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ARTICLE INFO ABSTRACT

Keywords: These days carbon dots have been developed for multiple biomedical applications. In the current

Cérbon dots study, the transfection potential of synthesized carbon dots from single biopolymers such as

rlcrofRNA chitosan, PEI-2kDa, and PEI-25kDa (CS-CDs, PEI2-CDs, and PEI25-CDs) and by combining two
ransfection

biopolymers (CP2-CDs and CP25-CDs) through a bottom-up approach have been investigated. The

Chit o . . fe
PE; osan characterization studies revealed successful synthesis of fluorescent, positively charged carbon
Cancer dots <20 nm in size. Synthesized carbon dots formed a stable complex with plasmid DNA (EGFP-

Cell line N1) and miRNA-153 that protected DNA/miRNA from serum-induced degradation. In-vitro
cytotoxicity analysis revealed minimal cytotoxicity in cancer cell lines (A549 and MDA-MB-231).
In-vitro transfection of EGFP-N1 plasmid DNA with PEI2-CDs, PEI25-CDs and CP25-CDs demon-
strated that these CDs could strongly transfect A549 and MDA-MB-231 cells. The highest EGFP-N1
plasmid transfection efficiency was observed with PEI2-CDs at a weight ratio of 32:1. PEI25-CDs
polyplex showed maximum transfection at a weight ratio of 8:1 in A549 at a weight ratio of 16:1
in MDA-MB-231 cells. CP25-CDs exhibited the highest transfection at a weight ratio of 16:1 in
both cell lines. The in-vitro transfection of target miRNA, i.e., miR-153 in A549 and MDA-MB-231
cells with PEI2-CDs, PEI25-CDs, and CP25-CDs suggested successful transfer of miR-153 into cells
which induced significant cell death in both cell lines. Importantly, CS-CDs and CP2-CDs could be
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tolerated by cells up to 200 pg/mL concentration, while PEI2-CDs, PEI25-CDs, and CP25-CDs
showed non-cytotoxic behavior at low concentrations (25 pg/mL). Together, these results sug-
gest that a combination of carbon dots synthesized from chitosan and PEI (CP25-CDs) could be a
novel vector for transfection nucleic acids that can be utilized in cancer therapy.

Abbreviation

CDs Carbon dots

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

PEI Polyethylenimine

CP25-CDs Chitosan-PEI 25 kDa carbon dots

CP2-CDs Chitosan-PEI 2 kDa carbon dots

CS-CDs  Chitosan carbon dots

PEI2-CDs PEI 2 kDa carbon dots

PEI25-CDs PEI 25 kDa carbon dots

PBA 4-carboxyphenylboronic acid

miRNA  MicroRNA

FBS Fetal Bovine Serum

DMEM  Dulbecco’s Modified Eagle’s Medium

RPMI-1640 Roswell Park Memorial Institute-1640 medium

DMSO  Dimethyl sulphoxide

FTIR Fourier transform infrared

XRD X-Ray diffraction

HR-TEM High Resolution-Transmission electron microscopy

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium Bromide
fc-rPEICdots Folate-conjugated reducible PEI passivated carbon dots

1. Introduction

The union of nanotechnology and gene therapy has led to the emergence of nanomedicine, where a nanomaterial is used for gene
delivery and gene therapy. The major challenge in this area is designing a multifunctional nanocarrier that combines therapeutic and
diagnosis capabilities. Many kinds of nanomaterial, such as gold, silica, iron oxide, carbon nanotubes, semiconductor quantum dots,
graphene, and nanodiamonds, have been explored as non-viral vectors for nucleic acid delivery [1]. Recently, fluorescent carbon dots
(CDs) have drawn massive attention in nanomaterial fields.

Carbon dots (CDs) are carbon-based nanomaterials that became popular due to their special physiochemical, luminescent, and
electronic properties [2]. They also possess other advantageous characteristics such as simple method of synthesis, low cost,
wavelength-dependent luminescence emission, small size, resistance towards photobleaching, bioconjugation, nontoxicity, and
biocompatibility. The surface of CDs possess various functional groups like amino, carboxyl, hydroxyl, epoxy, and carbonyl which
provide hydrophobicity and allow modifications on the surface of CDs with numerous polymeric, organic, and biological species.
Therefore, CDs have been proven as a potential fluorescence probe in bioimaging, optical sensing, photocatalysis, electrocatalysis, and
drug delivery [2-11]. In recent years CDs have been extensively used as potential nanomaterials in bioimaging, sensing, energy
conversion, catalysis, and nanomedicine [12,13]. Due to biocompatibility, physicochemical properties, and a huge variation in surface
functionalization groups, the CDs have been utilized in gene transfection application, and their fluorescence properties are useful in
monitoring the dissociation and association of plasmid DNA in real-time. However, transfection of siRNA/miRNA across the cell
membrane is a crucial task, and to overcome this issue researchers have synthesized CDs. In the past few years, CDs have been widely
utilized to transfer small interfering RNA (siRNA) in vitro and in vivo. Previously, Carbon dots were synthesized using citric acid and
tryptophane, and the surface of CDs was functionalized with PEI to deliver survivin siRNA into MGC803 (human gastric cancer cell
line) [14]. Various researchers have utilized CDs for DNA, siRNA, and miRNA transfection resulting in efficient gene delivery and gene
knockdown in vitro and in vivo [15,16].

The surface passivated CDs have been utilized for various applications such as broad excitation spectra, photoluminescence, and
also possess excellent biocompatibility compared to other semiconductor quantum dots. Generally, CDs can be synthesized by two
methods: top-up method and bottom-up method. The Top-up method comprises laser ablation and electrochemical oxidation, whereas
the bottom-up approach includes combustion, thermal carbonization, acid dehydration, and ultrasonic treatment [17-19]. The
bottom-up approach is more conducive to controlling CDs physical and chemical characteristics, therefore primarily utilized for
fabricating distinct types of carbon dots [20].
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In recent years, researchers are showing great interest in the fabrication of targeted fluorescence CDs using organic molecules,
which is simple, eco-friendly, and economical. Chitosan (N-deacetylated derivative of chitin) is a naturally occurring mucopolysac-
charide with biocompatible and nontoxic properties and contains amino and hydroxyl functional groups in large amounts [21].
Chitosan is cationic in nature and thus binds with DNA/RNA, protect them from degradation and serves as a gene delivery vector [22].
Remarkably, polyethylenimine (PEI) is also cationic in nature, containing high amount of amino groups and thus, it is more often used
as gene delivery vehicle. PEI have rare proton sponge mechanism which is favorable for endosomal escape in cells [23]. PEI of large
molecular weight is stable but toxic in nature, whereas PEI of low molecular weight induces less toxicity [24]. PEI and chitosan both
are accepted carbon sources for the fabrication of carbon dots and have already been applied for the synthesis and surface func-
tionalization of carbon dots using various carbonization methods [20,25].

Herein, hybrid fluorescence carbon dots based on chitosan-PEI 25 kDa (CP25-CDs) and chitosan-PEI 2 kDa (CP2-CDs) were syn-
thesized by bottom-up method for targeted delivery of plasmid DNA and miRNA in cancer cells. PBA was utilized in synthesized CDs
that will help the CDs to target the salicylic acid overexpressed cancer cells. The CDs were fabricated using one step synthesis method
under open atmosphere. Both hybrid CDs exhibited plasmid binding abilities but only CP25-CDs accomplished transfection of EGFP-N1
plasmid DNA in to A549 and MDA-MB-231 cells. CP25-CDs successfully transfected miR-153 in to A549 and MDA-MB-231 cells that
leads to apoptosis induced cell death.

2. Materials and methods
2.1. Materials and chemicals

Chitosan, high molecular weight (310,000-375,000 Da) > 75 % deacetylated obtained from crustacean shells, poly (ethyl-
eneimine) solution 2 kDa, polyethyleneimine, branched 25 kDa, 4-carboxyphenylboronic acid (PBA) and miRNA mimic (unscrambled
miRNA, negative control) and has-miR-153 were purchased from Merck (India). Fetal Bovine Serum (FBS) heat inactivated (origin,
South American), Citric acid anhydrous (cell culture tested), Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial
Institute-1640 medium (RPMI-1640), sodium bicarbonate (cell culture tested) and antibiotic solution 100X (10,000U penicillin and 10
mg streptomycin/mL) were procured from Hi-media (India). Trypsin EDTA solution 1X, dimethyl sulphoxide (DMSO), agarose (low
EEO), luria bertani broth (LB Broth), agar type 1 and DEPC-treated water were also procured from Hi-media (India). Lipofect-
amine2000 reagent was supplied by Invitrogen (India) and heparin sodium was supplied by Biological E. Limited (India). The EGFP-N1
plasmids DNA was isolated from Escherichia coli with QIAprep DNA isolation Kit Qiagen (Germany).

2.2. Synthesis of chitosan and PEI CDs

Fluorescent CDs passivated with chitosan (CS-CDs), PEI 2 kDa (PEI2-CDs), PEI 25 kDa (PEI25-CDs) and hybrid of chitosan-PEI 2
kDa (CP2-CDs) and chitosan-PEI 25 kDa (CP25-CDs) were synthesized by one step thermal decomposition method. Briefly, citric acid
(200 mg), chitosan/PEI 2kDa/PEI 25 kDa (500 mg), PBA (300 mg), diluted HCI (2 mL, 0.3 N), were mixed in double distilled water (30
mL) and heated for 2 h at 300 °C. Similarly, for the synthesis of hybrid CDs (CP2 and CP25-CDs) citric acid (200 mg), chitosan (250
mg), PEI-2kDa/PEI-25kDa (250 mg), PBA (300 mg), and diluted HCL (2 mL, 0.3 N) were dissolved in double distilled water (30 mL)
and heated for 2 h while stirring at 300 °C. The color-changed products aqueous suspension were further dialysed for 24 h with a 3500
Da MWCO membrane and the resulting solution was further lyophilized by using an Allied Frost lyophilizer to obtain CDs in powder
form [26].

2.3. Characterizations of CDs

UV-Vis spectroscopy and excitation-dependent fluorescence emission spectrum of carbon dots were analyzed using Thermo Fischer
Scientific (Varioskan LUX 3020-561) spectrometer. The Fourier transform infrared spectroscopy were conducted on Shimadzu (Model
QATR-S) at a wavelength of 4000-400 cm ™. X-Ray diffraction pattern were further recorded on X-Ray Diffractometer (Bruker) for 26
range of 5°- 90° with a scanning step of 0.02° and a scanning rate of 1°/min. Zeta potential was measured by Malvern Particle Size and
Zeta Potential Analyser. The morphology and size of carbon dots were examined by High Resolution-Transmission electron microscopy
(HR-TEM) (JEOL, JEM 2100 plus).

2.4. Preparation of CDs:plasmid DNA polyplexes

EGFP-N1plamsid DNA was isolated from E. coli and used to prepare different polyplexes. The EGFP-N1 plasmid was mixed with CDs
at different weight ratio CS-CDs:EGFP-N1 (5:1, 10:1, 25:1, 50:1, 100:1, 200:1), PEI2-CDs:EGFP-N1 (1:1, 2:1, 4:1, 8:1, 16:1, 24:1, 32:1),
PEI25-CDs:EGFP-N1 (0.5:1, 1:1, 2:1, 3:1, 4:1, 5:1), CP2-CDs:EGFP-N1 (1:1, 2:1, 4:1, 8:1, 16:1, 24:1, 32:1), and CP25-CDs:EGFP-N1
(0.5:1, 1:1, 2:1, 3:1, 4:1, 5:1). The various combination mixtures were incubated for 30 min at room temperature to allow complex
formation completely. Thereafter, polyplex mixtures were mixed with loading dye, loaded on 1 % agarose gel containing ethidium
bromide (0.5 pg/mL) and horizontal electrophoresis experiment was carried out in 1X TAE buffer for 30 min at a constant voltage of
100 V. Then the plasmid DNA bands were visualized through gel documentation system.
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2.5. Decomplexation of polyplexes

To achieve the decomplexation, the polyplexes were prepared and then treated with 20 % heparin for 30 min at room temperature.
Then the reaction mixture was loaded on 1 % agarose gel and run for 30 min at 100 V.

2.6. Serum stability of polyplexes

Serum stability assay were used to evaluate the capability of various polyplexes to protect nucleic acid from serum degradation.
Briefly, first polyplexes were prepared at various weight ratios and incubated with 50 % FBS for 24 h. Then 20 % heparin was added
and incubated for 15 min, followed by centrifugation at 3380 g for 10 min. Thereafter, the supernatant was collected and loaded on 1 %
agarose gel, followed by electrophoresis in 1X TAE buffer for 30 min.

2.7. Mammalian cell viability assay

Lung adenocarcinoma (A549), and human mammary carcinoma (MDA-MB-231) cells were procured from the National Centre for
Cell Sciences, Pune (India). The cells were maintained by standard protocols in humidified CO2 (5 %) incubator. The cytotoxicity effect
of carbon dots (CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs, and CP25-CDs) on A549 and MDA-MB-231 cell lines was assessed using MTT
assay. A549 cells (1 x 10* cells/mL) and MDA-MB-231 cells (2 x 10* cells/mL) were seeded in a 96-well plate and after 12 h the cells
were treated with CDs (5-200 pg/mL). After 48 h, CDs containing media was replaced with fresh media (100 pL) containing 0.5 mg/mL
MTT. The MTT assay was performed by measuring the absorbance at 590 nm wavelength, and the percentage of cell viability was
calculated as:

Cell viability (%) = Absorbance Sample/ Absorbance Control x 100

2.8. In-vitro transfection of EGFP-N1

In-vitro transfection of A549 and MDA-MB-231 cells with EGFP-N1 plasmid using CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs and
CP25-CDs was analyzed. The cells (2 x 105 cells) were seeded in a 12-well plate and incubated for 24 h. After 24 h, medium was
aspirated from each well and fresh medium containing polyplexes (CDs:EGFP-N1 plasmid) at different weight ratios were added to
each well (n = 3). Transfection was carried out for 24 h and then polyplexes that were not internalized were aspirated and replaced
with fresh medium, followed by incubation for next 24 h in a COy humified atmosphere. Thereafter, transfection efficiency was
measured through flow cytometer (BD Accuri C6 Flow cytometer). Transfected cells were harvested using trypsin and subjected to flow
cytometer. Data were analyzed using the FCS express flow cytometry software.

2.9. Binding of CDs with microRNA (miR-153)

miRNA binding affinity of CDs were determined via binding assay. Briefly, miR-153 was mixed with carbon dots (PEI2-CDs, PEI25-
CDs, and CP25-CDs) at different weight ratios: PEI2-CDs:miR-153 (4:1, 8:1, 16:1, 32:1), PEI25-CDs:mir-153 (2:1, 4:1, 8:1, 16:1, 32:1),
and CP25-CDs:miR-153 (4:1, 8:1, 16:1, 32:1), and incubated at room temperature for 40 min. Subsequently, the mixture was loaded on
2 % agarose gel containing ethidium bromide (0.5 pg/mL) and electrophoresis was carried out in 1X TAE buffer for 30 min at 100 V.
Then bands of miR-153 were visualized through gel documentation system.

2.10. In-vitro transfection of miR-153

Further to analyze if the polyplexes can be utilized for gene silencing. A549 cells (1 x 10* cells/well) and MDA-MB-231 cells (2 x
10* cells/well) were seeded in a 96-well microtiter plate and incubated overnight. Next day medium from each well replaced with
medium containing polyplexes with miR-153 at various weight ratios. After 24 h, transfection media was aspirated and replaced with
fresh media, and transfected cells were incubated further for 48 h in 5 % CO2 and 37 °C. Afterward, cell cytotoxicity assay was
performed on A549 and MDA-MB-231 cells, as mentioned earlier, and the percentage of cell viability was calculated as described
above.

2.11. Statistical analyses

All the experiments were done in triplicate and one-way analysis of variance (ANOVA) was employed for statistical analysis. Data
have shown as mean + SEM and p value of <0.05 considered as significance difference between groups.
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3. Results
3.1. Characterization of CDs

The average yield of synthesized carbon obtained from chitosan (CS-CDs) recorded with the highest yield i. e 54 % =+ 3.14, while
the PEI25-CDs and combination carbon dots CP25-CDs provided 48.2 % =+ 2.32 and 48.7 % =+ 2.65 yield respectively. The CP2-CDs
produced 44.1 % =+ 2.29 yield, whereas the minimum yield was obtained from PEI2-CDs approximately 26.9 % =+ 1.55. The physi-
cochemical properties of synthesized carbon dots (CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs, and CP25-CDs) were analyzed and CS-CDs
exhibited a broad range UV spectrum at 283 nm (Fig. 1A), while PEI2-CDs and PEI25-CDs exhibited an absorbance peak at 281 nm and
a wide band centered at 356 nm and 353 respectively (Fig. 1A). However, the UV-Vis spectroscopy data of CP2-CDs and CP25-CDs
revealed absorption maxima at 280 nm (Fig. 1A). The absorption peak around 280 nm corresponds to the n-7* transition of the sp2
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Fig. 1. (A) UV absorbance spectra of synthesized carbon dots (B) XRD patterns for synthesized carbon dots and, (C) High resolution TEM images of
carbon dots. (a) CS-CDs, (b) PEI2-CDs, (c) PEI25-CDs, (d) CP2-CDs and, (e¢) CP25-CDs.
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©

Fig. 1. (continued).

domains from the carbon core, while a peak between 300 and 400 nm could be attributed to n—n* transitions of the C=0 group.
According to previous studies on chitosan and PEI carbon dots, chitosan carbon dots exhibit a strong UV-Vis absorption peak at 261 nm
which corresponds to the n-n* transition [21], and PEI carbon dots display a sharp absorption peak at 272 nm and a broad absorption
peak at 356 nm [27].

The photoluminescence emission spectra of CS-CDs, CP2-CDs, and CP25-CDs exhibited the highest fluorescence emission peak at
320 nm when excited at wavelength of 270 nm (Figs. S1A and S1D and, S1E). The emission peak varied from 270 nm to 410 nm as the
excitation wavelengths were increased from 250 nm to 390 nm. When the excitation wavelength was increased from 250 nm to 270
nm, the emission peak became stronger and showed redshift, but when the excitation wavelength was increased 270-390 nm, the
emission peak exhibited redshift with constantly decreasing intensity. PEI2-CDs and PEI25-CDs were observed with strong fluores-
cence emission peak at 457 nm and 455 nm, at an excitation wavelength of 370 nm and did not exhibit a great shift as observed for CS-
CDs, CP2-CDs, and CP25-CDs (Figs. S1B and S1C).
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The functional groups on CDs were analyzed through FTIR spectra. CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs, and CS25-CDs showed
similar peaks of citric acid, PBA, raw chitosan, PEI-2kDa, and PEI-25 kDa (Fig. S2A) such as O-H stretching, C=O0 stretching, C-OH
stretching, B-O bond, carboxylic acid stretching vibration, stretching and bending of N-H groups, stretching and bending bands of the
C-H groups, stretching of the C-N groups, and represented the C—=C, C=N, and C—=C-O groups (Fig. S2B) which indicates the suc-
cessful synthesis of these materials (Table 1). Sharp peaks from 1700 to 1725 cm ™! represented the carbonyl stretching frequency.
After the formation of carbon dots, decreased intensity of peaks represented to the C—C, C=N, and C—C-O groups were also observed
(Fig. S2B). Other sharp peaks from 1617 to 1638 cm ™! indicated the carbonyl stretching frequency of amide.

The XRD pattern of CS-CDs exhibits small peaks at 12° which corresponds to chitosan but did not exhibit broad peak of graphene
(Fig. 1B) while the XRD pattern of PEI2-CDs, PEI25-CDs, CP2-CDs, and CP25-CDs exhibited a broad peak that was centered at about
25°, which was consistent with the (002) crystal planes of graphene (Fig. 1B). The broadening of the peak near 25° confirms the

Table 1
FTIR peaks and functional groups present on precousor and synthesized carbon dots.
Sr. No Name of Compound Functional Group Frequency
1. Citric Acid A. O-H stretching vibration 3283 & 3493
B. C=O stretching vibration 1741
C. C-OH stretching vibration 1138
D. CH; rocking 769
2. PBA A. O-H stretching vibration 3139
B. B-O stretching vibration 1322
C. C=O0 stretching vibration 1677
D. CH; bending vibration 1262, 1188
3. Raw Chitosan A. O-H & N-H stretching vibration 3327
B. C-H stretching vibration 2875
C. NH; bending vibration 1648 & 1568
D. C=C, C=N and C—=C-O stretching 1375-1148
E. CH; bending vibrations 1024-900
4. Raw PEI 2kd A. N-H stretching vibration 3300
B. C-H stretching vibration 2842 & 2946
C. NH; bending vibration 1603
D. CH; bending vibration 1464
E. C-N stretching vibration 1107
5. Raw PEI 25 kd A. N-H stretching vibration 3294
B. C-H stretching vibration 2811 & 2935
C. NH; bending vibration 1594
D. CH; bending vibration 1454
E. C-N stretching vibration 1107
6. CS-CDs A. O-H and N-H stretching vibration 3378
B. C=O stretching vibration 1727
C. C=C stretching vibration 1638, 1071
D. NH; bending vibration 1506
E. C-O stretching vibration 1071
F. CH; bending vibration 1014
7. PEI2-CDs A. O-H and N-H stretching vibration 3335
B. C-H stretching vibration 2921
C. C=O0 stretching vibration 1700
D. C=C stretching vibration 1642
E. CH; bending vibration 1430
F. C-O stretching vibration 1071
8. PEI25-CDs A. O-H and N-H stretching vibration 3348
B. C-H stretching vibration 2969
C. C=O0 stretching vibration 1705
D. C=C stretching vibration 1637
E. CH; bending vibration 1456
F. C-O stretching vibration 1055
9 CP2-CDs A. O-H and N-H stretching vibration 3348
B. C-H stretching vibration 2969
C. C=O0 stretching vibration 1714
D. C=C stretching vibration 1617, 1064
E. NH; bending vibration 1507
F. C-N stretching vibration 1194
G. C-O stretching vibration 1064
10. CP25-CDs A. O-H and N-H stretching vibration 3365
B. C-H stretching vibration 2929
C. C=O0 stretching vibration 1727
D. C=C stretching vibration 1617, 1067
E. NH; bending vibration 1511
F. C-N stretching vibration 1182
G. C-O stretching vibration 1067
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(A) (Lanes 2-7: CS-CDs:Plasmid DNA)

EGFP-N1 5:1 10:1 25:1 50:1 100:1  200:1

(B) (Lanes 2-8: PEI2-CDs:Plasmid DNA)

EGFP-N1 1:1 2:1 4:1 8:1 16:1 24:1 32:1

(C) (Lanes 2-7: PEI25-CDs:Plasmid DNA)

EGFP-N1  0.5:1 1:1 2:1 3:1 4:1 |

Fig. 2. Gel electrophoresis images showing binding affinity of EGFP-N1 plasmid with carbon dots at different weight ratio (w/w). (A) CS-CDs with
plasmid, (B) PEI2-CDs with plasmid (C) PEI25-CDs with plasmid, (D) CP2-CDs with plasmid and, (E) CP25-CDs with plasmid.
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(D) (Lanes 2-8: CP2-CDs:Plasmid DNA)

EGFP-N1 1:1 2:1 4:1 8:1 16:1  24:1  32:1

(E) (Lanes 2-7: CP25-CDs:Plasmid DNA)

EGFP-N1 0.5:1 1:1 2:1 3:1 4:1 5:1

Fig. 2. (continued).

carbonization of the material, which was attributed to highly disordered carbon atoms and confirms the formation of amorphous
carbon dots.

The average zeta potential value of PEI25-CDs was +62 + 1 mV (the maximum positive charge), whereas the minimum positive
charge was carried by CS-CDs (+22 + 0.2 mV). The zeta potential recorded for PEI2-CDs was +25 + 1 mV, CP2-CDs was +41 + 1.7
mV, and CP25-CDs was +32 + 0.3 mV (Fig. S3).

The HR-TEM micrographs showed that carbon dots were spherical and approximately 10 nm in size. The average size recorded was
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( A) (Lane 2-4: CS-CDs:Plasmid) (Lane 5-7: CS-CDs:Plasmid)
Complexed polyplexes Decomplexed polyplexes
EGFP-N1 100:1 150:1 200:1 100:1 150:1 200:1

(B) (Lane 2-4: PEI2-CDs:Plasmid) (Lane 5-7: PEI2-CDs:Plasmid)
Complexed polyplexes Decomplexed polyplexes
EGFP-N1 4:1 5:1 6:1 4:1 5:1 6:1

(C) (Lane 2-4: PE125-CDs:Plasmid) (Lane 5-7: PEI25-CDs:Plasmid)
Complexed polyplexes Decomplexed polyplexes
EGFP-N1 2:1 3:1 4:1 2:1 31 4:1

Heliyon 9 (2023) €21824

Fig. 3. Heparin decomplexation assay showing complexation and decomplexation of complexes of various weight ratio with 20 % heparin. (A) CS-
CDs-plasmid, (B) PEI2-CDs-plasmid, (C) PEI25-CDs-plasmid, (D) CP2-CDs-plasmid and, (E) CP25-CDs-plasmid. Lane 1: EGFP-N1 plasmid alone, Lane
2-4: CDs:plasmid DNA complex, Lane 5-7: CDs:plasmid DNA complex treated with heparin.
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D (Lane 2-4: CP2-CDs:Plasmid) (Lane 5-7: CP2-CDs:Plasmid)
( ) Complexed polyplexes Decomplexed polyplexes
EGFP-N1 4:1 5:1 6:1 4:1 S:1 6:1

E (Lane 2-4: CP25-CDs:Plasmid) (Lane 5-7: CP25-CDs:Plasmid)
( ) Complexed polyplexes Decomplexed polyplexes
EGFP-N1 3:1 4:1 5:1 3:1 4:1 5:1

Fig. 3. (continued).

6 + 0.2 nm for CS-CDs (Fig. 1C (a)), 9 £ 0.5 nm for PEI2-CDs (Fig. 1C (b)), 10 £ 0.6 nm for PEI25-CDs (Fig. 1C (c)), 6 & 0.2 nm for CP2-
CDs (Fig. 1C (d)), and 5 £+ 0.4 nm for CP25-CDs (Fig. 1C (e)). The HR-TEM data revealed that the average diameter of synthesized
material was less than 20 nm.

3.2. Binding affinity of CDs:plasmid DNA polyplexes

The ability of carbon dots to bind with plasmid DNA was determined through a binding assay. The gradual decrease observed in the
intensities of migrating DNA bands on agarose gel, and visible lack of migration of DNA bands on the gel was considered as the
appropriate binding ratio for vector and plasmid DNA [24]. The CS-CDs offered the binding with EGFP-N1 plasmid at a weight ratio of
100:1 (Fig. 2A), PEI2 and CP2 polyplexes showed the binding at a ratio of 4:1 (Fig. 2B and D), while PEI25 and CP25 polyplexes
exhibited the binding affinity at weight ratio 2:1 (Figs. 2C) and 3:1 subsequently (Fig. 2E).

3.3. Decomplexation of polyplexes
To access the release of EGFP-N1 plasmid from vector: EGFP-N1 plasmid complex, decomplexation assays were performed on all
the polyplexes that displayed binding affinity at various weight ratios. To achieve this, polyplexes were incubated with heparin, and

decomplexation was confirmed through gel electrophoresis. The gel images revealed that dissociated EGFP-N1 plasmid moved from
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the well and its band appeared on the gel which conformed decomplexation of plasmid DNA from carbon dots (Fig. 3).
3.4. Serum stability of polyplexes

The presence of serum hinders the nucleic acid transfection inside the cell and degrades DNA. Therefore, successful transfection of
nucleic acid requires its protection from serum degradation. The gel electrophoresis images suggested that plasmid DNA that was not
complexed with any vector gets degraded in the presence of serum (Fig. 4: lane 2), but the plasmid DNA released from the polyplexes
are not showing any degradation (Fig. 4: lane 3-6).

The intensity of plasmid DNA bands released from polyplexes (Fig. S4) appeared more (1 %-20 % more) or similar to control, while
the EGFP-N1 plasmid treated with serum exhibited very minimum intensity (—50 % to —100 % less) (Fig. S4). The synthesized CDs
could bind with plasmid DNA at a different weight ratio (w/w) (Table 2). Further, binding with CDs prevented the degradation of
plasmid DNA in the presence of serum at similar weight ratios where they exhibited binding affinity (Table 2).

A (Lane 3-6: CS-CDs:Plasmid (B) (Lane 3-6: PEI2-CDs:Plasmid
polyplexes+FBS) polyplexes+FBS)

EGFP-N1 Plasmid EGFP-N1  Plasmid

e +rBs  100:1 150:1 200:1  250:1 — +rBs 41 5:1 6:1 7:1

(C) (Lane 3-6: PEI25-CDs:Plasmid (D) (Lane 3-6: CP2-CDs:Plasmid
polyplexes+FBS) polyplexes+FBS)
EGFP-N1  Plasmid EGFP-N1  Plasmid
2:1 . 4:1 5:1 : B 3 :
alone +FBS 3 alone +rBs ! e 61 7

(E) (Lane 3-6: CP25-CDs:Plasmid
polyplexes+FBS)

EGFP-N1 Plasmid
alone +FBs 41 5:1 6:1 7:1

Fig. 4. Serum stability assay showing degradation of plasmid without CDs, and stability of plasmid DNA in the complexed state. (a) CS-CDs-plasmid,
(b) PEI2-CDs-plasmid, (c) PEI25-CDs-plasmid, (d) CP2-CDs-plasmid (e) CP25-CDs-plasmid. Lanel: EGFP-N1 plasmid alone, Lane 2: plasmid treated
with FBS, Lane 3-6: CDs:plasmid complex treated with FBS.
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Table 2
Binding, decomplexation and stability ratios of polyplexes.
Sr. No. Name of Polyplex Binding affinity weight ratio (w/w) Decomplexation weight ratio (w/w) Serum stability weight ratio (w/w)
1 CS-CDs:EGFP-N1 100:1 100:1 100:1
2 PEI2-CDs:EGFP-N1 4:1 4:1 4:1
3 PEI25-CDs:EGFP-N1 2:1 2:1 2:1
4 CP2-CDs:EGFP-N1 4:1 4:1 4:1
5 CP25-CDs:EGFP-N1 3:1 31 4:1

3.5. Cytotoxicity evaluation of carbon dots

With integration of high transfection ability carbon dots also required less cytotoxicity. Thus, cytotoxicity evaluations were
determined on A549 and MDA-MB-231 cells. It was observed from MTT data that CS and CP2 vectors/CDs exhibited superior cyto-
compatibility in A549 (79 % and 85 % respectively) and MDA-MB-231 cells (nearly 85 %) at concentrations (200 pg/mL); whereas
PEI2-CDs displayed 79 % cell viability in A549 cells at 100 pg/mL (Fig. 5A) and 80 % in MDA-MB-231 cells at 50 pg/mL concentration
(Fig. 5B). Further we observed toxicity in both cells treated with PEI25-CDs and CP25-CDs at concentrations (200 pg/mL). But at low
concentration of PEI25-CDs (50 pg/mL) and CP25-CDs (25 pg/mL), 77 % and 76 % cell viability were detected in A549 cells (Fig. 5A).
On the other hand, for MDA-MB-231 cells CP25-CDs exhibited 75 % cell viability at 25 pg/mL and PEI25-CDs exhibited 75 % cell
viability at 5 pg/mL concentration (Fig. 5B). PEI25-CDs exhibited slight toxicity towards MDA-MB-231 cells but less than lipofect-
amine2000. In A549 cells Lipofectamine2000 exhibited 64 % cell viability at 5 pg/mL and 58 % at 25 pg/mL (Fig. 5A), whereas in
MDA-MB-231 cells 73 % cell viability was observed at 5 pg/mL and 52 % at 25 pg/mL (Fig. 5B).

3.6. In vitro transfection of EGFP-N1 plasmid

In order to evaluate the transfection efficiency of carbon dots, A549 and MDA-MB-231 cells were transfected with EGFP-N1 plasmid
via carbon dots at various ratios (w/w). The transfecting agent lipofectamine2000 was used as a control. The flow cytometry results
revealed that A549 cells transfected with lipofectamine2000 at weight ratio 2:1 (vector:EGFP-N1 plasmid) showed approximately 47
% transfection (Fig. 6A and Fig. S5) whereas, MDA-MB-231 cells showed 23 % transfection at similar ratio (Fig. 6B and Fig. S7). On the
other hand, PEI2-CDs, PEI25-CDs, and CP25-CDs also own the transfection ability and exhibited high transfection efficiency than
lipofectamine2000.

PEI2-CDs acquired 53 % transfection in A549 cells and 13 % in MDA-MB-231 cells at a weight ratio of 32:1 (Table 3). Maximum 41
% transfection was observed in A549 cells when transfected with PEI25-CDs at a weight ratio of 8:1 and 74 % in MDA-MB-231 cells at
16:1 wtratio (Table 3) (Fig. 6A and B, Fig. S6 and Fig. S8). CP25-CDs exhibited 74 % transfection in A549 cells at a weight ratio of 16:1
(Fig. 6A and Fig. S6) and it also offered good transfection efficiency (89 %) at similar weight ratio in MDA-MB-231 cells (Table 3)
(Fig. 6B and Fig. S8). CS-CDs and CP2-CDs both failed to transfect EGFP-N1 plasmid DNA in A549 and MDA-MB-231 cells even at
higher concentration (Fig. S5 and Fig. S7). Thus, only PEI2-CDs, PEI25-CDs, and CP25-CDs acquire the transfection ability, and CP25-
CDs exhibited the highest transfection efficiency amongst all of them.

3.7. Evaluation of miR-153 binding affinity with CDs

miRNA-based gene therapy for cancer treatment requires efficient binding between vector and miRNA. The miR-153 was bound
with PEI2-CDs, PEI25-CDs, and CP25-CDs at different vector:miRNA weight ratios. The gel images results displayed that PEI2-CDs and
PEI25-CDs bound with miR-153 at weight ratio 16:1 (Fig. 7A and B) while the CP25-CDs bound with miR-153 at ratio 8:1 (Fig. 7C).
CP25-CDs, PEI2-CDs, and PEI25-CDs offered the binding with miR-153 therefore, it was further utilized for miR-153 transfection.

3.8. In-vitro evaluation miR-153 transfection

To evaluate the transfection of miRNA, miR-153 was transfected in A549 and MDA-MB 231 cells via CDs (PEI2-CDs, PEI25-CDs and
CP25-CDs) at various weight ratios. Unscrambled miRNA was used as negative control. The MTT data revealed that cells transfected
with mir-153 alone exhibited 85-90 % cell viability but when transfected with CDs (PEI2-CDs, PEI25-CDs and CP25-CDs) a gradual
death of the cells was observed. The cells transfected with unscrambled miRNA alone and with carbon dots exhibited more than 80 %
cell viability (Fig. 8A and B, Fig. S9 and Fig. S10). CP25-CDs:miR-153 complex exhibited a gradual decrease in cell viability as the
vector:miRNA weight ratios were increased and minimum cell viability (12 % in A549 and 18 % in MDA-MB-231) was observed at a
weight ratio of 80:1 (Fig. 8A and B, Fig. S9 and Fig. S10). PEI25-CDs:miR-153 complex displayed 34 % cell viability in A549 and 29 %
in MDA-MB-231 cells at a ratio of 80:1, while 19 % cell viability in A549 and 16 % in MDA-MB-231 cells at a ratio of 160:1 (Fig. 8A and
B, Fig. S9 and Fig. S10). The PEI2-CDs:miR-153 complex was observed with 47 % (A549) and 54 % (MDA-MB-231) cell viability at a
weight ratio of 80:1 whereas, 45 % (A549) and 32 % (MDA-MB-231) cell viability were observed at a ratio of 160:1 (Fig. 8A and B,
Fig. S9 and Fig. S10). From these observations, it is concluded that miRNA-153 was also successfully delivered into the cells by
synthesized carbon dots (CP25-CDs, PEI25-CDs, and PEI2-CDs). The observed toxicity is due to the transfection of miR-153.
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Fig. 5. Cytotoxicity testing of lipofectamine2000 and carbon dots (CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs, CP25-CDs) at different concentration (5
pg/mL to 200 pg/mL) against (A) A549 cells and (B) MDA-MB-231 cells. The data expressed as the mean + SEM where p value < 0.05 represented
by *, p value < 0.01 represented **, p value < 0.001 represented *** and, p value < 0.0001 represented with ****,
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Fig. 6. Percentage of EGFP-N1 transfection with lipofectamine2000 and carbon dots at various weight ratios (vector:EGFP-N1) in (A) A549 and (B)

MDA-MB-231 cells. The data are expressed as the mean + SEM and p value < 0.001 represented by ***, p value < 0.0001 represented with

Table 3

Percentage cell viability and transfection in A549 and MDA-MB-231 cells.

Name % Cell viability (Vector alone) % Cell transfection (Vector:EGFP-N1)
Conc. (pg/mL) A549 MDA-MB-231 Weight ratio (w/w) (conc. Of vector (pg/mL)) A549 MDA-MB-231
CP25-CDs 5 pg/mL 96 + 2 87 +5 4:1 (4 pg/mL) 18 £ 0.2 11+1
25 pg/mL 76 + 1 74 £ 1 8:1 (8 pg/mL) 28 + 0.4 59+ 3
50 pg/mL 46 +1 62+ 0.5 16:1 (16 pg/mL) 74 + 4.6 89 +2
PEI25-CDs 5 pg/mL 96 + 1 74+1 2:1 (2 pg/mL) 29+0.3 2+0.2
25 pg/mL 89+ 3.5 53 + 2 4:1 (4 pg/mL) 39+ 0.7 7+0.4
50 pg/mL 77 + 3.7 42+1 8:1 (8 pg/mL) 42+0.3 33+ 0.6
16:1 (16 pg/mL) 32+1 74+ 2
PEI2-CDs 5 pg/mL 90 +1 91+8 4:1 (4 pg/mL) 24+ 0.4 6+ 0.7
25 pg/mL 87 +2 83+4 8:1 (8 pg/mL) 42+1 10+ 0.7
50 pg/mL 88 +3 80+ 4 16:1 (16 pg/mL) 41+1 10 + 0.5
32:1 (32 pg/mL) 53+1 13+ 0.4
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A (B)

miRNA 4:1 8:1 16:1 32:1 miRNA 2:1 4:1 8:1 16:1 32:1

©

miRNA 4:1 8:1 16:1 32:1

Fig. 7. Gel electrophoresis images showing binding affinity of miRNA with carbon dots at various weight ratio (w/w). (A) PEI2-CDs with miR-153,
(B) PEI25-CDs with miR-153 (C) CP25-CDs with miR-153.

4. Discussion

The main limitation of gene therapy is the lack of suitable gene carrier that exhibits cytocompatibility properties and high gene
transfection ability. Although various delivery systems such as cationic lipids and polymers, cell-penetrating peptides, organic and
inorganic nanoparticles, and many others have been investigated, still there is no effective gene carrier available. Based on the recent
advancement in gene delivery applications by environment-friendly and economically convenient carbon dots, organic fluorescence
CDs were fabricated using chitosan and PEI Synthesized carbon dots, CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs, and CP25-CDs exhibited
physicochemical properties similar to previously synthesized material from the same precursor’s chitosan and PEI [27,28]. CS-CDs,
CP2-CDs, and CP25-CDs exhibited excitation-dependent emission behavior, while PEI2-CDs and PEI25-CDs displayed
excitation-independent emission behavior.

Sharp peaks of carbonyl stretching were observed in the FT-IR spectrum of carbon dots that might have appeared due to the
carbonization process. Another sharp peaks which indicated the carbonyl stretching frequency of amide are due to the formation of
amide linkage on the surface of synthesized carbon dots after carbonization [29]. Other physicochemical properties of synthesized
carbon dots such as spherical shape, minimum size (<10 nm), and amorphous and cationic nature confirmed that these carbon dots can
be utilized as a vector to transfer desired nucleic acids into the cells. Further, the ability of these carbon dots to complex, release and
protect plasmid DNA was studied and it is observed that a 100:1 wt ratio of CS-CDs:plasmid DNA, 4:1 wt ratio of PEI2-CDs:plasmid
DNA, CP2-CDs:plasmid DNA, and CP25:plasmid DNA and 2:1 wt ratio of PEI25:plasmid DNA is sufficient to complex and protect
plasmid DNA (Table 2). The positive charge present on the surface of synthesized carbon dots enables them for condensing DNA
through electrostatic interactions. The negatively charged plasmid DNA is shielded by the positively charged carbon dots, hence does
not migrate towards the negative electrode, and remains in the sample loading pocket in gel electrophoresis. Further addition of
heparin provides more negative charge to the complex which releases plasmid DNA from the complex. The binding of plasmid DNA
with CDs prevents the degradation of plasmid DNA in the presence of serum at similar weight ratios where they exhibit binding affinity
so that synthesized carbon dots as vectors protects the nucleic acids from serum degradation at the time of transfection.

From cytotoxicity studies of synthesized carbon dots on A549 and MDA-MB-231 cells, it was found that CS-CDs and CP2-CDs
displayed maximum cytocompatibility at 200 pg/mL concentration in both cells thus this concentration is safe for transfection.
PEI2-CDs exhibit cytocompatibility at 100 pg/mL whereas, PEI25-CDs and CP25-CDs can be used as gene carriers at low concentrations
(25 pg/mL).

Transfection studies in A549 and MDA-MB-231 cells revealed that commercial transfection agent lipofectamine2000 is more toxic
and less efficient than synthesized carbon dots (CP25-CDs). PEI2-CDs are less toxic at higher concentration in comparison to

16



S. Thakur et al.

(A)

Heliyon 9 (2023) 21824

A549 Cells
140
mmm Control miR-153 Control miRNA
120
CP25-CDs:miR-153 PEI25-CDs:miR-153 PEI2-CDs:miR-153
100
*
& I T
= - * T
"_g 80 : * .
o * T
> - T
g 60 * o .
- *
e * T
B - T
40 . T
*  * *
* * *
20 * T
*
0
> 3 & SDDD SDDD SDD
C \5'5 @V gézsg
F S
S
Qe&éq@\Qﬁ)

Weight ratio (vector:miRNA)

(B)

MDA-MB-231

140
EEE control miR-153 Control miRNA
120 CP25-CDs:miR-153 PEI25-CDs:miR-153 PEI2-CDs:miR-153
100
* *
T r T T T T
= 80 * I
= i T
> I .
-
) 60 T
S [
<
Q\ * :
40 .I. % *
* T * T
* *
20 - *
0
> & & A A SADD SAD S DD
&° & O DA QRCRCRES SRCPORSE SRCPOROE
C}g& N PSS A AN WG W RS

Weight ratio (vector:miRNA)

17

(caption on next page)



S. Thakur et al. Heliyon 9 (2023) 21824

Fig. 8. Percentage of cells viability after transfection of control miRNA and miR-153 with and without carbon dots (CP25-CDs, PEI25-CDs and PEI2-
CDs) at various weight ratio (vector:miRNA) in (A) A549 cells and (B) MDA-MB-231 cells. The data are expressed as the mean + SEM where p value
< 0.05 represented by *, p value < 0.01 represented **, p value < 0.001 represented *** and, p value < 0.0001 represented with ****,

lipofectamine2000 and also shows higher transfection in A549 cells than lipofectamine2000 however, the transfection efficiency of
PEI2-CDs was less than lipofectamine2000 in MDA-MB-231 cells. PEI25-CDs displayed higher transfection efficiency in A549 and
MDA-MB-231 cells than lipofectamine2000 but also shows slight toxicity towards MDA-MB-231 cells at a concentration where higher
transfection was achieved. In previous studies, branched PEI passivated carbon dots have been reported to significantly enhance
luciferase gene expression (10* times) in comparison to linear PEI passivated carbon dots [30]. A previous report indicated that despite
less toxicity, PEI-2kDa exhibited less transfection efficiency, whereas PEI-25kDa exhibited more toxicity and good transfection effi-
ciency [31]. Although the hybrid CDs (CP25-CDs) achieved maximum transfection in both A549 and MDA-MB-231 cells and also
exhibits good cytocompatibility at the same concentration (Table 3). In further studies on miRNA binding, the binding affinity of CDs
with miRNA-153 was achieved. Various studies support the data that miR-153 is downregulated in breast cancer cells (MDA-MB-231)
[32,33] and lung cancer cells, and tissues (A549, H460, H157) [34,35]. MiR-153 can also be used as a potential diagnostic biomarker
to diagnose distinct types of cancer [36]. Therefore, the ability of CDs to transfect miRNA was examined in A549 and MDA-MB-231
cells. The obtained data suggested that PEI2-CDs, PEI25-CDs, and CP25-CDs transfected miR-153 successfully into A549 and
MDA-MB-231 cells which achieved persistent cell death. As it is already discussed that hybrid CDs (CP25-CDs) achieved the highest
transfection in both cell lines and here also the maximum cell death in both cells when miR-153 was transfected with CP25-CDs
followed by PEI25-CDs and PEI2-CDs was observed. These data suggested that PEI2-CDs, PEI25-CDs, and CP25-CDs are capable to
transfect plasmid DNA as well as miRNA into mammalian cells and also confirms the hypothesis that hybrid CDs (CP25-CDs) are more
efficient to transfect nucleic acid into the cancer cells. However future studies should focus on establishing the in vivo anti-cancer
efficacy of developed carbon dots as well as the underlying mechanism of gene silencing by miR-153 in transfected cells.

5. Conclusion

In the present study, five different carbon dots: CS-CDs, PEI2-CDs, PEI25-CDs, CP2-CDs and CP25-CDs were successfully con-
structed. Further studies revealed that these CDs played crucial role and exhibit photoluminescence properties, DNA and miRNA
binding efficiency and serum stability for successful transfection. The CS-CDs and CP2-CDs did not exhibit any cytotoxicity towards
A549 and MDA-MB-231 cells even at higher concentrations whereas PEI2-CDs showed approximately 40 % cytotoxicity, while PEI25-
CDs and CP25-CDs exhibited robust cytotoxic response (65 % and 56 % in A549 and 60 % and 37 % in MDA-MB-231 cells) at 200 pg/
mL concentrations but displayed low cytotoxicity (25 %) at low concentration. Further, transfection studies revealed that CS-CDs and
CP2-CDs were not competent to transfect A549 and MDA-MB-231 cells whereas, PEI2-CDs, PEI25-CDs, and CP25-CDs could suc-
cessfully transfect both cell types and also exhibited higher transfection efficiency than lipofectamnine2000. Transfection of miR-153
using PEI2-CDs, PEI25-CDs, and CP25-CDs at various weight ratios demonstrated strong cytotoxic response suggesting that miR-153
was successfully transfected in both cell types that ultimately resulted in death of cancer cells. Out of three CDs those exhibited
transfection efficiency, the combination CDs i. e CP25-CDs exhibited the maximum transfection of plasmid DNA as well as miR-153. So,
this study demonstrated that the synthesized carbon dots PEI2-CDs, PEI25-CDs, and CP25-CDs exhibited potent nucleic acid trans-
fection ability that can be used as a vector to transfect human cells with long plasmid DNA as well as with short miRNA/siRNA which
can be utilized in gene therapy.
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