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ABSTRACT: In this work, we reported the synthesis of an engineered
novel nanocarrier composed of biodegradable charged polyester
vectors (BCPVs) and graphene quantum dots (GQDs) for pancreatic
cancer (MiaPaCa-2 cells) therapy applications. Such a nanocarrier was
utilized to co-load doxorubicin (DOX) and small interfering
ribonucleic acid (siRNA), resulting in the formation of GQD/DOX/
BCPV/siRNA nanocomplexes. The resulting nanocomplexes have o
demonstrated high stability in physiologically mimicking media,
excellent K-ras downregulation activity, and effective bioactivity
inhibition for MiaPaCa-2 cells. More importantly, laser light was
used to generate heat for the nanocomplexes via the photothermal
effect to damage the cells, which was further employed to trigger the
release of payloads from the nanocomplexes. Such triggered release
function greatly enhanced the anticancer activity of the nano-
complexes. Preliminary colony formation study also suggested that GQD/DOX/BCPV/siRNA nanocomplexes are qualified
carrier candidates in subsequent in vivo tests.

KEYWORDS: graphene quantum dots, BCPV, light-triggered, siRNA, DOX, pancreatic cancer

Laser irradiation

Pancreatic cancer cell

1. INTRODUCTION

Pancreatic cancer progressed from the fourth to the third
deadliest cancers in 2017, with a yearly increase of 53 070 new
pancreatic cancer cases diagnosed and 41780 deaths
associated with pancreatic cancer." Doxorubicin (DOX) has
been the first-line drug for pancreatic cancer treatment.
However, it is difficult to achieve the desired therapeutic

nucleotide exchange factors, and phosphoinositide 30-kinase to
yield pleiotropic cellular effects that regulate cell growth,
differentiation, and survival. The point mutation at codon 12 in
the K-ras gene keeps the constitutive GTPase activity and locks
the protein to the guanosine triphosphate (GTP)-bound “on”
state. Then, the mutant K-ras gene will endow the cells with
tumor phenotype and eventually cause cancer formation.® The

effect through sole DOX treatment due to drug resistance.”’
To improve the cancer therapeutic effect, the current research
trend has shifted from mono-chemotherapy to synergistic
therapy.*® We have noticed that the high mortality rate of
pancreatic cancer is closely associated with K-ras gene
mutation, which is found in approximately 90% of pancreatic
cancer patients.” Activated K-ras regulates a number of
downstream signal molecules including Raf kinase, Ral guanine
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downregulation of mutant K-ras expression has been reported
to promote cell apoptosis, inhibit cell metastasis, and reduce
drug resistance.” Hence, mutant K-ras gene can be considered
as a potential therapeutic target for suppressing the develop-
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ment of pancreatic cancer.” Ribonucleic acid interference
(RNAI) is an effective method to inhibit mutant K-ras gene
expression by targeted cleavage of K-ras messenger RNA
(mRNA) using small interfering RNA (siRNA) molecules in
pancreatic cancer cells.'” However, the application of RNAi
faces a series of challenges. Naked siRNA is negatively charged,
exhibiting large molecular weight, and easily degraded by
ribonuclease. Without a carrier, siRNA is unable to penetrate
into the hydrophobic cell membrane by itself. Thus, we first
utilized cationic polymer-coated graphene quantum dots
(GQDs) as a DOX and K-ras siRNA co-delivery carrier for
combining the chemotherapy and gene therapy on pancreatic
cancer treatment.

Semiconductor quantum dots (QDs) have been developed
over the past decades by virtue of their high potential
applications in bioimaging, drug delivery, and medical
diagnostics."' QDs have been widely reported as excellent
cell imaging agents because of their bright and stable
fluorescence character.'””'> However, their poor water
solubility, photobleaching properties, and potentially high
toxicity significantly hampered their applicability in the
biomedical field."" Recently, carbon-based fluorescent nano-
materials, such as GQDs,'® carbon dots,'”” ™" and graphene
oxide (GO),””*" have attracted significant attention because of
their unique optical and biocompatible traits under physio-
logical conditions. Such traits are greatly beneficial for
biological applications. Among the different carbon-based
materials, GQDs, fragments of single- or few-layer two-
dimensional graphene with generally a very small lateral
dimension, have attracted great interest in various biomedical
applications, such as drug delivery,”” biomedical imaging,”>**
and photodynamic therapy.”® Recent studies confirmed that
GQDs exhibit no apparent toxicity in vitro and in vivo owing
to its high biocompatible property, whereas GO appeared to
have toxicity, which even caused death to mice due to the GO
aggregation.”® Meanwhile, GO has very low fluorescence
efficiency, which limits its application on tracking GO in an
individual cell.”” On the other hand, the presence of active
groups on GQDs allows them to be conjugated with different
functional groups for developing a multifunctional drug
delivery platform.'® The mentioned features ensure GQDs to
be an ideal carrier probe for simultaneous treatment and
monitoring for cancer cells. Synthetic strategies of GQDs can
be resulting from two routes: bottom-up (cleavage and
exfoliation of bulk graphene-based materials, such as graphite)
and top-down (multistep oxidative condensation reactions in
organic solutions starting from polycyclic aromatic com-
pounds, such as citric acid) methods.'® The top-down methods
are generally hindered by the obvious lack of morphological
control and harsh, environmentally unfriendly, and high-cost
procedures. In contrast, the bottom-up approaches can provide
precise control on the morphology, size, and shape of the
synthesized nanoparticles (NPs). Using the bottom-up
approaches, GQDs are capable of possessing superior optical
properties and have been extensively applied in in vitro and in
vivo imaging and sensing.'®*® Accordingly, a bottom-up
approach was implemented in this study. The highly water-
dispersible GQDs were prepared in large quantities using a
hydrothermal method with citric acid as the carbon source.

On the basis of the outstanding performances of GQDs, for
example, facile fabrication, excellent biocompatibility, lar%e
surface area, and easy conjugation with biomolecules,””™>’
GQDs thus were selected as the nanocarrier in this study. In
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order to realize the co-loading function of DOX and siRNA,
the selection of a suitable modification polymer on GQDs is
vital. Polyethylenimine (PEI) has been widely used to modify
versatile NPs to form drug and gene co-loading carriers.”
Nevertheless, PEI had some serious drawbacks, such as long-
term toxicity and nondegradability under physiological
conditions.”> To address the problems, PEGylation of PEI
became a frequently used approach. The covalent attachment
of polyethylene glycol (PEG) can contribute to avoiding the
immune system, reducing immunogenicity and antigenicity,
and prolonging blood circulatory time.** However, PEGylation
requires elaborate studies on selecting suitable structure of
PEG, adjusting the proper chain number and applying a
workable coupling chemistry technique, which greatly increase
the difficulty in selecting the ideal PEG.”” To tackle those
challenges, we synthesized well-defined biodegradable cationic
polylactides with pendant tertiary amine groups as the
modified polymer for GQDs, named as biodegradable charged
polyester vectors (BCPVs). In our previous study, BCPV
exhibited a tunable charge density property, biocompatibility,
and negligible cytotoxicity.”***® Specifically, we have demon-
strated that BCPVs are capable of degrading into a small
molecular weight species after 1 week in an aqueous
environment. Having such a character,”®® BCPVs after
administration can be further eliminated out of human body,
thus enabling the repeated administration of therapeutic genes
when BCPVs as their vectors. BCPV is highly effective in
encapsulating siRNAs to form a particle-like structure and
providing the protection of siRNA from enzymatic digestion.
Meanwhile, BCPV facilitates the cell uptake of the loaded
siRNA and assists the siRNA escape from endosome into
cytosol, which is an essential mechanism for RNAi-based
therapeutic application.”** Hence, having a positively charged
property and great biodegradability, BCPV was supposed to be
an ideal candidate for modifying GQDs. Accordingly, the
BCPV-functionalized GQDs were employed to co-load DOX
and siRNA to study the synergistic anticancer activity of gene/
chemo combinational therapy.

Light, as an external stimulus, offers a facile approach to
control drug release at a desired time and space. The
controlled drug release is crucial to boost drug eflicacy in
cancer treatment while minimizing derivative side effects.*"**
Photothermal therapy (PTT) therefore has attracted huge
interest in recent years as a result of its minimally invasive
nature for maximally destroying cancerous cells but minimally
damaging the surrounding healthy tissues."”** Nanoparticu-
lated systems having photothermal properties, such as Au
nanorods,”** Au NPs,46 upconverting NPs,*” indocyanine,*®
black phosphorus,49 azobenzene NPs,>" cyanine dye,‘] and so
forth, have been used to trigger the release of biomolecular
cargos encapsulated within NPs through light-induced hyper-
thermia, further resulting in significant anticancer effects.
Nevertheless, their complicated fabrication processes, non-
biodegradability, and unstable property severely limited their
further clinical applications. As a drug/gene carrier, the
biocompatible GQDs with a planar structure are expected to
overcome these limitations. GQDs exhibit a unique optical
character of having a special absorption peak in the UV—visible
light region. The heat generated from the light energy through
GQD conversion can be utilized to perform PTT or trigger the
release of the loaded therapeutic agents.

Herein, we reported a synergistic treatment strategy of
pancreatic cancer using BCPV-functionalized GQDs as a
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Scheme 1. Schematic Illustration of the Synthesis of GQD/DOX/BCPV/siRNA Nanocomplexes as a Light-Triggered Payload

Release System for Pancreatic Cancer Synergistic Therapy
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multifunctional platform for co-delivery drug and siRNA
(Scheme 1). Negatively charged nitrogen-doped GQDs were
successfully synthesized through a hydrothermal method with
citric acid as the precursor and urea as the nitrogen source.
Well-defined BCPVs were synthesized by ring-open polymer-
ization (ROP) and thiol—ene functionalization. The tertiary
amine groups grafted onto the biodegradable polylactide
backbone endowed BCPVs with a positively charged property.
Sequentially, in a step-by-step manner, GQDs were function-
alized with DOX, BCPV, and siRNA to form a multifunctional
co-delivery system. The delivery efficiency of DOX and siRNA
by GQDs was evaluated on a pancreatic cancer cell line. Under
laser irradiation, the cytosolic release of DOX and siRNA was
enhanced, the K-ras gene expression was largely inhibited, and
the synergistic anticancer effects were systematically evaluated
and discussed.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization of Nitrogen-Doped
GQD. The nitrogen-doped GQDs were synthesized using a
hydrothermal method described earlier,”**** using citric acid as
the precursor and urea as the nitrogen source. Briefly, 9 g of urea
[(NH,),CO, Sigma-Aldrich] and 6 g of citric acid (C4HO,, Sigma-
Aldrich) were dissolved in 100 mL of ultrapure water at room
temperature under stirring at S00 rpm for S min. The hydrothermal
process was conducted in a stainless-steel autoclave with an inner
Teflon liner for 4 h at a maintained temperature of 140 °C. The
pressure of the autoclave was maintained at about 1.5—2.0 MPa
during the whole duration of the hydrothermal process. To investigate
the intrinsic structure, transmission electron microscopy (TEM, JEM-
3000F, JEOL, Tokyo, Japan) was used. The optical properties of the
GQDs were analyzed using a Shimadzu UV-2450 spectrophotometer
and a Fluorolog-3 spectrofluorometer (Edison, NJ, USA), obtaining
absorption and PL spectra, respectively. The zeta potential of the
particles was measured using a Brookhaven 90Plus (Brookhaven
Instruments Corporation).

2.2. Synthesis and Characterization of BCPVs. To prepare
BCPVs, a precursor of allyl functional polylactides (APLAs) needs to
be first synthesized via ROP. Briefly, allyl functional lactide (ALA, 800
mg; 4.7 mmol; 35 equiv), lactide (LA; 676 mg; 4.7 mmol; 3S equiv),
benzyl alcohol (BnOH; 14.5 mg; 0.134 mmol; 1 equiv), and 4-
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dimethylaminopyridine (65.3 mg; 0.536 mmol; 4 equiv) were
introduced to a 10 mL polymerization flask, followed by adding 2
mL of dry dichloromethane. Sequentially, the temperature of the flask
was controlled at 35 °C using an oil bath. The polymerization reaction
time was controlled for 7 days, at which the conversion of the ALA
and LA monomers reached higher than 90%. After the reaction, the
resulting products were precipitated from cold methanol to remove
the unreacted monomers and catalysts, followed by the analysis of 'H
nuclear magnetic resonance (NMR). The 'H NMR result indicated
that the APLA had a molecular structure of poly(ALA 43-co-LAg ) s
Subsequently, the APLA was converted to BCPVs through thiol—ene
click functionalization. First, poly(ALAg,;-co-LAgs7)s; (100 mg;
[ene], 0.277 mmol; 1 equiv), 2-(diethylamino)ethanethiol
hydrochloride (140 mg; [SH], = 0.831 mmol; 3 equiv), and 2,2'-
dimethoxy-2-phenylacetophenone (28.2 mg; 0.110 mmol; 0.4 equiv)
were introduced in a 10 mL reaction flask, followed by adding 3 mL of
chloroform to dissolve all the reactant. Such reactant feeding amount
led to the molar ratio of [ene]y/[SH], being equal to 1:3 in the
reaction. Then, the flask was exposed to UV light (wavelength 4,,,,, =
365 nm; 6 W; 0.12 A) for 30 min. After the UV irradiation, the
resultants were dialyzed against acetone (MW cut-off: 3.5 kDa) to
remove any unwanted impurities. After the dialysis, BCPVs were
obtained and characterized by 'H NMR to acquire their charge
density. The result showed that the BCPV had a charge density of
33% relative to the PLA backbone.

2.3. Conjugation and Characterization of GQD/DOX/BCPV/
siRNA Nanocomplexes. There are three stages of conjugation in
the formation of the GQD/DOX/BCPV/siRNA nanocomplexes. In
the first stage, GQDs were mixed with DOX for 24 h. Next, the
GQD/DOX nanocomplexes were dialyzed against ultrapure deionized
(DI) water for 48 h. The loading efficiencies of the GQD/DOX were
determined by measuring the absorbance of the GQD/DOX
nanocomplexes followed by comparing the obtained absorbance
spectra with the characteristic absorbance spectra of GQDs and DOX.
In the second stage, the dialyzed GQD/DOX nanocomplexes were
mixed with BCPV at different weight ratios for 1 h. In the last stage of
conjugation, different weight ratios of GQD/DOX/BCPV and siRNA
were mixed for 30 min before being analyzed using agarose gel
electrophoresis. The zeta potential of different formulations was
analyzed using a Brookhaven 90Plus (Brookhaven Instruments
Corporation, Holtsville, NY, USA), whereas the particle size of the
GQD/DOX/BCPV/siRNA nanocomplexes were observed using
TEM (JEOL USA, Inc., Peabody, MA, USA).
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2.4. Cell Culture. Human cancer cell lines, MiaPaCa-2 (pancreatic
cancer cell line), PANC-1 (pancreatic cancer cell line), AS49 (lung
cancer line), and HepG2 (hepatocellular carcinoma cell line),
obtained from American Type Culture Collection were used in this
study. The cells were grown in culture with Dulbecco’s modified
Eagle’s medium (DMEM, HyClone), supplemented with 10% fetal
bovine serum (FBS, HyClone), 100 units/mL of penicillin (Gibco),
and 100 pg/mL of streptomycin (Gibco) with a 37 °C under
humidified atmosphere containing 5% carbon dioxide as described
previously. '

2.5. Cell Cytotoxicity. According to our previous experience,
four different cell lines, namely, AS49, HepG2, PANC-1, and
MiaPaCa-2, were seeded in 96-well plates with a cell count of § X
10® per well, leaving them to adhere for 24 h. The cells were treated
with different concentrations of GQDs or BCPVs for 48 h. The cell
viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay kit. Cell viability was
obtained by normalizing the absorbance of the sample well against
that from the BLANK well and was expressed in terms of percentage.
The nontreated cells were assigned as 100% viability.

2.6. Cell Transfection. A custom-synthesized K-ras siRNA™M
was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, P. R.
China). The sense and antisense sequences were as follows—sense:
5’-GUUGGAGCUUGUGGCGUAGUU-3’; antisense: 5'-CUACGC-
CACAAGCUCCACUU-3. MiaPaCa-1 cells were seeded in six-well
plates in DMEM with 10% FBS to give 30—50% confluence at the
time of transfection. siRNAs were mixed with GQD/DOX/BCPV
nanocomplexes with a gentle vortex and left to rest for 1 h. Then, the
above GQD/DOX/BCPV/siRNA nanocomplexes were added into
the six-well plates and left for incubation for 4 h. After that, some of
the cells were imaged using an inverted fluorescence microscope
(Nikon Eclipse-Ti). Naked GQDs, GQD/BCPV, DOX, GQD/DOX/
BCPV, and GQD/BCPV/siRNAFM were used in a separate parallel
experiment at the same dosage level. Gene expression was monitored
using quantitative real-time polymerase chain reaction (PCR) at 48 h
post transfection and western blot at 72 h post transfection.

2.7. Fluorescence Imaging. A Nikon Eclipse-Ti inverted
microscope was used to capture in vitro fluorescence images. After
4 h of incubation with GQD/DOX/BCPV/ siRNA™M nanocom-
plexes, the transfected cells were washed thrice with phosphate-
buffered solution (PBS) followed by fixation with 4% formaldehyde.
Subsequently, the cells were stained with 4',6-diamidino-2-phenyl-
indole (DAPI, Sigma) for nuclear counterstaining. The filter for the
inverted microscope was set for GQDs (excitation at 405 nm and the
emission was collected with a 450/50 nm band pass filter), FAM
(carboxyfluorescein, excited with a 488 nm laser and the emission was
collected with a $25/50 nm band pass filter), and DOX (excited with
540 nm and emission was collected with a band pass filter 605/50
nm). Fluorescence intensity was determined using a FACSCalibur
flow cytometer (Becton Dickinson, Mississauga, CA). The cells were
first washed with PBS thrice before harvested by trypsinization. To
quantify the fluorescence intensity, GQD, FAM, and DOX served as
the luminescent markers with a filter set, respectively, for Buv395,
fluorescein isothiocyanate (FITC), and phycoerythrin to collect
fluorescence signals.

2.8. Analysis of Gene Transcription. After the cells were
transfected for 48 h, the transcription level of K-ras gene was
investigated according to our previous experience.*® In detail, the total
RNA was extracted from MiaPaCa-2 cells using a TRIzol reagent
(Invitrogen) and quantified using a micro-spectrophotometer (Nano-
Drop ND-1000). Total RNA (2 ug) was reverse-transcribed to
complementary deoxyribonucleic acid (DNA) using a reverse
transcriptase kit from Promega in accordance with manufacturer’s
instructions. The mRNA level of K-ras gene was measured by real-
time PCR using a SYBR green dye (Promega) in an ABI PRISM 7500
applied biosystem normalized to the expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The primer sequences were as
follows: K-ras: 5'-AGAGTGCCTTGACGATACAGC-3’ (sense), S'-
ACAAAGAAAGCCCTCCCCAGT-3’ (antisense); GAPDH: 5'-
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ACCACAGTCCATGCCATCAC-3' (sense), GAPDH S§'-TCCAC-
CACCCTGTTGCTGTA-3’ (antisense).

2.9. Western Blotting. MiaPaCa-2 cells were first seeded in six-
well plates followed by transfection with GQD/DOX/BCPV/siRNA
nanocomplexes for 72 h. Prior to the isolation of protein, the cells
were washed twice with PBS and harvested using lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic
acid, and 1% Triton X-100). The total isolated protein concentration
was determined using a microspectrophotometer (NanoDrop ND-
2000). Denatured cellular extracts (S pg) were resolved by 10% Tris-
glycine sodium dodecyl sulfate —polyacrylamide gels using the Mini-
Sub Cell GT system (Bio-Rad, CA). Protein bands in the gel were
then transferred to nitrocellulose blotting membranes. Membranes
were incubated for overnight at 4 °C followed by washing with buffer
(1x PBS, 0.05% Tween 20) and 3% nonfat milk and then incubated
for 4 h with the primary rat antihuman K-ras antibody (Abcam) or
antihuman GAPDH antibody (Abcam). The membranes were washed
with PBS/Tween 20 and then horseradish peroxidase-labeled antirat
secondary antibody was used for secondary incubation for 1 h at room
temperature. K-ras and GAPDH proteins were then visualized with
chemiluminescent substrate (ECL detection reagent, Sigma-Aldrich,
USA) by the enhanced chemiluminescence system.

2.10. Assays of Cell Proliferation, Migration, and Invasion.
The anticancer effect of GQD/DOX/BCPV/siRNA nanocomplexes
on proliferation of MiaPaCa-2 was determined by the MTT assay as
described above. The therapeutic effect on cell migration was
determined using the wound-healing assay. Briefly, 1 X 10* of
MiaPaCa-2 cells were seeded in 24-well plates followed by
transfection with GQD/DOX/BCPV/siRNA nanocomplexes for 48
h, in which the cells almost achieve confluence. Then, a scratch
wound was created on the surface containing the cells using a sterile
pipette tip. The cells were continually incubated for 48 h in a
complete culture medium, and then the cells were imaged using an
inverted fluorescence microscope. The rate of wound healing was
determined by evaluating the distance of migration in the scratch
wound at 0 and 48 h (0 h is the time of scratching). NIS-Elements Br
Analysis 4.0 software was used to analyze the migration distance. The
invasive capability of the MiaPaCa-2 cells transfected with GQD/
DOX/BCPV/siRNA nanocomplexes was determined using an 8.0 ym
BD BioCoat Matrigel invasion chamber assay system (BD
Biosciences) according to manufacturer’s protocol with minute
modifications. Concisely, GQD/DOX/BCPV/siRNA nanocomplex-
transfected MiaPaca-2 cells were seeded in the upper chamber which
contained FBS-free medium. The bottom chamber was filled with
10% FBS medium, which served as a chemoattractant. The cells were
incubated for further 48 h. Next, the cells in the upper chamber were
removed with swabs followed by staining the cells of piercing the
Matrigel matrix membrane with Giemsa staining in PBS for 5 min.
The number of invaded cells were viewed and counted under the
microscope in five random views.

2.11. Apoptosis Assays and Cell Colony Formation. The
apoptosis rate of the transfected cells was determined using an FITC
Annexin V Apoptosis Detection Kit I (BD Pharmingen) according to
manufacturer’s protocol. Annexin V is widely used as an early
apoptosis indicator as it has a strong affinity to phospholipid
phosphatidylserine of the cell membrane, which is widely available in
the exterior membrane of apoptotic cells. Propidium iodide (PI) is a
type of dye to identify the cells with a ruptured membrane and is
commonly used to classify dead and damaged cells. In short, 1 X 10°
MiaPaCa-2 cells were seeded in a six-well plate, followed by
transfection with GQD/DOX/BCPV/siRNA nanocomplexes for 72
h. The cells were then collected and washed twice with cold PBS and
suspended in binding buffer. Then, flow cytometry analysis was used
to determine the apoptotic cells. Cell colony formation assay is a high-
throughput tool for drug screening to reduce animal testing. Hence,
we assessed the therapeutic effect of different formulations by cell
colony formation assay according to previous reports with minor
modifications.>>*** Briefly, 500 single viable MiaPaCa-2 cells were
mixed with 0.3% low melting point agarose gel (containing 10% FBS),
and then the cells were plated in 35 mm Petri dishes that were
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Figure 1. (a) GQDs were synthesized via a hydrothermal method using urea and citric acid as synthetic source. (b) TEM image of naked GQDs.
(c) Absorption spectra of naked GQDs was analyzed by a spectrophotometer. The inset shows naked GQDs solvent (1 mg/mL) under white light
or UV illumination. (d) Positive-charged polymer, BCPV, was synthesized via ROP and thiol—ene functionalization.

precoated with 0.6% low melting point agarose gel (containing 10%
FBS). The cells were then incubated for one week to form colonies.
After that, the cells were treated with different formulations, and the
sizes of formatted colonies were measured under a microscope.

2.12. Light-Triggered DOX and siRNA Release from Nano-
complexes. MiaPaCa-2 cells were seeded in a six-well plate with a
density of 1 X 10° cells per well with DMEM, subsequently followed
by transfection with GQD/DOX/BCPV/siRNA for 4 h. Before
illumination, the treated cells were rinsed thrice with PBS buffer to
remove any free nanocomplexes. A multimode fiber-coupled diode
laser with a center wavelength of 650 nm and 0.22 numerical aperture
with a straight cleaved fiber end was used to irradiate the cells with
laser light. The output power was adjusted to achieve different power
densities. The duration of irradiation was fixed at 15 min. The
fluorescence intensity from the cells was determined using flow
cytometry. After irradiation, the cell bioactivity was evaluated by an
MTT assay and an apoptosis kit.

2.13. Statistical Analysis. The data are presented as mean +
standard deviation (SD). Statistical analysis was performed using
analysis of variance. All statistical calculations were performed with
the SPSS 11.0 software package. When two comparisons were
obtained, Student’s unpaired two-tailed t-test was used. A P value less
than 0.01 is regarded as statistically significant.

3. RESULTS AND DISCUSSION
3.1. Synthesis of GQDs and BCPV. GQDs were

synthesized using hydrothermal reaction of citric acid and
urea with ultrapure water as the solvent (Figure la).”” High-
resolution TEM results showed that the naked GQDs had an
average particle size of 23 #+ 3.2 nm (Figure 1b). The
absorption spectrum of the prepared GQDs was investigated
using UV—vis spectroscopy, and GQDs exhibited a major
absorption peak at 365 nm and a minor absorption peak at 650
nm (Figure 1c). The emitted blue luminescence can be viewed
under UV lamp illumination (Figure lc inset). The synthesized
GQDs show an excitation wavelength-dependent photo-
luminescence, and the most intense fluorescence appears at
440 nm upon 300 nm excitation (Figure S1). According to our
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previous reports, the biodegradable charged polymer, BCPV,
was synthesized via ROP and thiol—ene functionalization
(Figure 1d).>** The final chemical structure of BCPV was
characterized using '"H NMR (Figure S2). The presence of
tertiary amine-based cationic groups in the polymer backbone
endowed BCPV with a high positive-charged potential of 62 +
22 mV. As a gene or a drug carrier, the biotoxicity of
components is the main limited factor in practical application.
Prior to further applications, the intrinsic cytotoxicity of GQDs
and BCPV was first evaluated on four different cell lines via
MTT assay. After 48 h post incubation, the results in Figure S3
showed that all cells still possessed over 90% viability even at
dosages of up to 4 mg/mL of GQDs and 160 pg/mL of BCPV,
respectively. These results clearly suggested that both GQDs
and BCPV are highly biocompatible and noncytotoxic over a
large dosage range.

3.2. Formation and Characterization of BCPV-Coated
GQD Nanocomplexes. For the efficient loading of
biomolecules, it is important to optimize the weight ratios
among GQDs, DOX, BCPV, and siRNA as well as the
sequence of the conjugation order. First, to determine the
amount of conjugated DOX on the GQDs, two calibration
curves with varying concentrations of GQDs and DOX were
first prepared (Figure S4a,b). GQDs were mixed with DOX for
24 h before dialyzing it against DI water, resulting in the
formation of GQD/DOX nanocomplexes. Subsequently, the
absorbance spectra of GQD/DOX nanocomplexes were
measured. It was calculated that 1 mg of GQD was capable
of loading 1.6 g of DOX (Figure S4c). The negatively charged
surface of GQD/DOX nanocomplexes allowed positively
charged BCPV to be subsequently conjugated via electrostatic
interaction, resulting in GQD/DOX/BCPV nanocomplexes. It
was observed that when applying an electric field, the naked
GQDs with a negative charge in the sample wells will run into
the positive electrode. When the amount of coated BCPV on
the GQD/DOX steadily increased, the running direction of the
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Figure 2. (a) Changed profiles of zeta potential were analyzed by DLS after step-by-step functionalization of naked GQDs with DOX, BCPV, and
siRNA. TEM image of the fabricated GQD/DOX/BCPV/siRNA nanocomplexes (inset), scale bar: 50 nm. (b) GQD/DOX/BCPV/siRNA
nanocomplexes were dispersed in different physiological solutions for 48 h. The dissolved status and fluorescence of GQD/DOX/BCPV/siRNA
nanocomplexes were observed under white light and UV illumination, respectively.
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Figure 3. Fluorescence microscopy images of MiaPaCa-2 cells treated with different formulations for 6 h. The blue fluorescence originates from
GQDs while the red fluorescence originates from DOX. The fluorescence originates from the FAM-labeled siRNA is rendered in green. For the
GQD/DOX/BCPV/siRNA-treated group, according to the preoptimized weight ratio, the final concentration of GQDs was fixed at 1 mg/mL,
DOX was fixed at 1.6 ug/mL, BCPV was fixed at 120 ug/mL, and siRNA was fixed at 4 pg/mL, and these concentrations are all used in the

following cell-related experiments. Scar bar: 10 pm.

resulting GQDs was reversed to the negative electrode (Figure
SSa). It was found that the optimized weight ratio of BCPV
and GQD/DOX is at 0.12:1 as all the GQDs (with a zeta
potential of 43 + 5.1 mV) migrated toward the negative
electrode in the electrophoresis agarose gel. The introduction
of BCPV not only endowed the GQDs with biocompatibility
and stability, but also rendered them with a positively charged
character, which facilitated the resulting GQDs to interact with
siRNA molecules and to be internalized by cancer cells.

The optimized GQD/DOX/BCPV nanocomplexes were
then mixed with siRNA at different weight ratios, ranging from
150:1 to 500:1. Similarly, agarose gel electrophoresis was also
used to determine the optimum weight ratio of siRNA and
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GQD/DOX/BCPV nanocomplexes. In this process, GelRed
served as the indicator of siRNA. The un-loaded free siRNA
will run into the positive electrode because of the electric
attractive force. At the weight ratio of 250:1, it can be observed
that most of the siRNA has been fully retarded in the sample
wells (Figure SSb), which means most of the loaded siRNA
molecules have been encapsulated in the GQD-based nano-
complexes. Hence, the prefabricated GQD/DOX/BCPV
nanocomplexes were conjugated with siRNAs at the weight
ratio of 250:1 to construct the GQD/DOX/BCPV/siRNA
nanocomplexes. The change profiles of zeta potential in the
fabricated process were monitored by dynamic light scattering
(DLS) measurements. The results indicated that the final
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Figure 4. (a) Cell groups were treated with different formulations for 48 h, and the relative protein expression of K-ras in the treated MiaPaCa-2
cell was detected by western blot. GAPDH was used as the intra reference for protein quantification. (b) Gene transcription level of K-ras was
evaluated by real-time reverse transcription PCR assay. (c) Cell proliferation was evaluated via MTT assay. (d,f) After treated with different
formulations for 48 h, the cell migration was evaluated by wound-healing assay. Quantitative evaluation on the percentage of the wound window
closed after treatment, values were normalized by the initial wound window width. (e,g) Cell invasion was evaluated by trans-well chamber model.
The invaded cells penetrated through the Matrigel-coated membrane in the trans-well chamber. The invaded cells were stained with Giemsa and
were counted in the random macroscopic field (20X magnification). Results are represented as mean + SD, n = 6; *, P < 0.01, compared with other
groups.

GQD/DOX/BCPV/siRNA nanocomplexes have a positively for 4 h, including naked GQDs, GQD/BCPV, DOX, GQD/
charged surface charge of 30 + 3.4 mV (Figure 2a). The TEM DOX/BCPV, GQD/DOX/siRNAFM and GQD/DOX/

image indicated that the final nanocomplexes had a diameter of BCPV/siRNA™M. For indicating the transfection efficiency
65 + 53 nm (Figure 2a inset). These characteristics of of siRNA, the used siRNAs were labeled by FAM fluorescein.
nanocomplexes were expected to benefit the interaction of After treatment, the cells were observed under an inverted
nanocomplexes with the negative-charged cell membrane, thus fluorescence microscope. Figure 3 shows fluorescent signals
facilitate cell uptake. Such results also suggested that well- from GQDs (blue color), DOX (red color), and siRNAFAM
defined GQD/DOX/BCPV/siRNA nanocomplexes can be (green color) in MiaPaCa-2 cells. It was clearly observed that
prepared by only using electrostatic interactions under the the uptake amount of GQDs was significantly enhanced after
designed conjugation order. Such preparation methodology is the BCPV modification. This is due to the property change of
facile and efficient, thereby benefiting the subsequent large- the surface charge of GQD/BCPV nanocomplexes from
scale production of the new delivery system. negative (naked GQD) to positive as positively charged

To investigate the photostability and chemical stability of nanocomplexes would easily penetrate into the negatively
GQD/DOX/BCPV/siRNA nanocomplexes with the opti- charged cell membrane.”” Meanwhile, the fluorescence
mized component ratio and conjugation sequence, the intensities of intracellular DOX and siRNA were also
nanocomplexes were dispersed in four different physiological significantly increased when BCPV-modified GQDs were
solutions such as PBS, DMEM, DMEM + 10% FBS, and 70% used as the nanocarrier, suggesting that the coating of BCPV
FBS. After 48 h of co-incubation, no significant fluorescence is beneficial for enhancing the cellular uptake efficiencies of

quenching and aggregation of the nanocomplexes were DOX and siRNA. The DOX and siRNA fluorescence signals
observed, demonstrating the high colloidal stability of the overlapped well with the fluorescence from the GQDs, which

nanocomplexes in various biological solutions (Figure 2b). The clearly verifies that the GQDs can serve as a nanocarrier for the
stability of therapeutic delivery systems in photo and chemical co-delivery of DOX and siRNA into cells. The fluorescence
activities strongly influences their delivery and therapeutic signal from the GQDs could render intracellular tracking
efficiencies. With high photo/chemical stability, the delivery capability and offer possibility for image-guided drug delivery.
systems are capable of retaining their designed biomedical Flow cytometry was further employed to quantify the
functions after reachir; 5ghe objective destinations such as transfection efficiencies of DOX and siRNA™M™ in GQD/

targeted tumor tissues. DOX/BCPV/siRNA™M nanocomplex-treated cells. Results
3.3. Delivery Efficiency of DOX and siRNA. To indicated that the cells treated with GQD/DOX/BCPV/

demonstrate the transfection efficiency of GQD/DOX/ siRNA™M nanocomplexes present both strong fluorescence
BCPV/siRNA™M nanocomplexes, MiaPaCa-2 cells, a pancre- intensities of DOX and FAM (Figure S6). The corresponding
atic cancer cell line, were treated with different formulations fluorescence intensities from GQD/DOX/BCPV/siRNAFAM
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nanocomplex-treated cells were evaluated to be 3477 au
(DOX) and 1806 a.u (FAM), which are much higher than
those of the cells treated with free DOX and naked siRNA.
Moreover, there is only a negligible difference between the
DOX fluorescence intensities from GQD/DOX/BCPV (3425
a.u) and GQD/DOX/BCPV/siRNA (3477 a.u) nanocomplex-
treated tumor cells. These flow cytometry results are consistent
with the previous cell fluorescence imaging results and further
demonstrated that GQD-based carriers can effectively co-
deliver DOX and siRNA into pancreatic cancer cells.

3.4. Gene Knockdown Efficacy of GQD/DOX/BCPV/
siRNA Nanocomplexes. To verify the knockdown efficiency
of GQD/DOX/BCPV/siRNA nanocomplexes, the expression
of the mutated K-ras gene was respectively quantified at the
mRNA level by real-time PCR and at the protein level by
western blot. By using GAPDH gene as the reference, the
protein and mRNA levels of K-ras gene in different treated
groups were measured and normalized to the BLANK group.
Results indicated that the cells treated with GQDs, BCPV,
DOX, and GQD/BCPV formulations showed no significant
difference in both protein (Figure 4a) and mRNA (Figure 4b)
levels of the mutated K-ras gene as compared with the BLANK
group. On the other hand, in the GQD/DOX/BCPV/siRNA
nanocomplex-treated cells, the expression of K-ras gene was
significantly suppressed when compared to the other nano-
complex-treated groups. Thus, these results clearly suggest that
the co-delivery of DOX and siRNA had a superior multiplied
effect in downregulating K-ras gene expression of the
pancreatic cancer cell line.

3.5. Synergistic Anticancer Efficacy of GQD/DOX/
BCPV/siRNA Nanocomplexes. The K-ras gene, encoding a
membrane-bound GTP-binding protein, is responsible in
mediating various cellular functions such as cell proliferation,
cell division, and angiogenesis.60 The K-ras mutation was
reported to promote cell metastasis, drug resistance, and
antiapoptosis through multiple cell signaling pathways,
eventually causing cancer formation.” DOX, as a chemo-
therapeutic drug, functions by binding to DNA-associated
topoisomerase enzymes II and thus induces a range of
cytotoxic effects. On the basis of the mechanism, DOX is
therefore capable of blocking tumor cell growth and
proliferation.’ In this study, the treatment effects of GQD/
DOX/BCPV/siRNA nanocomplexes on pancreatic cancer
were systematically evaluated. The ability of the nano-
complexes on inhibiting the growth of MiaPaCa-2 cells was
assessed by MTT assay. Figure 4c shows that the co-delivery of
DOX and siRNA into the cells via GQD/DOX/BCPV/siRNA
nanocomplexes remarkably reduced the cell proliferation by 67
+ 8.2% compared with the BLANK group. It is worth noting
that GQD/DOX/BCPV/siRNA-treated groups yield much
more robust cell-killing effect than GQD/DOX/BCPV-treated
groups, mainly attributed to the siRNA-regulated down-
regulation of mutant K-ras gene. Meanwhile, the amount of
apoptotic cells of the treated MiaPaCa-2 cells was further
evaluated by FITC-labeled annexin V and PI staining assay.
Results indicated that the cell group treated with GQD/DOX/
BCPV/siRNA nanocomplexes exhibited the highest percentage
of apoptotic cell population (28 + 1.9%) as compared to the
BLANK (2.5 + 0.6%), GQD/BCPV (2.3 + 0.5%), and DOX
(10.3 + 1.9%) groups (Figure S7). The enhanced therapeutic
effect was attributed to the strong synergism between K-ras
siRNA and DOX. K-ras protein is a key regulation of
antiapoptotic cellular defense to prevent cell apoptosis by
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activating the survival signal in pancreatic cancer cells.
Therefore, the suppression of mutant K-ras gene expression
via siRNA can both increase the cell sensitivity to chemo-
therapeutics and promote DOX-induced cell apoptosis for
enhanced chemotherapy. Such results implied that the
silencing expression of the antiapoptotic K-ras protein via
siRNA successfully elevated cytotoxicity of DOX and induced
more apoptotic cells in the treated cells.

Metastasis is the primary cause of death in pancreatic cancer
patients. Metastasis involves a complicated multistep process
that starts with the migration of primary cancer cells to the
adjacent tissues.” Hence, the inhibition in cell migration and
invasion is very important for combating pancreatic cancer. By
creating a wound on the monolayer of MiaPaCa-2 cells, cell
migration can be evaluated by monitoring the width of the
wound after treatment with different formulations (Figure
4d,f). In the nontreated blank group, a decrease of the wound
window width was clearly observed after 48 h of incubation.
The cells started to migrate to the open space in-between the
wound margins and the wound boundaries became cluttered.
Similar phenomena were also observed in GQD/BCPV- and
DOX-only treated groups. In comparison with the control
groups, an obvious suppressed efficacy in wound healing was
observed in GQD/DOX/BCPV/siRNA nanocomplex-treated
group. Additionally, the invasion capability of MiaPaCa-2 cells
was assessed using a Matrigel invasion chamber assay. As
shown in Figure 4e,g, the invaded cell population in GQD/
DOX/BCPV/siRNA-treated group was significantly reduced
when compared with other formulation-treated groups. All
these results suggest that the combination of gene-/chemo
therapy via GQD/DOX/BCPV/siRNA nanocomplexes had an
enhanced synergistic anticancer efficacy on inhibiting the
migration and invasion abilities of pancreatic cancer cells. Such
a feature of the nanocomplex carrier is very vital when
metastasis encountered in cancer therapy.

3.6. Photothermal Property of GQD-Based Nano-
complexes. GQDs were synthesized by hydrothermal
reaction of citric acid and urea with ultrapure water as the
solvent. Urea played an important role in the near infrared
absorbance properties of the GQDs. A high concentration of
urea introduces a large number of pyrrolic nitrogen on the
GQD surface, contributed to the photoluminescence and
photothermal efficiency of the GQDs. The detailed optical
mechanism of GQD has been interpreted elaborately in our
previous report.’’ The synthesized GQDs in this study
presented a special absorption peak at 650 nm. The
photothermal property of the GQD-based nanocomplexes
was evaluated under different power inputs with 650 nm laser
irradiation. The temperature of the GQD/DOX/BCPV/
siRNA nanocomplex solution (1 mg/mL) elevated rapidly
with an increase of laser power and irradiation time (Figure
Sa). Water vapor-caused droplets were observed in the cuvette
wall as a result of heating through the photothermal effect of
the GQDs (Figure Sb). Meanwhile, functionalization of the
GQDs with DOX, BCPV, or siRNA does not influence the
photothermal conversion efficiency of the GQDs (Figure S8).
After giving irradiation of laser light to GQD/DOX/BCPV/
siRNA nanocomplex-containing and physiologically mimicking
solutions (0.2 W/cm? 15 min), it was observed that the
temperature-increased profiles in the tested solutions were
quite similar to the temperature-increased profile in DI water
(Figure S9). This demonstrated the high stability of the
photothermal property of GQD/DOX/BCPV/siRNA nano-
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Figure S. (a) Temperature-increased profile of the DI water solution
from the photothermal effect of the G(lD/DOX/BCPV/siRNAK‘ras
nanocomplexes (1 mg/mL) upon irradiation with a different power of
650 nm laser light for 15 min. (b) Water vapor-caused droplets were
observed in the cuvette wall because of the evaporation from the
photothermal effect of GQDs when irradiated with 1 W/cm? laser
light.

complexes at different physiologically mimicking solutions and
highlighted one of their unique biomedical merits as compared
with other nanomaterial systems with a photothermal effect, in
which quench problems may occur in various physiological
environments.”

Moreover, the photothermal therapeutic effect of GQD/
BCPV was investigated by exposing the treated cells to
different laser light power inputs for 15 min. The cell viability
was evaluated by MTT assay. It was observed that the
inhibition efficiency of cell viability was enhanced when the
laser power was gradually increased (Figure S10). These
results demonstrated that the photothermal effect of the GQDs
is laser dependent and PTT only occurred when the power of

laser light exceeds 0.2 W/cm® The outstanding property of
GQDs suggests its potential to be used as multifunctional
nanocarriers for drug/gene delivery and cell imaging and as
photothermal agents in cancer therapy.

3.7. Light-Triggered Payloads Release from GQD-
Based Nanocomplexes. Under laser light irradiation, the
GQDs were observed to be able to convert light energy into
heat. Such heat may be further utilized to increase the mobility
of the payloads of GQD/DOX/BCPV/siRNA nanocomplexes,
thereby selectively releasing the payloads when the heat was
generated from laser light irradiation.*”' To verify our
thought, the GQDs were used to serve as a localized heat
source to promote released DOX and siRNA of GQD/DOX/
BCPV/siRNA nanocomplexes through photothermal effects
under laser irradiation. To confirm that the therapeutic efficacy
is only due to the light-triggered release of siRNA and DOX
from the nanocomplexes, all the power of laser light in the
following experiment was fixed at 0.2 W/cm® Under these
conditions, the photothermal effect of GQD/DOX/BCPV/
siRNA nanocomplexes on triggering the payload release can
thus be clearly verified. Briefly, after the nanocomplex solution
was irradiated with laser light at 650 nm for 15 min, the
solution was centrifuged at 12 000 rpm for 10 min, and the
fluorescence intensities of siRNA®”® and DOX in the
supernatant were quantitatively measured by spectrophotom-
eter at a S min interval. The release kinetic profile of siRNA
and DOX from the nanocomplexes indicated a burst release of
siRNA and DOX under the 650 nm laser light irradiation (0.2
W/cm?, 15 min). The cumulative release amounts of siRNA
and DOX from GQD/DOX/BCPV/siRNA nanocomplexes
rapidly attained 80.8% and 63.73% at 15 min, respectively
(Figure 6a,b). Without laser light irradiation, the cumulative
release amounts of siRNA and DOX from GQD/DOX/
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Figure 6. Release kinetic profile of siRNA™M (a) and DOX (b) in GQD/DOX/BCPV/siRNA™™ nanocomplex solution under laser light
irradiation (0.2 W/cm?). (c) MiaPaCa-2 cells were first preincubated with GQD/DOX/BCPV/siRNAM for 6 h and then cells were exposed to
laser light irradiation (650 nm, 0.2 W/cm?) for 15 min. The treated cells were observed under an inverted fluorescence microscope. The blue
fluorescence from DAPI indicates the cell nucleus. The green fluorescence from FAM fluorescein indicates siRNA. The red fluorescence indicates

the DOX distribution. Scar bar: 10 ym.
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Figure 7. (a) MiaPaCa-2 cells were incubated with different formulations for 4 h and irradiated with laser (650 nm, 0.2 W/cm?) for 15 min. After
48 h of continuous culture, the K-ras gene expression of MiaPaCa-2 cells was detected by real-time PCR assay. (b) Cell proliferation was evaluated
by MTT assay. (C) After light irradiation, the apoptotic cells in different formulation-treated MiaCaPa-2 cells were assessed by FITC annexin V
and PI co-stained. (d) Summary of the apoptotic rate of MiaPaCa-2 cells treated with different formulation after laser light irradiation. (e) Size and
shape of MiaPaCa-2 cell colonies were observed under an inverted microscope. (f) Size summary of the formatted cell colony and normalized to
the BLANK group. Results are represented as mean + SD, n = S; *, P < 0.01, compared with other groups.

BCPV/siRNA nanocomplexes, however, only had 7.21 and
5.43% at the same release time. Generating an efficient heat
resource via laser irradiation, the GQDs therefore are capable
of increasing the mobility of the payloads of the nano-
complexes and subsequently promoting the unpacking and
dissociation of the payloads. Utilizing the photothermal effect,
the GQD-based nanocarriers can thus be conferred with a
triggered release function, which greatly increases the
versatility of the resulting nanocarriers and largely enhances
the therapeutic efficiency of the loaded payloads as well.

The therapeutic effect of the laser light-triggered siRNA/
DOX release from GQD-based nanocomplexes was further
investigated in vitro. First, MiaPaCa-2 cells were treated with
GQD/DOX/BCPV/siRNA™M nanocomplexes for 4 h, in
which siRNA was labeled with FAM fluorescein for displaying
siRNA transfection. Subsequently, the pretreated cells were
irradiated with laser light of 650 nm and 0.2 W/cm? for 15
min. The cell fluorescence images indicated that the laser-

treated MiaPaCa-2 cells yielded higher fluorescence brightness
originating from FAM and DOX when compared to the cells
without laser irradiation (Figure 6¢). Flow cytometry was
further employed to quantitatively evaluate the light-triggered
release of siRNA and DOX of GQD/DOX/BCPV/siRNAAM
nanocomplexes intracellularly. Results indicated that, after
irradiating the nanocomplex-treated cells by laser light, both
the fluorescence intensities of FAM and DOX had significantly
increased by 1.8 times and 2.2 times as compared with those
resulting from the cells without laser irradiation (Figure S11).
Opverall, either the release study, the confocal observation, or
the flow cytometry analysis corroborated that the laser light is
capable of efliciently and rapidly triggering the loaded DOX
and siRNA of the nanocomplexes in the treated MiaPaCa-2
cells. The developed GQD-based platform provides excellent
time-resolved and spatially controlled intracellular release of
drug and siRNA relying on laser light irradiation, suggesting
multipotent function of nanocomplexes on cancer therapy.
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3.8. Light-Regulated Superior Anticancer Effect. After
MiaPaCa-2 cells were treated with the nanocomplexes and
exposed to the laser light, the K-ras gene knockdown efliciency
of the nanocomplexes against MiaPaCa-2 cells was investigated
by real-time PCR. It was observed that the laser light
irradiation significantly enhanced the inhibition efficiency of
the K-ras gene expression on the nanocomplex-treated
MiaPaCa-2 cells (Figure 7a). Relative to the nanocomplexes
without the laser light irradiation (K-ras expression level:
30.04%), the nanocomplexes with the laser light irradiation (K-
ras expression level: 18.29%) had about 12% increase in K-ras
gene downregulation efficiency, indicating that the controlled
release of the siRNA from the nanocomplex via the laser light
is quite vital for the loaded siRNA to accomplish its RNAi
mechanism.

Moreover, the synergistic anticancer effect on MiaPaCa-2
cell was systematically evaluated. After laser light irradiation,
the proliferation percentage of the MiaCaPa-2 cells treated by
GQD/DOX/BCPV/siRNA nanocomplexes was reduced to
9.24% as compared to the blank control. Without laser light
irradiation, GQD/DOX/BCPV/siRNA nanocomplex-treated
groups, however, still exhibited a proliferation percentage value
of 33% (Figure 7b). This result indicated that the laser light
irradiation effectively triggered the rapid unpacking and release
of their therapeutic payloads, thereby obviously enhancing the
eventual therapeutic efficiency of DOX and siRNA in
MiaCaPa-2 cells.

Moreover, it was also observed that the light irradiation
enabled GQD/DOX/BCPV/siRNA nanocomplexes to result
in more apoptotic MiaCaPa-2 cells. As shown in Figure 7¢,d,
without light irradiation, GQD/DOX/BCPV/siRNA nano-
complexes can only lead to 40.5 + 4.65% cell apoptosis in the
treated MiaPaCa-2 cells. However, after the light irradiation,
the cell apoptosis resulting from the nanocomplexes signifi-
cantly increased to 74.1 + 4.98%. Such results indicated that
the controlled and intracellular unpacking of the therapeutic
agents from the nanocomplexes via laser irradiation effectively
facilitated the interactions of the loaded agents and MiaPaCa-2
cells, thereby leading to higher apoptosis efficiency.

Furthermore, a cell colony formation assay was utilized to
preliminarily evaluate the tumor inhibition efficiency of GQD/
DOX/BCPV/siRNA nanocomplexes. The assay was reported
to provide excellent environmental mimicking conditions to
real tumor cells.”®> Because of the excellent mimicking
conditions for in vivo tumor cell growth, the assay has been
widely used to assess the antitumor activity of various types of
cancer therapies.””®® In the assay, MiaPaCa-2 cells were first
incubated for 1 week to form colonies. Afterward, the cells
were treated with GQD/DOX/BCPV/siRNA nanocomplexes
for 24 h, followed by laser light irradiation (0.2 W/ cm?, 650
nm, 15 min). The cells were then continuously incubated for
another 1 week. Eventually, the final formed cell colonies were
observed using an inverted microscope.

In Figure 7ef, as compared with the control groups
(BLANK and GQD/BCPV), the sizes of the nanocomplex-
treated MiaPaCa-2 cell colonies were obviously reduced. With
laser light irradiation, the nanocomplexes were capable of
further diminishing the cell colony size. Moreover, the cell
colonies failed to form a complete and spheroid-like aggregate.
The results revealed that the reduced MiaPaCa-2 cell activity
resulting from the controlled and intracellular release of the
two payloads of DOX and siRNA from GQD/DOX/BCPV/
siRNA nanocomplexes was capable of effectively inhibiting
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MiaPaCa-2 cells from aggressively growing to the correspond-
ing cell colonies. GQD/DOX/BCPV/siRNA nanocomplexes
therefore are considered a highly potent formulation to further
have a great therapeutic efficiency in an in vivo model. As a
result, relevant in vivo tests for the nanocomplexes are
underway in our laboratory.

4. CONCLUSIONS

Taken together, GQD/DOX/BCPV/siRNA nanocomplexes
have demonstrated their capability of simultaneous delivery of
anticancer drug DOX and gene therapeutic agent siRNA into
MiaPaCa-2 cells. Because of the photothermal effect, the two
payloads can be selectively released at a desired site and a
predetermined time via the laser light trigger. Using the
nanocomplexes as the therapeutic formulation, the K-ras gene
expression of MiaPaCa-2 cells was effectively suppressed,
further leading to obvious inhibition in the cell bioactivities
such as proliferation, cell migration, and invasion. More
importantly, the anticancer activities of the nanocomplexes
were significantly improved by irradiating them with proper
laser light to release the DOX and siRNA. GQD/DOX/
BCPV/siRNA nanocomplexes were supposed to have a
promising potential for in vivo performance based on the
cell colony formation results. With high biocompatibility, low
biotoxicity, great delivery efficiency, and controllable release
property, GQD/DOX/BCPV/siRNA nanocomplexes are
considered to be as an ideal drug/gene delivery platform for
various cancer therapies in future.
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