrifuging thrice (2000x g, 30 min, 25 °C) and then stored at 4 °C.

Characterizations

Fabrications were imaged using Transmission electron microscopy (TEM; FEI Tecnai
20 Hillsboro, OR, USA) to verify their synthesis (Al-Musawi et al. 2020; Khashan et al.
2020). The size, polydispersity, and zeta-potential of the synthesized nanoparticles were
evaluated using Nanobrook 90 plus (Brookhaven, GA, USA). The absorbance of the syn-
thesized nanoparticles was evaluated at 320 nm using a UV/visible spectrophotometer
(Ultrospec 2100 pro, Amersham BioSciences, Buckinghamshire, UK) (Rashid et al. 2021;
Jihad et al. 2021).

In vitro drug cumulative assay

The pH-dependent release of RVT-loaded RVT@PVP-GNPs was investigated using
a dialysis method. Two milliliter of RVT@PVP-GNPs was placed in a Slide-A-Lyzer
MINI Dialysis Device (10 K MWCO; Thermo Fisher Scientific, MA, USA) and subjected
to dialysis against 1 x PBS (pH 7.4) or acetate buffer (pH 5.0) with gentle shaking. At spe-
cific time intervals, equal volumes of samples were collected from each buffers until 96 h
and replaced with fresh buffer solution. The cumulative release of RVT was estimated
using a spectrophotometer by measuring absorbance at 320 nm (Ultrospec 2100 pro).

Cell viability test

The PANC-1 human pancreatic cancer cell line was obtained from Korean Cell Line
Bank (KCLB, Seoul, Korea). The 5 x 10° cells were seeded in 100-mm cell culture dishes.
Cells were treated with RVT or RVT@PVP-GNPs at the desired concentrations for 72 h.
Then, harvested cells were stained with 0.4% trypan blue solution (Gibco, Gaithersburg,
MD, USA). Stained cells were counted using a hemocytometer (Paul Marienfeld, Lauda-
Konigshofen, Germany) and represented as a percentage of the control.

DAPI/PI cell staining

A density of 3 x 10° cells/well PANC-1 cells were seeded in 6-well plates and treated with
desired concentration for 6 h. Then, the cells were washed with 1 x PBS twice and stained
with 15 pg/mL PI solution (in PBS), followed by 30 min incubation in the dark. The cells
were then immersed in 4% paraformaldehyde (in PBS) and 1 pug/mL DAPI solution (in



Lee et al. Cancer Nanotechnology (2022) 13:34 Page 15 0of 19

PBS) and incubated for 30 min in the dark, followed by washing with 1 x PBS twice
(Jabir et al. 2021). After fixation and staining, the cells were washed with distilled water
twice and immersed in 1 mL distilled water. Prepared cells were then observed with an
AxioVert 200 inverted fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Lactate dehydrogenase (LDH) leakage assay

Raw264.7 murine macrophage cell line was obtained from KCLB. A density of 5 x 10°
cells/well was seeded in 6-well plates and treated with desired concentration for 72 h.
Then, the supernatants were collected by centrifugation (1500xg, 5 min, 25 °C) to
remove detached cells. The LDH leakage level was estimated using an LDH cytotoxicity
detection kit (Takara, Tokyo, Japan) according to manufacturer’s instructions by meas-
uring at 490 nm wavelength and represented as absorbance normalized to that of the
control.

Flow cytometry analysis for determining cell cycle arrest

PANC-1 cells stored overnight at — 20 °C after fixed in ice-cold 100% ethanol. The fixed
cells were centrifuged (250xg, 5 min, 4 °C) and washed with PBS twice a day after. Then,
cells were resuspended in 100 pL of propidium iodide (PI) solution comprising 50 pg/
mL PI, 1 mg/mL RNase and 0.1% Triton X-100. After 30 min in the dark, the amount
of PI-labeled DNA was conducted at an excitation/emission wavelength of 488/610 nm
through a FACSCalibur flow cytometer (BD Biosciences, NJ, USA) (Ibrahim et al. 2021).
Data were analyzed with ModFit LT software (version 3.0, Verity Software House, Top-
sham, ME, USA).

Annexin V/PI double staining for determining apoptosis

FITC Annexin V apoptosis detection kit I (BD Biosciences) was employed to evaluate
the apoptotic cell population. Harvested PANC-1 cells were centrifuged (250xg, 5 min,
25 °C) after washed with PBS twice. Then, the pellets were incubated with 5 uL. Annexin
V-FITC and/or PI for 15 min in the dark after re-suspended in 300 uL Annexin V bind-
ing buffer. The samples were analyzed through a FACSCalibur flow cytometer at exci-
tation/emission wavelengths of 488/530 nm and 488/617 nm, respectively (Al-Salman
et al. 2020). The data were estimated utilizing BD CellQuest Pro software (version 5.2.1,
Becton Dickinson, Franklin Lakes, NJ, USA) and the apoptotic ratio was estimate.

Quantitative analysis of mRNA expression

Total RNA was extracted using the RNeasy mini kit (Qiagen, MD, USA) and was quanti-
fied utilizing Nano-drop (Thermo Fisher Scientific). The Reverse Transcription System
(Promega, WI, USA) was utilized to synthesize the first-strand cDNA according to the
manufacturer’s instructions. TagMan PreAmp MasterMix (Thermo Fisher Scientific)
and TagMan probes (Thermo Fisher Scientific) were used to quantify relative gene
expression. JPCR was subsequently conducted on a CFX-96 real-time PCR machine
(Bio-Rad, CA, USA) with the following cycle conditions: initial denaturation for 10 min
at 95 °C, followed by 40 cycles of denaturation for 15 s at 95 °C and annealing/elongation
at 60 °C for 1 min. GAPDH (control) was used to normalize the relative gene expression
employing the 2("¢T) method (Livak and Schmittgen 2001).
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Quantitative analysis of protein expression

The cells were lysed in RIPA buffer and measured protein concentration using a BCA
protein assay kit (Thermo Fisher Scientific). Proteins were segregated through elec-
trophoresis with varying percentages of polyacrylamide depending on the proteins
sizes. Proteins were transferred to a polyvinylidene fluoride membrane (0.45 pm;
EMD Millipore, MA, USA), and blocked for 1 h. The membrane was then stored at
4 °C overnight with primary antibody using an orbital shaker (DS300, BMS, Seoul,
Korea). After washing with 1 x Tris-buffered saline containing 0.1% Tween-20, the
blots were incubated with a horseradish peroxidase-conjugated secondary antibody
for 2 h. The blots were visualized with enhanced chemiluminescence western blot-
ting detection reagents (Thermo Fisher Scientific) and BioRad XRS™ imaging system
(Bio-Rad).

Aptamer conjugation

For the animal study, the 5-thiol-modified aptamer, AS1411, was obtained from
Bioneer (Daejeon, Korea). The thiol-modified oligonucleotide was de-protected
before loading onto GNPs. Dried oligonucleotide (40.2 nmol) was dissolved in PBS
(pH 7.5), 10 uL. 1 N DTT was incorporated to it, and this mixture was incubated for
15 min at 25 °C. Unreacted DTT and thiol fragments were extracted thrice using
50 pL ethyl acetate. Then, the de-protected oligonucleotide was mixed with 1 mL
of 0.2 nM GNPs or RVT@PVP-GNPs. The solution was then mixed gently for 16 h
at 4 °C to allow further conjugation. Subsequently, 1 mL of 0.5 x Tris borate EDTA
(TBE) buffer was incorporated to the solution and centrifuged (9000xg, 10 min, 4 °C)
to remove unconjugated oligonucleotides in the supernatant. Apt-RVT@PVP-GNPs
concentration was estimated at 320 nm using a UV/visible spectrophotometer (Ultro-
spec 2100 pro).

Animal studies

After 2 weeks of acclimatization, 5 x 10° PANC-1 cells in 100 uL of DMEM/Matrigel
(1:1, v/v) were subcutaneously inoculated into the right flanks of the BALB/c nu/nu
mice. The experimental groups (n=05) were segregated randomly after the tumor
volumes reached approximately 80 mm?, PBS (150 pL) comprising GNPs or RVT@
PVP-GNPs was intravenously injected into the tail veins of the mice twice a week.
Tumor volumes, body weight, and food intake were monitored for 33 days. Tumor
volume (V) was estimated according to the following formula: V= (a x b%)/2, where
a and b are the length and width of each tumor, respectively. After 4 weeks of experi-
ments, the tumors and kidneys were removed and sectioned for histopathological
analysis via hematoxylin and eosin (H&E) staining. Tumors obtained from mice were
subsequently homogenized and lysed for protein extraction as described above. The
tumors and kidneys of mice were fixed in 4% paraformaldehyde after removal from
mice. Then, the organs were embedded in paraffin and cut into 5-pm-thick sections.
Subsequently, they were placed on polylysine-coated slides, stained with H&E, and
observed under a microscope (Axiolab Al, Carl Zeiss, Oberkochen, Germany) at
200x magnification (Karsh et al. 2020).
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Statistical analysis

Statistical analysis was conducted using SPSS Statistics 25 (IBM, Armonk, NY, USA).
Student’s t-test was conducted to measure the statistical significance of differences
between two groups. To assess the significance among three or more groups, one-way
analysis of variance was conducted. As necessary, data were marked with *» <0.05,
**p<0.01, or ***p <0.001, which were considered statistically significant (Younus et al.
2019).
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