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While small interfering RNA (siRNA) technology has become a powerful tool that can enable
cancer-specific gene therapy, its translation to the clinic is still hampered by the inability of the
genes alone to cell transfection, poor siRNA stability in blood, and the lack of delivery tracking
capabilities. Recently, graphene quantum dots (GQDs) have emerged as a novel platform allowing
targeted drug delivery and fluorescence image tracking in visible and near-infrared regions. These
capabilities can aid in overcoming primary obstacles to siRNA therapeutics. Here, for the first
time, we utilize biocompatible nitrogen- and neodymium-doped graphene quantum dots (NGQDs
and Nd-NGQDs, respectively) for the delivery of Kirsten rat sarcoma virus (KRAS) and epidermal
growth factor receptor (EGFR) siRNA effective against a variety of cancer types. GQDs loaded
with siRNA noncovalently facilitate successful siRNA transfection into HeLa cells, confirmed by
confocal fluorescence microscopy at biocompatible GQD concentrations of 375 pg/mL. While
the GQD platform provides visible fluorescence tracking, Nd doping enables deeper-tissue near-
infrared fluorescence imaging suitable for both /n vitro and /n vivo applications. The therapeutic
efficacy of the GQD/siRNA complex is verified by successful protein knockdown in HelLa

cells at nanomolar siEGFR and siKRAS concentrations. A range of GQD/siRNA loading ratios
and payloads are tested to ultimately provide substantial inhibition of protein expression down

to 31-45%, comparable with conventional Lipofectamine-mediated delivery. This demonstrates
the promising potential of GQDs for the nontoxic delivery of siRNA and genes in general,
complemented by multiwavelength image tracking.

Keywords

SiRNA delivery; graphene quantum dots; near-infrared fluorescence; confocal microscopy; EGFR,;
KRAS

INTRODUCTION

Cancer is a life-threatening disease that affects more than one million people yearly in

the United States alone.12 Pathological conditions associated with cancer result from the
accumulation of multiple mutation-associated genetic and epigenetic changes.2 Genetic
mutations lead to the dysregulation of a variety of proteins in different forms of cancer.* For
instance, epidermal growth factor receptor (EGFR) and Kirsten rat sarcoma virus (KRAS)
genes are frequently mutated in nonsmall lung cancer.>® Targeting EGFR and KRAS may
provide an approach to lung cancer treatment as they play a crucial role in carcinogenesis,
causing sustained proliferation of cells.”8 Although EGFR responds well to tyrosine kinase
inhibitor (TKI) therapy, drug resistance remains a major issue.? According to recent studies,
EGFR resistance to TKI therapy can be caused mainly by KRAS mutations, as KRAS

is a downstream effector in EGFR signaling.19 At the same time, KRAS is resistant to

most available therapeutics and is difficult to target, making both EGFR and KRAS desired
critical targets for cancer gene therapy.611

In the last decade, RNA interference (RNAI)-based therapeutics have attracted substantial
attention in cancer therapy.12 One of the major types of RNAI technology includes the
delivery of small interfering RNAs (siRNAs), noncoding double-stranded oligos roughly
20-24 nucleotides in length. Unlike tyrosine Kinase inhibitors that can act on multiple targets
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and may lack specificity,13 siRNA binds to a specific complementary mRNA sequence,
inducing its cleavage and inhibiting corresponding protein synthesis.14 To date, the FDA has
already approved four siRNA-based treatments, making RNAI technology a prospective tool
in gene silencing.1® However, as a therapeutic method, RNAI technology is hampered by the
inability of siRNA to transfect cells on its own and its rapid enzymatic degradation in bodily
fluids and tissues.1® In order to overcome these obstacles, both viral and nonviral delivery
vehicles have been developed.1” While highly effective, viral delivery vehicles can provoke
a strong immune response, whereas their nonviral counterparts are considered more safe
and more versatile.18:19 For example, several types of lipid-based nanoparticles have already
been approved by FDA for drug delivery2? and demonstrate high transfection efficacy. In
order to enable gene therapy to its fullest extent, modern nanocarriers have to protect the
SiRNA from serum nucleases, target the disease site to ensure high therapeutic accumulation
and effective release, overcome biological barriers hampering gene transfection, facilitate
endosomal escape, and possess delivery tracking capabilities.2! In this capacity, solid
nanoparticles are often more beneficial than their organic counterparts such as liposomes
due to higher physical stability; versatile surface chemistry; tunable optical properties; and
their potential for multimodality in delivery, targeting, and image-based detection.22:23

Among solid nanoparticles, gold nanoconstructs have been used for siRNA transport due

to their high biocompatibility, monodispersity, and the ability for surface modification.24 In
several recent works, gold nanoparticles conjugated with polyethylenimine (PEI) provide
high gene transfection efficiency.2528 PEI is known to increase electrostatic interaction with
siRNA and facilitate its internalization through the cell membrane and endosomal escape.
However, on its own, PEI exhibits significant cellular toxicity,2” hampering the use of PEI-
decorated nanoparticles in the clinic. Thus, the nontoxic incorporation of nitrogen groups
within the nanomaterial is a highly desired option. Carbon-based nanomaterials, such as
single-walled carbon nanotubes (SWCNTS), can also serve as carriers for gene delivery.28:29
Due to their physical properties, SWCNTSs can enter cells, while their hexagonal carbon
rings allow for noncovalent therapeutic loading. Additionally, SWCNTSs exhibit intrinsic
fluorescence in the near-infrared (NIR) spectral region, providing drug/gene delivery
tracking capabilities.3% Low biological autofluorescence, tissue absorption, and scattering

in the NIR enhance the applicability of such image tracking ability to in vivo models.3
SWCNTSs can carry siKRAS and siEGFR and facilitate efficient knockdown of both target
proteins /in vitroand in vivo.32 This leads to substantial inhibition of the cancer tumor
growth rate, while the intrinsic SWCNT NIR fluorescence verifies the delivery of SWCNT/
siRNA complexes in biological cells and tumor tissues. SWCNT-based platforms are also
explored for siRNA delivery in intact plant cells.33 Another carbon-based nanomaterial,
graphene oxide (GO), can also serve as a multifunctional platform for gene delivery,
imaging, and cancer sensing.34 The GO surface can be modified with positively charged
moieties in order to ensure siRNA loading.3°38 While all aforementioned nanomaterials can
be prospective platforms for siRNA delivery, their toxicity at low concentrations, long-term
tissue accumulation, and complex synthesis3:38 can limit them from proceeding to mass
production and clinical studies.

In the last decade, yet other carbon nanomaterials, graphene quantum dots (GQDs),
have emerged as a promising carrier for gene delivery.3940 GQDs are zero-dimensional
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nanostructures consisting of a few layers of graphene sheets with lateral dimensions
generally below 20 nm. There are two routes to GQD synthesis, “top-down”, which is based
on the decomposition of larger graphene-based materials into nanometer-scale GQDs, and
“bottom-up”, involving further carbonization of small carbon-containing molecules used as
precursor materials.*! Due to the presence of a carbon lattice and, often, oxygen functional
groups, GQDs can bind a variety of molecules through 7—r stacking or electrostatic
interactions. Oxygen addends also allow for covalent functionalization.3? These properties
render GQDs ideal candidates for the delivery of different therapeutic platforms. Compared
to the SWCNTSs and GO, GQDs exhibit minimal toxicity /n vitroand in vivo due to their
smaller size and rapid excretion.2 They can successfully deliver several drug and gene
payloads.#3-45 In addition to being a delivery agent, GQDs can also be utilized for imaging
and biosensing. They are photostable and exhibit intrinsic fluorescence in the visible (VIS)
and NIR regions, which can serve as a noninvasive detection mechanism.#6:47 Several GQD-
based optical sensors have recently been developed for the detection of RNA,48 ssDNA 49
miRNA,%0 proteins,®! and small molecules.>223 The successful siRNA delivery capability
is recently shown by the GQDs synthesized by the bottom-up approach from glucose and
tetraethylene pentaamine.>* Loaded with both an aptamer and siRNA, GQDs can improve
the efficiency of siRNA internalization into hepatocellular carcinoma cells, inhibiting the
expression of Fragile X mental retardation protein.5® Similar to other nanoparticles, when
conjugated with PEI, GQDs exhibit enhanced siRNA loading via the electrostatic interaction
of the negatively charged gene with the cationic polymer.26-58 Facile synthesis, versatility
of design and functionalization, and their optical properties can allow GQDs to address

the critical needs in gene delivery and imaging. Enhancing their biocompatibility and

image tracking modalities can facilitate the progression of this platform toward in vivo
applications. Developed in our previous work,5%:60 nitrogen-doped and neodymium-doped
graphene quantum dots (NGQDs and Nd-NGQDs, respectively) possess these desired
capabilities. They are biocompatible at up to 1 mg/mL concentrations and exhibit high
(8-62%) quantum yield fluorescence in visible and near-infrared regions. In fact, the NIR
fluorescence arising from Nd dopants in Nd-NGQDs can be successfully utilized for /in vivo
animal imaging of live mice without their dissection. NGQDs having nitrogen functional
groups on their surface show the capacity for noncovalent gene attachment, forming stable
complexes with adsorbed ssDNA.50 These properties suggest that NGQDs and Nd-doped
NGQDs can be perspective platforms for image-guided siRNA delivery.

To test this, we have for the first time utilized biocompatible NGQDs and Nd-NGQDs for
the delivery and imaging of KRAS and EGFR siRNAs in HeLa cells. Unlike previously
developed platforms for siRNA delivery,56-58 NGQDs and Nd-NGQDs are synthesized by
a one-step microwave-assisted hydrothermal method that does not contain any substantially
toxic precursors, thereby rendering these GQDs biocompatible and simple in production.
Moreover, NIR fluorescent GQDs that can offer the advantage of ex vivoand /n vivo
tracking have not been previously utilized for gene delivery or imaging. This work,
therefore, explores unique anticancer therapeutic siRNA delivery platforms that possess a
promising potential for translating siRNA technology into the clinic.
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2. MATERIALS AND METHODS
2.1. Synthesis of NGQDs and Nd-NGQDs.

In order to produce nitrogen-doped graphene quantum dots (NGQDs) and neodymium-
doped graphene quantum dots (Nd-NGQDs),%9:60 4 g of glucosamine hydrochloride
(104K0082, Sigma-Aldrich) was dispersed in 250 mL of deionized (DI) water. For
Nd-NGQDs, Nd(NO3)3-6H,0 (MKCH8576, Sigma-Aldrich) was added in powder form,
yielding a final 0.008 M concentration. The mixture was microwaved in an HB-P90D23AP-
ST Hamilton Beach microwave oven for 60 min at 1350 W power. During microwave
synthesis, we observed boiling of the mixture followed by an up to three times decrease in
volume. After the synthesis, samples were cooled down and transferred to a 1 kDa molecular
weight cutoff dialysis bag for 24 h dialysis against DI water to remove unreacted material.
DI water was changed every 30 min for the first 3 h and every 7 h for the next 21 h. Then,
all of the samples were sterilized using a 0.22 um syringe filter. Part of the product was
freeze-dried in order to define the concentration, and the products were further air-dried to
adjust the concentration to ~10 mg/mL.

2.2. Complexation of NGQDs and Nd-NGQDs with siRNAs.

To load siKRAS and siEGFR (Nitto Avecia Inc.) onto both types of GQDs, 75 pl

(750 pg) of 10 mg/mL GQD suspension was mixed with 0.5, 1, 5, 10, and 15 zL

of siKRAS or siEGFR stock solution (15 g/l (1 nmol/4L) in DEPC-treated water)

and incubated for 10 min at room temperature to produce GQD/siRNA complexes

at weight ratios of 1:0.01, 1:0.02, 1:0.1, 1:0.2, and 1:0.3. For the cell internalization
microscopy experiment, NGQD/siRNA or Nd-NGQD/siRNA hybrids were prepared at
375 1g/mL GQD concentration and 1:0.01 weight ratio with carboxy-X-rhodamine
(ROX)-tagged SiEGFR (5"-GUCGCUAUCAAGGAAUUAAITAT-3") and siKRAS (5'-
CGAAUAUGAUCCAACAAUAITAT-3") genes to form NGQDs/siEGFR-ROX, NGQDs/
SiIKRAS-ROX, Nd-NGQDs/siEGFR-ROX, or Nd-NGQDs/siKRAS-ROX.

2.3. Structural/Optical Characterizations (HRTEM/TEM, EDS, FTIR, Absorbance,
Fluorescence, and { Potential).

The morphological characterization of NGQDs, Nd-NGQDs, and the NGQD/siEGFR
complex was performed by HRTEM (high-resolution transmission electron microscopy,
JEOL JEM-2100) with energy-dispersive X-ray analysis (EDS, JEOL, Peabody, MA). The
samples were air-dried on a carbon-coated 200-mesh copper grid. To assess the functional
groups of NGQDs and Nd-NGQDs, the samples were analyzed via the ATR mode of

a Thermo Nicolet Nexus 670 FTIR after freeze-drying in a Labconco FreeZone 4.5

freeze dryer. The absorbance of NGQDs and Nd-NGQDs was measured within the range

of 200-1000 nm by an Agilent Technologies Cary 60 UV-vis absorption spectrometer.
Photoluminescence spectra of NGQDs and Nd-NGQDs in the visible and NIR regions

were collected by a Horiba Scientific SPEX NanoLog spectrofluorometer. Fluorescence
microscopy imaging was performed using an Olympus 1X73 fluorescence microscope with a
60x (IR-corrected Olympus Plan Apo) water immersion objective coupled to a Photometrics
Prime 95B CMOS camera with an Olympus DSU (disk spinning unit) confocal system

for visible imaging. Excitation/emission filter wheels enabled spectrally resolved image
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acquisition. An optimal configuration of filters was selected based on GQD (480 £ 20 nm
excitation and 535 + 20 nm emission filters) and ROX (540 + 20 nm excitation and 605 nm
emission filters) emission spectra. Spectrally resolved imaging in the near-infrared region
(850-1600 nm) was enabled by the NIR InGaAs Photon etc. (ZephIR 1.7) detector coupled
to the microscope through a hyperspectral fluorescence imager (Photon etc.). ¢ Potentials
of GQDs and NGQDs/siEGFR, NGQDs/siKRAS, Nd-NGQDs/siEGFR, and Nd-NGQD/
siKRAS complexes at 1:0.01 w/w ratios were measured to evaluate the net charge of these
in agueous suspensions using a NanoBrook ZetaPALS instrument. The same instrument was
used to measure dynamic light scattering (DLS) of NGQDs, NGQDs/sIEGFR, and NGQDs/
SiKRAS at 1:0.01 w/w ratios.

2.4. Gel Retardation Assay.

NGQDs and Nd-NGQDs in water suspensions were mixed with SiEGFR and siKRAS at
various weight ratios (0:1, 1:2, 1:1, 1:0.3, 1:0.2, 1:0.1, 1:0.02, 1:0.01) while maintaining the
concentration of SIEGFR and siKRAS constant (0.375 zg/¢L). The resulting samples were
incubated for 10 min, mixed with 1x BlueJuice DNA loading buffer (10816015, Invitrogen),
loaded onto 1.75% (w/v) agarose gel, and run in Tris—borate—EDTA (TBE) buffer at 80

V for 45 min. After electrophoresis, gels were stained with 0.5 zg/mL ethidium bromide
solution (20F1056078, Invitrogen) in TBE buffer for 20 min on an orbital shaker. To reduce
background signals, the agarose gel was further destained in TBE buffer for 5 min on an
orbital shaker, after which all of the gels were imaged using a FastGene FAS-V Imaging
System.

2.5. Cell Culture.

HeL a cells were cultured in Dulbecco’s modified Eagle’s medium (D6046, Sigma-Aldrich)
and 10% fetal bovine serum (16140-063, Gibco) with the addition of 1% L-glutamine
(G7513, Sigma-Aldrich), minimum essential medium (MEM) nonessential amino acid
solution (M7145, Sigma-Aldrich), and penicillin/streptomycin (P4333, Sigma-Aldrich). The
cell culture was kept in an incubator with 5% CO, at 37 °C and used for the cell viability
assay, cell internalization microscopy study, and western blot analysis.

2.6. MTT Assay.

HeLa cells were plated at 5 x 103 cells per well in a 96-well plate and allowed to

attach overnight. The cells were further treated with NGQDs/SIEGFR, NGQDs/siKRAS,
Nd-NGQDs/SiIEGFR, or Nd-NGQDs/siKRAS at a weight ratio of 1:0.01 with different
concentrations of NGQDs and Nd-NGQDs. After 48 h incubation, the medium was

replaced by 100 gL of 1 mg/mL 3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT). After 4 h of further incubation, MTT was replaced with 100 zL of dimethyl
sulfoxide (DMSO) to dissolve blue formazan formed in the metabolically active cells.

The characteristic formazan absorbance was measured on a microplate reader (FLUOstar
Omega) at 580 nm and considered proportional to the number of alive cells.
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2.7. Cell Internalization of NGQD/ROX-siEGFR, NGQD/ROX-siKRAS, Nd-NGQD/ROX-
SIEGFR, or Nd-NGQD/ROX-siKRAS Complexes.

The cell internalization microscopy experiment assessed the internalization of NGQD/
SiRNA or Nd-NGQD/siRNA hybrids. HeLa cells were seeded at 1 x 10* cells onto a glass
coverslip placed in a six-well plate overnight. The cells were treated with NGQDs/SIEGFR-
ROX, NGQDs/siKRAS-ROX, Nd-NGQDs/siEGFR-ROX, or Nd-NGQDs/siKRAS-ROX for
12 h. The coverslips with cells were further washed with 1x phosphate-buffered saline
(PBS) to remove GQD/siRNA complexes that did not internalize. Cells were fixed with

4% formaldehyde solution (28908, Thermo Scientific) and 1x Fluoromount-GTM mounting
medium (00-4958-02, Invitrogen) and sealed onto microscope slides for imaging with an
Olympus 1X73 fluorescence microscope with aforementioned visible and NIR detection
systems.

2.8. Western Blot Analysis.

HeLa cells were plated at 1.8 x 10° cells per well in a six-well plate and allowed to attach
overnight. The cells were transfected with NGQDs/SIEGFR, NGQDs/siKRAS, Nd-NGQDs/
SIEGFR, or Nd-NGQDs/siKRAS at different ratios following the procedure in Section 2.2,
as well as with Lipofectamine 3000 (L3000001, Invitrogen) delivering siKRAS or SiEGFR
as per the manufacturer’s protocol. After 24 h, cells were washed with a fresh complete
medium and left for an additional 24 h of incubation. After that, the cells were washed

with room-temperature phosphate-buffered saline (PBS) and directly lysed in RIPA lysis
buffer (20-188, Millipore Sigma) supplemented with protease and phosphatase inhibitor
cocktails (11836153001 and 04906845001, Roche). All of the proteins were extracted and
quantified by the Bradford protein assay using bovine serum albumin (BSA) as a standard.
The proteins were further mixed with SDS loading buffer (BioRad) and heated for 10 min at
95 °C. Equal amounts of proteins were electrophoresed in 10% TGX stain-free acrylamide
gel (1610182, BioRad) at 100 V for 1.5 h and transferred onto a nitrocellulose membrane
(88018, Thermo Scientific) at 25 V and 1.0-1.3 A using a Trans-Blot Turbo transfer system
apparatus (1704150, BioRad). Membranes were blocked with blocking buffer (3% BSA in
TBS-T (Tris-buffered saline with 0.1% Tween 20 detergent, BioRad)) for 1 h and incubated
with primary antibodies (Actin, Santa Cruz Biotech sc-8432, 1:1000 dilution; KRAS, sc-30,
1:200 dilution; EGFR, sc-365829, 1:200 dilution) in the blocking buffer overnight at 4 °C.
After that, membranes were washed with blocking buffer three times and incubated with

a secondary antibody (1706516, BioRad, 1:3000 dilution) for 1-2 h. Actin was used as a
control to ensure that an equal amount of protein was loaded in each line. After washing,
membranes were stained with the Opti-4CN Substrate Kit (1708235, BioRad) and imaged
using a FastGene FAS-V Imaging System.

2.9. Geometry Optimization.

The structure of the NGQD/SIEGFR complexes was investigated by the energy minimization
method through the auto-optimization tools within Avogadro software.51 Merck Molecular
Force Field 94 (MMFF94)52 was chosen as it is best utilized with organic materials

such as NGQDs and siRNAs. Moreover, the steepest descent optimization algorithm was
used with an energy convergence of 1076 units at a 2500 step limit to provide the best
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structural assessment. The center flake of the multilayer NGQDs was built in accordance
with previous theoretical modeling of the NGQD structures based on the percentages of
oxygen and nitrogen-containing functional groups.52 Other GQD planes were derived from
the central and separately optimized before final geometrical optimization with the siRNA.
The exact SiIEGFR sequence used for fluorescence imaging in this work is presented in the
model.

3. RESULTS AND DISCUSSION

In this work, a novel avenue for siRNA cancer gene therapy is explored with NGQD and
Nd-NGQD carrier/imaging platforms synthesized using a microwave-assisted hydrothermal
method with a glucosamine carbon precursor. Upon microwave treatment, glucosamine
molecules undergo a hydrothermal reaction and form aromatic clusters, serving as
nucleation centers for the formation of NGQDs. With the addition of the Nd(NO3)3-6H,0
salt to the reaction mixture, neodymium ions dope the nucleating NGQDs, leading to the
formation of Nd-NGQDs. The morphologies and structures of the purified and filtered
NGQDs and Nd-NGQDs are characterized by TEM and HRTEM. Both samples contain
evenly distributed GQDs with respective average diameters of 4.0 + 0.6 and 3.8 £ 0.9

nm (Figure S1). HRTEM images (Figure 1) of NGQDs and Nd-NGQDs reveal their
graphitic structure demonstrating characteristic graphene lattice fringes® with respective
interplanar spacings of 0.26 + 0.03 and 0.21 £ 0.03 nm, while the fast Fourier transform
(FFT) images confirm their crystallinity. EDX analysis is performed to ensure the presence
of Nd in Nd-NGQDs after purification and filtration, removing unreacted Nd precursors
(Figure S2). EDX spectra demonstrate ~1 atom % of Nd in Nd-NGQDs, confirming their
successful doping. Due to its small amount, the metal dopant is not expected to affect

the biocompatibility of the GQDs.%° Besides Nd, EDX analysis indicates carbon, oxygen,
and nitrogen, suggesting the presence of various functional groups in the GQD structure.
FTIR spectra of freeze-dried GQD samples (Figure S3) indicate that hydroxyl, carboxyl,
and amino groups are most likely present on the surface of the GQDs, enabling high water
solubility as well as complexation with nucleic acids®® and covalent functionalization for
biological applications.®8 In this work, several modalities of these GQD platforms are tested
to identify their capability for successful sSiRNA delivery.

In order to assess the imaging capabilities of the GQD platforms, their optical properties
are evaluated via absorbance and fluorescence spectroscopy techniques. Absorption spectra
of NGQDs and Nd-NGQDs (Figure S4a) show dominant features at ~200 and ~276 nm,
which are ascribed to 7—n* and n—r* electronic transitions of the C=C and C=0 bonds,
respectively. The shoulder at ~317 nm is attributed to the 7—r* transition of the C=N
bond.87 These spectral features are exclusive to the NGQDs and are not present in the
spectrum of glucosamine (Figure S4a). Nd-NGQDs also possess an absorption peak at
~800 nm (Figure S4b) corresponding to the #lg/, — *Fs transition of the Nd3*, enabling
their fluorescence excitation with an 808 nm laser. With this excitation, Nd-NGQDs exhibit
several emission features at ~900, 1060, and 1330 nm (Figure 2a) attributed to the 4Fg, —
Hgs2, AFz/0 — Hq1/2, and 4F3;p — 411370 neodymium(lll) electronic transitions, respectively,
verifying the capability of Nd-NGQDs for deep-tissue NIR imaging.59 Both NGQDs and
Nd-NGQDs exhibit fluorescence in the visible region (Figure 2b). Upon excitation with
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400 nm, both samples show a similar broad emission peak at ~500 nm ascribed to the
quantum confinement-originating intrinsic GQD fluorescence.®3 The width of the spectrum
is attributed to the distribution of different GQD sizes in the sample with a variety of
size-dependent emission wavelengths. While visible fluorescence is not commonly used

for /n vivo applications, it provides an essential /n7 vitro imaging modality, enabling the
tracking of the internalization of the GQDs into biological cells. Overall, the visible and NIR
fluorescence capabilities of NGQDs and Nd-NGQDs make them prospective nanomaterials
for /n vitroand in vivo bioimaging applications.

The capabilities of NGQDs and Nd-NGQDs to complex siRNA for its delivery were
assessed via ¢ potentials and gel retardation assays. Both NGQDs and Nd-NGQDs show
positive ¢ potentials (1.8 £ 0.7 and 8.3 = 0.7 mV, respectively), indicative of their

positive surface charge (Figure 3a), attributed mainly to amino groups on the GQD surface.
Incorporation of Nd3* into the Nd-NGQD structure and the positive defects created by
doping can be deemed responsible for the elevated ¢ potential of the Nd-NGQDs.58
Utilizing positively charged GQDs can facilitate more effective binding of the sSiKRAS

and siEGFR genes that possess negative ¢ potentials (-18.8 + 1.4 and -9.9 £ 0.8 mV,
respectively) and are negatively charged due to the presence of phosphate groups. Given
this electrostatic binding advantage, the loading capacity of both genes onto NGQDs and
Nd-NGQDs was evaluated via the gel retardation assay (Figures 3b and S5). In this assay,
each GQD type and each gene are mixed together in an aqueous suspension at the weight
ratios of 0:1, 1:2, 1:1, 1:0.3, 1:0.2, 1:0.1, 1:0.02, and 1:0.01 at a final volume of 20 /1 and
incubated for 10 min at room temperature to allow complexation. When loaded onto the
gel, the complex with lower mobility is likely to be more neutral, which is expected from

a most efficient combination of positively charged GQDs and negatively charged siRNAs.59
The results of the gel retardation assay demonstrate that the migration of SIEGFR and
siKRAS gradually decreases with increasing GQD/siRNA ratio. The maximum band “shift”
with respect to the control column (0:1), which contains only negatively charged siRNA,
was observed at a GQD/siRNA weight ratio of 1:0.01, indicating efficient complexation

of siRNAs and GQDs at this ratio. ¢ potentials of the Nd-NGQDs/siIEGFR and Nd-NGQDs/
siKRAS at that weight ratio are measured to be positive (0.8 + 0.3 mV and 5.1 + 0.6 mV,
respectively), giving a promise for effective cell entry and endosomal escape.’® NGQDs/
SIEGFR and NGQDs/siKRAS demonstrate negative ¢ potentials (-6.9 + 0.6 mV and —4.4
+ 1.1 mV, respectively) due to the initial lower charge of the NGQDs with the same

amount of siRNA complexed. Similar potentials were previously observed for the NGQD
platform with absorbed single-stranded DNA for miRNA detection.>? The change in the net
electric charge of all complexes confirms the electrostatic interaction between the GQDs and
siRNAs. While having positively charged nanoparticles may pose a substantial advantage
for internalization, negatively charged GQDs may appear to enter the cells via an entirely
different internalization mechanism.”? In the case of cationic GQDs, micropinocytosis is
considered a major internalization pathway, while anionic GQDs are known to internalize
mostly through caveolae-mediated and clathrin-mediated endocytosis.”?72 Thus, despite
their charge, both NGQD/siRNA and Nd-NGQD/siRNA complexes have a potential for gene
delivery.
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Following up on the ¢ potential results, we performed geometry optimization calculations
with the MMFF94 force field (Figure 4), which demonstrates a plausible configuration of
the NGQD/siEGFR complex. Electrostatic interactions between the GQDs and the gene can
arise from the alignment of positively charged amino groups of the NGQDs and negatively
charged siRNA phosphate groups at the biological pH (Figure 4, inset). The calculation
shows the potential of successfully complexing several GQD structures with a larger sSiRNA
sequence. Experimentally, as expected from the simulation, HRTEM and TEM images of the
NGQD/siEGFR complex show bigger structures compared to individual GQDs, indicating
successful siEGFR adsorption onto the NGQD surface (Figure S6). According to the DLS
analysis (Figure S7), the average size of NGQDs increases from 2.55 nm to 12.52 and
11.15 nm after complexation with sSiEGFR and siKRAS, respectively. After complexation
assessment, different weight ratios are further tested for gene delivery in HeLa cells.

Maximum biocompatible concentrations for intracellular delivery of siRNA are determined
in this work via the MTT cytotoxicity assay. Due to the low cytotoxicity of the precursor
material and only small percent metal doping, both NGQDs and Nd-NGQDs are expected to
exhibit biocompatibility at high concentrations. In order to select the highest biocompatible
concentration for imaging and delivery, HeL a cells were treated with NGQD/SIEGFR,
NGQD/siKRAS, Nd-NGQD/siEGFR, and Nd-NGQD/siKRAS complexes for 48 h at
different amounts of NGQDs and Nd-NGQDs (Figure 5a,b). Both complexes demonstrate
~70 to 80% cell viability at a GQD concentration of 375 pg/mL with a GQD/siRNA w/w
ratio of 1:0.01, indicating that minor Nd doping does not contribute to the toxicity profile of
the formulation.

Confocal fluorescence microscopy is utilized in this work to assess the delivery of
SIEGFR and siKRAS into HeL a cells by the GQDs. Both siEGFR and siKRAS were
labeled with ROX and complexed with either NGQDs or Nd-NGQDs to form four
combinations: NGQDs/SIEGFR-ROX, NGQDs/siKRAS-ROX, Nd-NGQDs/siEGFR-ROX,
and Nd-NGQDs/siKRAS-ROX. These complexes were left to transfect HeLa cells for 12
h, which has been previously determined as an optimal internalization time for both GQD
types.>9:65 In order to separately image fluorescence from GQDs and ROX, these were
spectrally separated by exciting at 480 and 540 nm, respectively, with the corresponding
emission recorded at 535 + 20 and 600 + 20 nm (Figure 6). Confocal images taken

at a median plane within the cells demonstrate only fluorescence from the internalized
GQDs and siRNA-ROX, disregarding those accumulated on the cell membrane. The
noninternalized GQD/siRNA complexes have been removed via a washing procedure.
Considering substantial green GQD fluorescence and ROX emission observed within the
cells (Figure 6), we infer that these complexes successfully transfected the cells. This is
further confirmed by reconstructing a 3D image of fluorescence within the cells (Figure
6b, inset) from individual imaging planes by z-stacking. The resulting red and green
fluorescence filling the cell demonstrates the presence of both NGQDs and siKRAS-ROX
within HeLa cells. As anticipated, NGQDs and Nd-NGQDs are mostly localized in the
cytoplasm of HeLa cells,”3 while siEGFR and siKRAS are also present in the cytoplasm
and can be translocated into the nucleus.”® NIR emission from Nd-NGQDs within the HeLa
cells collected via hyperspectral microscopy with 808 nm excitation further confirms their
successful internalization and potential for NIR imaging applications /n vivo. These results
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verify the successful transfection of GQD/siRNA complexes into HeLa cells; however, these
do not provide the proof of their therapeutic efficacy.

In order to evaluate the gene silencing ability of GQD/siRNA complexes, the corresponding
protein expression levels were assessed via western blot analysis. NGQDs and Nd-NGQDs
at biocompatible 375 pg/mL concentrations were set to transfect HelLa cells for 48 h to
ensure the platforms do not dysregulate the expression of EGFR and KRAS proteins. At
that point, no change in protein expression with respect to the untreated blank control

group (Figure S8) was observed, suggesting that the therapeutic contribution of the

GQDs is negligible. It has been previously shown that once a platform is introduced

into biological systems, proteins in the biological fluid can spontaneously adsorb to the
nanoparticle surfaces and, in some instances, displace loaded genes.”® Thus, in order

to fully investigate the therapeutic efficiency of NGQDs/siEGFR, Nd-NGQDs/siEGFR,
NGQDs/siKRAS, and Nd-NGQDs/siKRAS, these complexes were further tested in a
cellular environment. Exposing HeLa cells to NGQD/SIEGFR, Nd-NGQD/siEGFR, NGQD/
siKRAS, or Nd-NGQD/siKRAS complexes at different weight ratios but at a constant 375
g/mL GQD concentration shows a pattern of protein inhibition for all four complexes.
Lipofectamine 3000, known to facilitate successful SiRNA transfection, is used as a positive
control, delivering 0.25 nmol/mL of each siRNA. Actin is utilized as a protein expression
control, as it is expressed within all eukaryotic cell types and is usually not affected

by cellular treatments.”® As a result, NGQD/SiEGFR and Nd-NGQD/siEGFR complexes
facilitate the reduction of the EGFR expression level down to 31.3 £ 8.0 and 36.0 £ 7.5%

at the 1:0.1 and 1:0.01 GQD/siRNA weight ratios, respectively (Figure 7a). A less effective
protein knockdown at higher siRNA ratios can be explained by the specifics of GQD/siRNA
complexation: larger amounts of siRNA may both generate a highly negative charge on the
complex, hampering its internalization, and hinder the release of the neighboring siRNA
sequences from the GQD surface. Furthermore, using high concentrations of siRNA could
lead to off-target effects.”” Similarly to EGFR knockdown, the expression of the KRAS
protein is also inhibited by NGQD/siKRAS and Nd-NGQD/siKRAS complexes, with nearly
maximum inhibition down to 51.5 + 12.0 and 45.3 £ 14.4% observed at a 1:0.01 GQD/
siRNA weight ratio, respectively (Figure 7b). This inhibition is comparable to the effect of
the Lipofectamine positive control. It is noteworthy that KRAS knockdown does not exhibit
substantial dependence on the platform type or the weight ratio between GQDs and siRNAs.
Given the successful inhibition of KRAS and EGFR at nanomolar gene concentrations down
to 31-36% and 45-51%, respectively, GQD/siRNA complexes can be further utilized as new
promising therapeutic tools in cancer treatment.

4. CONCLUSIONS

In this work, highly biocompatible near-infrared-emissive graphene quantum dots are
utilized for the first time as nanocarriers for RNA interference therapy. Nitrogen-doped

and neodymium-doped graphene quantum dots (NGQDs and Nd-NGQDs, respectively) are
synthesized via a cost-effective and scalable hydrothermal microwave-assisted approach
with a single glucosamine carbon precursor. The resulting few nanometer-sized GQD
structures exhibit intrinsic visible fluorescence, as well as fluorescence in the NIR region
arising from the neodymium dopants. Both NGQDs and Nd-NGQDs form complexes
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with SiEGFR and siKRAS, as confirmed by ¢ potentials and gel retardation assays,

with electrostatically most efficient complexation at a 1:0.01 GQDs/siRNA weight ratio.
Theoretical geometry optimization calculation reveals plausible GQD/siRNA complex
structures that possess the potential for electrostatic interaction. TEM and HRTEM images
confirm the presence of larger structures that can represent modeled complexes. NGQD/
SIEGFR, Nd-NGQD/siEGFR, NGQD/siKRAS, and Nd-NGQD/siKRAS hybrids at a 1:0.01
weight ratio demonstrate high biocompatibility at 375 ug/mL GQD concentration and
successful internalization into HeLa cells, confirmed by confocal fluorescence microscopy,
accumulating mostly in the cytoplasm. Within the cells, GQD/siRNA complexes facilitate
substantial inhibition of EGFR and KRAS protein expression down to 31-45%, which

for Nd-NGQD/siKRAS delivery is comparable to, or may surpass, the knockdown levels
achieved with Lipofectamine 3000. Unlike Lipofectamine 3000, Nd-NGQDs can also
perform NIR fluorescence imaging in HeLa cells with 808 nm laser excitation, showing
their potential for /n vivo gene delivery with NIR image tracking. Overall, both NGQDs and
Nd-NGQDs are demonstrated here as successful nanocarriers that facilitate image-guided /n
vitro anticancer siRNA delivery with corresponding gene knockdown.
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Figure 1.
HRTEM images of NGQDs (left panel) and Nd-NGQDs (right panel) with corresponding

characteristic graphitic lattice spacings. Insets: FFT images.
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Figure 2.
(a) NIR fluorescence of Nd-NGQDs at a concentration of 11.3 mg/mL with 808 nm laser

excitation. (b) Visible fluorescence of NGQDs (black) and Nd-NGQDs (red) at 10 and 11.3
mg/mL concentrations with 400 nm xenon lamp excitation.
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(a) ¢ potentials of siKRAS; SiEGFR; NGQDs; Nd-NGQDs; and NGQD/siEGFR, NGQD/
siKRAS, Nd-NGQD/siIEGFR, and Nd-NGQD/siKRAS complexes at a 1:0.01 w/w ratio. (b)
Gel retardation assay of NGQD/siKRAS and Nd-NGQD/siEGFR complexes at different

w/w ratios.
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Figure 4.
Molecular visualization of the NGQD/SIEGFR complex geometrically optimized with the

MMFF94 energy minimization calculation. Inset: zoomed-in area showing the proximity of
amino groups of NGQDs and phosphate groups of SIEGFR.
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Cell viability of HeLa cells after treatment with (a) NGQD/SIEGFR and NGQD/siKRAS and
(b) Nd-NGQD/siEGFR and Nd-NGQD/siKRAS complexes at a 1:0.01 weight ratio.
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Figure®6.
Bright-field/visible fluorescence confocal overlay images of HeL a cells treated with (a)

NGQDs/siEGFR-ROX, (b) NGQDs/siKRAS-ROX, (c) NGQDs/siEGFR-ROX, and (d) Nd-
NGQDs/siKRAS-ROX for 12 h. GQD (shown in green) is excited with 480 + 20 nm and
collected at 535 + 20 nm, and ROX (shown in orange) is excited with 540 + 20 nm and
collected at 600 + 20 nm. Panels (c) and (d) also include the overlay of NIR fluorescence
arising from internalized Nd-NGQDs. Nd-NGQD (shown in red) is excited with an 808 nm
laser and collected in the range of 850-1350 nm. Panel (b) inset: 3D confocal image of
green GQD and orange ROX fluorescence in the HeLa cells treated with NGQDs/siKRAS-
ROX.
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Figure7.
Representative western blot images and quantification of the blots upon treatment of

HeLa cells with (a) NGQD/siEGFR and Nd-NGQD/siEGFR and (b) NGQD/siKRAS and
Nd-NGQD/siKRAS complexes at different GQD/siRNA weight ratios. Lipofectamine 3000
is used as a positive control. EGFR and KRAS protein expression is normalized by actin
protein loading and presented as a percentage of the untreated sample. Values represent the
mean = SE of three independent experiments.
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