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Abstract 18 

An ideal vehicle with high transfection efficiency is crucial for gene delivery. In this study, a 19 

type of cationic carbon dots (CCDs) that named APCDs were firstly prepared with arginine (Arg) 20 

and pentaethylenehexamine (PEHA) as precursors and conjugated with oleic acid (OA) for gene 21 

delivery. By tuning the mass ratio of APCDs to OA, APCDs-OA conjugates, namely APCDs-22 

0.5OA, APCDs-1.0OA and APCDs-1.5OA were synthesized. All the three amphiphilic APCDs-23 

OA conjugates show high affinity to DNA through electrostatic interactions. APCDs-0.5OA 24 

exhibit strong binding with small interfering RNA (siRNA). After being internalized by Human 25 

Embryonic Kidney (HEK 293) and osteosarcoma (U2OS) cells, they could distribute in both the 26 

cytoplasm and the nucleus. With APCDs-OA conjugates as gene delivery vehicles, the plasmid 27 

DNA (pDNA) that encodes the gene for the green fluorescence protein (GFP) can be successfully 28 

delivered into both HEK 293 and U2OS cells. The GFP expression level mediated by APCDs-29 

0.5OA and APCDs-1.0OA are ten times higher than that of PEI in HEK 293 cells. Furthermore, 30 

APCDs-0.5OA show prominent siRNA transfection efficiency, which is proved by the 31 

significantly downregulated expression of FANCA and FANCD2 proteins upon delivery of 32 

FANCA siRNA and FANCD2 siRNA into U2OS cells. In conclusion, our work demonstrates that 33 
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conjugation of CCDs with lipid structure such as OA significantly improves the gene transfection 34 

efficiency, providing a new idea about the designation of non-viral carriers in gene delivery 35 

systems.  36 

Keywords: cationic carbon dots, lipid, gene delivery, plasmid DNA, small interfering RNA 37 

1. Introduction 38 

Gene therapy, a strategy for treating diseases caused by genetic disorders such as cystic 39 

fibrosis, cancers, and Parkinson’s diseases, has attracted tremendous attention in medical research. 40 

This pioneering approach relies on the introduction of external genetic materials such as plasmid 41 

DNA (pDNA), messenger RNA (mRNA) and small interfering RNA (siRNA) into living cells to 42 

achieve precise editing, replacement, or alteration of gene expression. However, the cell membrane 43 

penetration of nucleic acids is restricted by their negative charges and high molecular weight. Even 44 

the exogenous nucleic acids in the cells might be degraded in the endosome. 1-4 In this regard, 45 

development of a promising carrier for the protection and efficient delivery of genetic materials 46 

into target cells is of immense importance in gene therapy. In general, gene delivery carriers can 47 

be divided into viral and non-viral vehicles. Viral vehicles are efficient for gene delivery. 48 

Nevertheless, obstacles that concern the ease of rapid clearance by pre-existing antibodies, the 49 

triggering host immunogenicity, the risk of genome mutation and potential side effects have been 50 

reported. These challenges have hindered their clinical applications. 5, 6 To address these issues, 51 

significant research endeavors have been dedicated to the development of non-viral delivery 52 

systems.  53 

The current studies of non-viral vehicles are focused on cationic polymers, cationic liposomes, 54 

and nanomaterials. 7, 8 The advantages including high transfection efficiency, negligible 55 

immunogenicity, and structural designability make them ideal substitutes for viral vehicles. 9 In 56 

addition to the commonly used lipid-nanoparticles and polymeric nanoparticles, which are 57 

prepared by assembling lipids or polymers (such as dextran, chitosan, cyclodextrins and synthetic 58 

polymers), gold nanoparticles, silica nanoparticles, magnetic nanoparticles, carbon nanotubes and 59 

carbon dots (CDs) are also widely investigated for gene delivery. 8, 10-13 CDs typically refer to a 60 

class of zero-dimensional carbon nanomaterials with particle sizes less than 10 nm. Considering 61 

their intrinsic properties encompassing low cytotoxicity, high water solubility, excellent 62 

biocompatibility, superior photostability, and easily functionalized surface, they have been 63 
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extensively applied in bioimaging, biosensing, drug/gene delivery and disease diagnostics. 14-18 As 64 

nucleic acids are negatively charged, the CDs used for gene delivery are mainly pristine and 65 

modified cationic CDs (CCDs) which contain abundant positively charged amine groups. Owing 66 

to these amine groups, CCDs can bind negatively charged nucleic acids to form CCDs-nucleic acid 67 

complexes and attach on the surface of the cell membrane to promote endocytosis-based cellular 68 

uptake process. 19 69 

To prepare desirable CCDs for gene delivery, cationic substances such as polyethyleneimine 70 

(PEI), chitosan and poly-L-Lysine (PLL) have been used as precursors or grafted on the surface of 71 

CDs. 3, 19-21 Among them, PEI, a commercial gene delivery reagent, has been the most common 72 

used one for CCDs synthesis. For instance, Li et al. synthesized the orange emissive PEI-CDs 73 

using 1, 2, 4-triaminobenzene and PEI as precursors. It was found that these PEI-CDs could deliver 74 

siRNA targeting hepatoma-derived growth factor (HDGF) into glioblastoma cells and 75 

downregulate the expression of HDGF. 20  Hashemzadeh et al. prepared the arginine conjugated 76 

PEI-CDs (CD-PEI1.8K-Arg) for the delivery of pDNA. The results showed that the transfection 77 

efficiency of CD-PEI1.8K-Arg was around 60% in human embryonic kidney (HEK 293) cells, 78 

higher than that of PEI25k (around 40%), when the mass ratio of CD-PEI1.8K-Arg to pDNA was 79 

160:1. 22 Karimi’s group reported the nitrogen- and zinc-dopped CDs which were synthesized by 80 

utilizing citric acid, branched PEI25k and zinc salts as precursors for the CRISPR plasmids and 81 

mRNA delivery. In optimized condition, the transfection efficiencies of prepared CDs to plasmids 82 

and mRNA were 2 times and 20 times greater than that of PEI25K, respectively. 23 To further 83 

broaden the application of CCDs in gene delivery, the development and modification of other types 84 

of CCDs without using PEI also become a new tendency regarding application of CDs in gene 85 

delivery. For instance, Hasanzadeh et al. have proved that PLL functionalized CDs showed no 86 

considerable toxicity and could deliver Cy5-tagged DNA to HEK 293 cells with the efficiency of 87 

70 %. 21 Rezaei and Hashemi found chitosan-based CDs prepared via using chitosan, citric acid 88 

and arginine as precursors exhibited higher transfection efficiency than PEI. 3 The CDs from 3,5-89 

diaminobenzoic acid and citric acid could effectively deliver exogenous ROX-labelled DNA into 90 

nucleus of Hela cells with a transfection efficiency of 37.5%. 24 Our previous work also 91 

demonstrated that the CDs prepared through citric acid and pentaethylenehexamine (PEHA) could 92 

successfully deliver pDNA into HEK 293 cells. 25 These publications collectively contribute 93 

insights into the synthesis of novel CCDs and their potential applications in the field of gene 94 
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delivery. To further improve the transfection efficiency, strategic surface modification of CCDs 95 

will be a promising tool.  96 

Lipids, the compounds containing hydrophilic head groups and hydrophobic tails, have a high 97 

affinity to cellular membranes and show abilities for cell membrane destabilization and endosome 98 

escape. According to published literature, lipids and their derivatives, especially which are 99 

incorporated with unsaturated fatty acid such as oleic acid (OA) as lipid tails, have been widely 100 

investigated for gene delivery as non-viral carriers to improve the transfection efficiency 26-29.  101 

Thus, in theory, conjugation of lipids with appropriate CCDs can be applied to make CCDs with 102 

good transfection efficiency. To test this hypothesis, the CCDs named as APCDs were firstly 103 

synthesized by a microwave-mediated approach using arginine (Arg) and PEHA as precursors, 104 

followed by conjugating with OA. Based on various mass ratios between APCDs and OA, the 105 

resulting APCDs-OA conjugates were categorized into APCDs-0.5OA, APCDs-1.0OA, and 106 

APCDs-1.5OA. Subsequently, the pDNA and siRNA binding capabilities of as-prepared materials 107 

were measured by agarose gel electrophoresis assay, UV–vis absorption and fluorescence emission 108 

spectroscopies. The cytotoxicity, cellular distribution and pDNA/siRNA transfection efficiencies 109 

of prepared APCDs-OA conjugates were investigated in HEK 293 and osteosarcoma (U2OS) cells. 110 

The intracellular trafficking of Cy3-siRNA and Cy3-DNA was performed to explore the delivery 111 

mechanism. Finally, the results showed that APCDs-OA conjugates all possess good pDNA 112 

transfection abilities, while APCDs-0.5OA especially display an excellent siRNA transfection 113 

efficacy. Our study provides a new perspective method on the designation of CCDs-based non-114 

viral vehicles for gene delivery.  115 

2. Experimental section  116 

2.1 Materials and reagents  117 

L-Arginine monohydrochloride (Arg, ≥ 98%), pentaethylenehexamine (PEHA), N-(3-118 

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS, 119 

97%), oleic acid (OA, 90%), branched polyethylenimine (PEI, 25kDa), calf thymus sonicated 120 

DNA and thiazolyl blue tetrazolium bromide (MTT) were bought from Sigma-Aldrich (St Louis, 121 

MO, USA). Green fluorescence protein (GFP) plasmids were purchased from VectorBuilder (Santa 122 

Clara, CA, USA). Western Blotting Substrate and NucRed Dead 647 were purchased from Thermo 123 

Fisher Scientific (Waltham, MA, USA). NMouse anti-GFP antibody (CAT# SC-9996) and anti-124 
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mouse IgG secondary antibodies (CAT# 926-32210 and 102673-408) were bought from Santa 125 

Cruz (Dallas, TX, USA) and LI-COR (Lincoln, NE, USA), respectively. The rabbit polyclonal 126 

anti-FANCA (catlog# A301-980A; RRID: AB_1547945) antibody and anti-FANCD2 antibody 127 

(catlog# 28619-1-AP) were obtained from Bethyl Laboratories (Montgomery, TX, USA) and 128 

Proteintech (San Diego, California, USA), respectively. The Cy3 labeled-DNA (Cy3-DNA) were 129 

obtained by Polymerase Chain Reaction (PCR). The Cy3 labeled siRNA (Cy3-siRNA) 130 

(MISSION® siRNA Fluorescent Universal Negative Control #1, Cyanine 3) was purchased from 131 

Sigma-Aldrich (St Louis, MO, USA). FANCA siRNA (L-019283-00-05) and FANCD2 siRNA (L-132 

016376-00-05) were ordered from Dharmacon (Lafayette, CO, USA). LumiTracker Lyso green 133 

was bought from Lumiprobe (MD, USA). Hoechst 33342 was obtained from Thermo Fisher 134 

Scientific (USA). The Biotech CE Dialysis Tubing with 100-500 Da molecular weight cut-off was 135 

obtained from Spectrum Laboratories (Rancho Dominguez, CA, USA). The deionized (DI) water 136 

was purified via a Modulab 2020 water purification system acquired from Continental Water 137 

System Corporation. (San Antonio, TX, USA). The purified DI water possesses a resistivity of 138 

18.2 MΩ.cm and a surface tension of 72.6 mN·m-1 at 22 °C. All the reagents were used without 139 

further purification.  140 

2.2 Synthesis of APCDs 141 

The APCDs were synthesized through the microwave method with Arg and PEHA as 142 

precursors. In detail, 500 mg of Arg and 500 µL of PEHA were dissolved in 25 mL of DI water. 143 

After vigorous stirring overnight, the solution was microwaved at 700 W for 7 min and naturally 144 

cooled down to room temperature. Subsequently, the product was dispersed in 20 mL of DI water 145 

and ultrasonicated for 5 min, followed by ultracentrifugation twice at 9000 rpm for 20 min. The 146 

supernatant solutions were collected, filtered using a 0.2 µm Sterile and Non-Pyrogenic 147 

Polyethersulfone Membrane, and dialyzed for 3 days in a 100-500 Da molecular weight cut-off 148 

dialysis tubing against DI water that was replaced every 24 h. Finally, the resulting solution was 149 

lyophilized for 3 days to obtain the APCDs powders.  150 

2.3 Synthesis of APCDs-OA conjugates 151 

The APCDs-OA conjugates were synthesized via a classic EDC/NHS-mediated amidation 152 

reaction. By varying the mass ratio of APCDs to OA from 1:0.5 to 1:1 and 1:1.5, three products, 153 

namely APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA were prepared, respectively. Briefly, to 154 
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synthesize APCDs-0.5OA, 25 mg of OA was dissolved in 6 mL of ethanol. Then a solution 155 

containing 137 mg of EDC in 0.5 mL of DI water was added and stirred for 30 min. Thereafter, 156 

0.5 mL of NHS solution with 102 mg of NHS was added, stirred for 30 min, and mixed with 3 mL 157 

of APCDs solution that contained 50 mg of APCDs. The reaction mixture was further agitated for 158 

24 h and purified using a 100-500 Da molecular weight cut-off dialysis tubing against DI water 159 

for 3 days. The final product of APCDs-0.5OA was obtained after freeze drying for 3 days. APCDs-160 

1.0OA and APCDs-1.5OA were prepared via the similar method as above by changing 25 mg of 161 

OA to 50 and 75 mg of OA, respectively.  162 

2.4 Characterization  163 

AFM and TEM images were recorded by a 5420 atomic force microscope (Agilent 164 

Technologies, USA) and a 1200X transmission electron microscope (TEM) (JEOL, USA), 165 

respectively. For preparation of TEM samples, nanoparticles were dispersed in DI water with a 166 

concentration of 0.1 mg/mL. One dropwise of solution was added on Formvar Film 150 Mesh (Cu) 167 

and dried for TEM imaging. The absorption spectra were performed with a Cary 100 UV-vis 168 

spectrophotometer (Agilent Technologies, USA), while the fluorescence spectra were obtained on 169 

a Fluorolog-3 fluorometer (Horiba Jobin Yvon, USA) using 1 cm-pathlength cuvettes. FTIR 170 

spectra were collected from a PerkinElmer Fourier-transform infrared spectrometer (Frontier, 171 

PerkinElmer, USA) with Smart Orbit attenuated total reflectance accessories (Thermo Scientific, 172 

USA). XPS results were obtained from a PHI 5000 Versa Probe (Physical Electronics, Chanhassen, 173 

MN) scanning X-ray photoelectron spectrometer coupled with a monochromatic Al K-alpha X-ray 174 

source with 1486.6 eV of energy, 15 kV of voltage, and 1 mA of anode current. Zeta potential was 175 

measured by a Malvern Zetasizer (Malvern Panalytical, USA). Thermogravimetric analyses (TGA) 176 

and derivative thermogravimetry (DTG) were individually performed on a TG 209 F3 Tarsus 177 

thermo-microbalance (Netzsch, USA) while being heated from 40 to 1000 °C at a rate of 10 °C/min 178 

under a nitrogen gas flow. 179 

2.5 Agarose gel electrophoresis 180 

To investigate the pDNA and siRNA binding effect of APCDs and APCDs-OA conjugates, 181 

agarose gel electrophoresis experiments were conducted. For pDNA binding, APCDs or APCDs-182 

OA conjugates (APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA) were mixed with 200 ng of 183 

pDNA at different mass ratios of 0.5:1, 1:1, 2:1, 4:1 and 8:1, followed by incubation for 30 min at 184 
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37 ℃ to obtain APCDs-pDNA or APCDs-OA conjugate-pDNA complexes. Then, the complex 185 

samples were loaded on a 0.9% agarose gel, run for 70 min at 130 V in Tris-acetate-EDTA (TAE) 186 

buffer (pH 8.3), and stained by ethidium bromide (EB) dye for 15 min. Finally, the gel was imaged 187 

via a BioRad-image lab software to capture the migration bands of pDNA.  188 

With respect to siRNA binding, APCDs or APCDs-OA conjugates were mixed with 100 ng of 189 

siRNA at varying mass ratios of 10:1, 20:1, 40:1, 80:1 and 160:1. After incubation for  30 min at 190 

37 ℃,  the acquired samples were loaded on a 1% agarose gel containing EB and run for 60 min 191 

at 70 V in TAE buffer (pH 8.3) for further siRNA band imaging.  192 

2.6 Cytotoxicity experiments 193 

The cytotoxicity assessment of APCDs, APCDs-OA conjugates and PEI in U2OS and HEK 194 

293 cell lines were conducted through the MTT assay. Briefly, U2OS cells were seeded in a 96-195 

well plate at the density of 5×103 cells/well, while HEK 293 cells were seeded at a density of 4×103 196 

cells/well. The cell culture medium in each well was 200 µL of Dulbecco’s modified Eagle 197 

medium (DMEM) supplemented with 10% of fetal bovine serum (FBS) and 1% of penicillin-198 

streptomycin. The cells were then incubated for 24 h at 37 °C in a humidified atmosphere and 5% 199 

CO2. After incubation, the medium was aspirated. The fresh DMEM containing various 200 

concentrations (0, 1.66, 3.13, 6.25, 12.5, 25, 50, and 100 µg/mL) of APCDs, APCDs-0.5OA, 201 

APCDs-1.0OA, APCDs-1.5OA or PEI was added to the respective wells. The cells were further 202 

incubated for 48 h under the same conditions. Subsequently, 20 µL of a 5 mg/mL 3-(4,5-dimethyl-203 

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was added to each well, followed by a 204 

4 hour-incubation. The culture medium was discarded and 150 µL of dimethyl sulfoxide (DMSO) 205 

was added to dissolve the formazan crystals formed during the assay. The absorbance of each well 206 

was measured at 595 nm using a Tecan Microplate Reader.  207 

2.7 Cellular distribution of APCDs and APCDs-OA conjugates  208 

U2OS cells were seeded into an 8-well chamber slide which contained 300 µL of DMEM in 209 

each well at a density of 2 × 104 cells/well. Following a 24-hour-incubation, the medium was 210 

substituted with fresh DMEM containing a concentration of 1.0 mg/mL of either APCDs, APCDs-211 

0.5OA, APCDs-1.0OA or APCDs-1.5OA. The cells were then incubated for 1 h, fixed by 4% 212 

paraformaldehyde (PFA) for 15 min, and stained by NucRed Dead 647 dye for 1 h at room 213 

temperature. Finally, the cells were mounted for further cell imaging which was performed on a 214 
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Zeiss 880 confocal microscope. The HEK 293 cells were seeded in a 35 mm glass-bottom dish at 215 

a density of 6 × 104 cells per well. After incubation of 24 h, the medium was replaced with fresh 216 

DMEM containing 1.0 mg/mL of APCDs, APCDs-0.5OA, APCDs-1.0OA or APCDs-1.5OA, 217 

followed by incubation for 4 h. The medium was 2 mL per dish. The cells were then fixed by PFA, 218 

stained by NucRed Dead 647 dye, and mounted for imaging.  219 

2.8 Delivery of pDNA  220 

The pDNA that expresses green fluorescence protein (GFP) was used to investigate the 221 

transfection efficiency of APCDs and APCDs-OA conjugates. Specifically, U2OS and HEK 293 222 

cells were seeded in 35 mm glass-bottom dishes at a density of 2.5 × 105 and 6 × 104 cells/dish, 223 

respectively, in 2.0 mL of DMEM (10% of FBS and 1% of penicillin-streptomycin), followed by 224 

incubation for 24 h at 37℃. Then, the APCDs-pDNA or APCDs-OA conjugate-pDNA complexes 225 

were prepared by mixing APCDs, APCDs-0.5OA, APCDs-1.0OA, or APCDs-1.5OA with 1 µg of 226 

pDNA at different mass ratios (20:1 and 40:1) for a 30-minute incubation in 200 µL of DMEM. 227 

The PEI-pDNA complexes with a mass ratio of 2:1 was prepared by the same method as a positive 228 

control. The obtained complexes were added to cells. The expression of GFP in HEK 293 and 229 

U2OS cells were visualized through a Zeiss 880 confocal microscope and Zeiss fluorescence 230 

microscope, respectively. The transfection efficacy was quantitatively measured using Western 231 

Blot analysis. The cell viability of HEK 293 and U2OS cells after transfection with pDNA were 232 

detected by MTT assay.  233 

2.9 Delivery of siRNA 234 

U2OS cells were seeded at a density of 2.5 × 105 cells/well in a 6-well plate with 2 mL of 235 

DMEM and incubated for 24 h. Similar to the transfection process for pDNA, before delivering 236 

siRNA, 1 µg of either FANCA siRNA or FANCD2 siRNA was mixed with 40 µg of APCDs, 237 

APCDs-0.5OA, APCDs-1.0OA, or APCDs-1.5OA in 200 µL of DMEM. The mixture was 238 

incubated for 30 min to enable the formation of APCDs-siRNA or APCDs-OA conjugate-siRNA 239 

complexes. Subsequently, the complexes were added to cells. After incubating for 48 h, the cells 240 

were harvested for Western Blot analysis. The cell viability of U2OS cells after transfection with 241 

siRNA was measured by MTT assay.  242 

For Western Blot analysis, in brief, the cells were detached using trypsin, washed with 243 

phosphate buffered saline (PBS) three times, and lysed on ice for 20 min using cell lysis buffer 244 
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containing a protease/phosphatase inhibitor cocktail. Following centrifugation at 12000 rpm for 245 

15 min at 4 °C, the supernatant containing the cellular proteins was collected. The protein content 246 

of the extracted samples was determined by the BCA protein assay. 25 µg of total protein was 247 

loaded onto a gradient gel, separated by SDS−PAGE, and transferred to a PVDF membrane. The 248 

membrane was blocked with 5% milk in 0.1% Tween 20 in Tris-buffered saline (TBST) for 1 h. 249 

The membrane was then incubated overnight at 4 ℃ with anti-human FANCA antibody or anti-250 

human FANCD2 antibody, along with anti-β-actin as loading control. After washing the membrane 251 

three times with TBST, a secondary antibody was applied and incubated for an additional hour. 252 

The resulting blots were visualized using Thermo Scientific Pierce ECL Western Blotting Substrate, 253 

enabling the detection of protein bands.  254 

2.10 Intracellular trafficking  255 

U2OS cells were seeded in a 35 mm glass-bottom dish at a density of 2.5 × 105 cells/dish and 256 

incubated for 24 h. The medium was 2 mL of DMEM. Then, the APCDs-0.5OA-DNA or APCDs-257 

0.5OA-siRNA complexes were prepared by mixing 40 µg of APCDs-0.5OA with 1 µg of Cy3-258 

DNA or Cy3-siRNA in 200 µL of DMEM with incubation for 30 min. The complexes were added 259 

to cells. After incubation for 1, 2 and 4 h, the cells were washed with PBS and stained with Hoechst 260 

33342 (2 µg/mL) for 15 min and LumiTracker Lyso green (75 nM) for 10 min. Finally, the cells 261 

were imaged by Zeiss 880 confocal microscope.  262 

2.11 Statistical analysis 263 

All the experiments were performed at least triplicates. The data of cell viability and Western 264 

blot analysis are expressed as mean ± standard error of the mean (SEM). Statistical significance 265 

between treated groups and control is determined by using the one-way analysis of variance 266 

(ANOVA) in GraphPad Prism 10.  267 

 268 

 269 

 270 

 271 

 272 
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3. Results and discussion 273 

3.1 Characterization 274 

In this research, the APCDs were synthesized by a microwave method and modified with OA 275 

for gene delivery application. The morphologic characterizations from AFM and TEM (Figure 1A 276 

and Figure 1B) show that APCDs are uniformly dispersed nanoparticles with an average size of 277 

1.2 nm in z-axis and 2.0 nm along the xy-plane (Figure 1C). They possess an excitation-dependent 278 

photoluminescence behavior with a maximum emission wavelength of 425 nm when excited at 279 

350 nm (Figure 1D). Regarding the optical absorption properties, as-prepared APCDs exhibit two 280 

major absorption peaks at 233 and 290 nm in the UV-vis spectrum (Figure S1A), which are 281 

corresponding to π-π* transitions of C=O bonds and n-π* transitions of C=N/C=O bonds, 282 

respectively. OA (Figure 1E) has one characteristic peak at 228 nm that can be ascribed to n-π* 283 

transitions of C=O bonds from the carboxylic group. Upon conjugating APCDs with OA at various 284 

mass ratios, the acquired APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA all exhibit a new 285 

absorption peak at 257 nm, while the peaks related to APCDs at 233 and 290 nm disappeared. The 286 

new peak at 257 nm can be assigned to the n-π* transitions of amide bonds formed by carboxylic 287 

groups of OA and amine groups of APCDs, suggesting the successful conjugation. With the 288 

increase amount of OA, the absorbance at 257 nm is increased as well. Figure S1B to 1D display 289 

the emission spectra of APCDs-OA conjugates. As can be seen, even though the concentration of 290 

APCDs-OA conjugates are 5 times higher than that of APCDs, the fluorescence intensities of 291 

APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA are still lower than that of APCDs. It further 292 

suggests the successful conjugation of OA with APCDs. 293 
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 294 
Figure 1. Characterization of APCDs and APCDs-OA conjugates: (A) AFM and (B) TEM images of 295 
APCDs. (C) Size distribution histogram and (D) fluorescence emission spectra of APCDs at 1 µg/mL. (E) 296 
UV-vis and (F) FTIR spectra of OA, APCDs, APCDs-0.5OA, APCDs-1.0OA, and APCDs-1.5OA; the 297 
insets are the normalized fluorescence spectra. (G) TGA and (H) DTG of Arg, PEHA, APCDs, OA, APCDs-298 
0.5OA, APCDs-1.0OA and APCDs-1.5OA. (I) Zeta potential of APCDs, APCDs-0.5OA, APCDs-1.0OA 299 
and APCDs-1.5OA. 300 

To identify the functional groups in the prepared materials, FTIR analysis was conducted on 301 

the precursors (Arg and PEHA), APCDs and APCDs-OA conjugates. The FTIR spectra are 302 

presented in Figure S2, Figure 1F and summarized in Table S1. From the spectra of precursors 303 

(Figure S2), both Arg and PEHA exhibit the characteristic bands corresponding to N-H stretching 304 

vibrations of amine groups. Specifically, the bands were found at 3353 and 3151 cm-1 for Arg and 305 

3279 cm-1 for PEHA. Moreover, the bending vibrations of N-H bonds in Arg and PEHA were 306 

observed at 1566 and 1593 cm-1, respectively. These results indicate the presence of amine groups 307 

in both Arg and PEHA, suggesting their potential for synthesizing CDs with positive charges. 308 

Along with the band of C-H bending vibrations at 1454 cm-1, the appearance of C-H stretching 309 
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vibrational peaks at 2868 cm-1 for Arg as well as 2932 and 2811 cm-1 for PEHA confirm the alkyl 310 

structures within precursors. 25, 30, 31 In addition to the common moieties mentioned above, Arg 311 

also shows the typical C=O stretching vibrational band at 1679 cm-1 and C=N stretching 312 

vibrational band at 1638 cm-1. Meanwhile, three bands related to C-N, C-C, and C-O stretching 313 

vibrations were found at 1404, 1318 and 1180 cm-1, respectively. 30 For Arg, the C-N and C-C 314 

stretching bands were observed at 1356, 1291 and 1118 cm-1. Using FTIR spectra of Arg and PEHA 315 

as references, in Figure S2, the broad band of APCDs at 3374 cm-1 is attributed to N-H stretching 316 

vibrations, which confirms the existence of amine groups. The peaks at 2951, 1660, 1593 and 1454 317 

cm-1 are assigned to C-H stretching, C=O/C=N stretching, N-H bending and C-H bending 318 

vibrations, respectively. The stretching vibrational bands of C-N and C-C were identified at 1356 319 

and 1291 cm-1, respectively. Regarding APCDs-OA conjugates, all the spectra of APCDs-0.5OA, 320 

APCDs-1.0OA and APCDs-1.5OA in Figure 1F reveal three of new peaks at 2925, 2855 and 1734 321 

cm-1 when compared to FTIR spectrum of APCDs. Among these peaks, the ones at 2925 and 2855 322 

cm-1 completely overlap with the C-H stretching vibrational bands of OA, indicating the potential 323 

presence of octadecene originating from OA in structures. The one at 1734 cm-1 corresponds to the 324 

C=O stretching vibrations of amide bonds formed by amine groups of APCDs and carboxyl groups 325 

of OA, which is distinct from the C=O stretching vibrations of carboxy groups at 1707 cm-1 in 326 

pure OA. 32 Meanwhile, after conjugating, the N-H stretching vibrations and N-H bending 327 

vibrations of APCDs were shifted from 3374 to 3260 cm-1 and 1593 to 1558 cm-1, respectively. All 328 

these differences between APCDs-OA conjugates and APCDs demonstrate the successful 329 

conjugation of OA with APCDs via amidation reaction.  330 

To confirm the surface structures of as-synthesized materials, the elemental compositions of 331 

APCDs and APCD-OA conjugates were characterized by XPS. As listed in Table S2, APCDs and 332 

APCDs-OA conjugates all have three major elements including carbon, oxygen, and nitrogen on 333 

their surface. Compared to the APCDs, APCDs-OA conjugates exhibit an increasing amount of 334 

carbon and oxygen with a decrease amount of nitrogen. Upon the increase of OA in the conjugation 335 

process, the percentage of carbon has increased from 76.2% in APCDs to 83.1%, 85.6% and 87.2% 336 

in APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA, respectively, which might infer the 337 

successful conjugation between APCD and OA. The high-resolution XPS spectra and 338 

functionalities analysis of C 1s, O 1s and N 1s of as-prepared APCDs and APCDs-OA conjugates 339 

are displayed in Figure S3 and Table S3. As shown in Figure S3, all the C1s spectra of APCDs 340 
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and APCDs-OA conjugates can be deconvoluted into three peaks at around 284.3, 285.8 and 287.9 341 

eV, which can be attributed to sp3 hybridized carbon, C-N and carboxylic/imine groups, 342 

respectively. Among them, the contents of sp3 hybridized carbon (Table S3) of APCDs-0.5OA 343 

(57.1%), APCDs-1.0OA (78.8%) and APCDs-1.5OA (70.4%) are significantly higher than that of 344 

APCDs (44.7%), suggesting the presence of octadecenoic carbonic long chains from OA on the 345 

surface of APCDs-OA conjugates. The marginal change of percentage of sp3 carbon between 346 

APCDs-1.0OA and APCDs-1.5OA demonstrates the saturation of OA. Additionally, the O 1s 347 

spectra fitted with two peaks at 532.8 and 530.3 eV are attributed to carboxylic and amide bonds, 348 

respectively. For N 1s spectra, three peaks that can be assigned to imine (398.1 eV), amine (399.3 349 

eV), and amide residues (400.4 eV) were observed. 2, 24, 33-35  350 

Both TGA (Figure 1G) and DTG (Figure 1H) were performed on Arg, PEHA, APCDs, OA, 351 

APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA to learn their thermal stabilities and structural 352 

compositions. In comparison, APCDs have a higher thermal stability than Arg and PEHA, which 353 

is suggested by the temperature increase for a complete decomposition. It was observed that OA 354 

conjugation didn’t significantly affect the thermal stabilities of APCDs. Distinct DTG of Arg, 355 

PEHA, and APCDs indicate the formation of APCDs, while similar DTG of APCDs-0.5OA, 356 

APCDs-1.0OA and APCDs-1.5OA exhibit the decomposition of both APCDs and OA, 357 

demonstrating the successful conjugation between APCDs and OA. Structural composition 358 

information of different materials was obtained by referring to our previous studies. 36, 37 In the 359 

studies, mass loss at 40-168, 168-338, 338-448, and 448-1000 °C represents evaporation of water 360 

molecules, decomposition of oxygen-containing functional moieties and/or sublimation of small 361 

carbon frameworks, amines, and graphene-like or carbon nitride structures, respectively. However, 362 

considering the boiling points of Arg (368 °C), PEHA (136-144 °C) and OA (360 °C), their 363 

decompositions might not entirely follow these rules. For instance, for Arg, the decomposition at 364 

218-283 °C can be ascribed to the loss of -COOH. The actual mass loss was 17%, which is 365 

comparable to the theoretical value of 26%. However, due to the boiling point of Arg at 368 °C, 366 

the subsequent mass losses were due to a combination of decomposition and volatilization. 367 

Regarding OA, since it is composed of -COOH and small carbon frameworks, before volatilization 368 

at 360 °C, about 80% mass loss occurred due to decomposition.  369 

Different from small molecules, APCDs and APCDs-OA conjugates display complex 370 

decomposition processes. The decomposition stages with corresponding decomposed structures 371 
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were speculated and shown in Table S4. As it can be seen, bare APCDs possess 8% of adsorbed 372 

water molecules or hydroxyl groups, 10% of oxygen-containing functional moieties and/or small 373 

carbon frameworks, and 39% of amines, which accounts for the shell percentage of APCDs (57%). 374 

After conjugation to OA, the content of oxygen-containing functional moieties and/or small carbon 375 

frameworks was increased to 54%, 74%, and 70% for APCDs-0.5OA, APCDs-1.0OA, and 376 

APCDs-1.5OA, respectively, while the content of amines was decreased. Similar contents of 377 

oxygen-containing functional moieties and/or small carbon frameworks between APCDs-1.0OA 378 

and APCDs-1.5OA might indicate saturation of OA on the surface of APCDs. Additionally, the 379 

percentage of shell significantly increased after conjugation, providing further confirmation of the 380 

successful conjugation between APCDs and OA.  381 

Confirming the successful synthesis of APCDs and APCDs-OA conjugates, a zeta potential 382 

analysis was conducted to investigate whether these materials exhibit positive charges. As depicted 383 

in Figure 1I, the zeta potential of APCDs is appropriate 32 ± 2.3 mV, while that of APCDs-0.5OA, 384 

APCDs-1.0OA and APCDs-1.5OA is 56.3 ± 3.5, 57.2 ± 4.3 and 60.3 ± 5.7 mV, respectively. 385 

Compared to APCDs, all the APCDs-OA conjugates exhibit significantly increased zeta potential. 386 

According to theories in published literatures, this phenomenon might be attributed to the 387 

amphiphilic properties of APCDs-OA conjugates in structure. 7, 38-40 Amphiphilic APCDs-OA 388 

conjugates composed of hydrophilic APCDs, and hydrophobic OA tails may self-assemble or 389 

aggregate because of the decrease of water solubility. In this system, hydrophobic interactions 390 

between APCDs-OA conjugates, dominated by OA, and hydrophilic properties of APCDs may 391 

promote the formation of a core-shell structure, in which some OA tails may form a network in the 392 

core, while the positively charged APCDs are distributed in the shell. Consequently, APCDs-OA 393 

conjugates might form a partial micelle-like structure, increasing the zeta potential due to the 394 

exposure of a large number of APCDs in self-assemble system. To test such hypothesis and 395 

investigate the size difference between APCDs and APCDs-OA conjugates, APCDs, APCDs-396 

0.5OA, APCDs-1.0OA or APCDs-1.5OA at a concentration of 0.1 mg/mL was dispersed in water 397 

and then dried on a Formvar Film for TEM imaging. As shown in Figure S4, APCDs-OA 398 

conjugates exhibit aggregation or self-assembly. The sizes of these self-assemblies or aggregations 399 

for APCDs-0.5OA, APCDs-1.0OA, and APCDs-1.5OA are 18.3 ± 3.8, 33.9 ± 5.7, and 33.8 ± 8.8 400 

nm, respectively. With an increase in OA content, the sizes of self-assemblies or aggregations 401 
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increase, demonstrating that hydrophobic interactions which are mainly derived from OA play a 402 

vital role in the self-assembly or aggregation process.  403 

3.2 DNA and siRNA binding experiments 404 

3.2.1 Agarose gel electrophoresis and complex evaluation 405 

 406 

Figure 2. The agarose gel electrophoresis analysis of materials APCDs, APCDs-0.5OA, APCDs-1.0OA and 407 
APCDs-1.5OA bound with (A) siRNA and (B) pDNA at different mass ratios of the material to siRNA or 408 
pDNA; a, b, c, and d represent the samples only contain APCDs, APCDs-0.5OA, APCDs-1.0OA and 409 
APCDs-1.5OA, respectively.  410 

The nucleic acid binding abilities of vehicles play a crucial role in gene delivery applications. 411 

In theory, the negatively charged nucleic acids with a phosphate backbone structure would interact 412 

with positively charged materials through electrostatic interactions. 22, 23 Since we have proved that 413 

the as-prepared materials, including APCDs and APCDs-OA conjugates, all carry positive charges, 414 

agarose gel electrophoresis experiments were performed to investigate their affinity to siRNA and 415 

pDNA. As displayed in Figure 2, both naked siRNA and pDNA show standard migration bands. 416 

In contrast, no bands were observed for the naked APCDs and APCDs-OA conjugates. When 417 

APCDs or APCDs-OA conjugates were mixed with siRNA, both the migration and intensity of the 418 

siRNA bands were reduced depending on concentrations of APCDs or APCDs-OA (Figure 2A). 419 

Especially, for APCDs and APCDs-0.5OA, as the mass ratio increased to 80:1 or higher, migration 420 

of the siRNA was completely retarded, conforming an effective siRNA binding. However, for 421 

APCDs-1.0OA and APCDs-1.5OA, only a slight reduction in band migration was observed, even 422 
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when the mass ratio was increased to 160:1, indicating a weak siRNA binding. These data suggest 423 

that appropriate amount of OA does not affect APCDs and siRNA interaction, but extra amount of 424 

OA results in deceased binding ability to siRNA. It might be because the excess OA that is not in 425 

core of APCDs-OA partial-micelles reduces the binding opportunities between siRNA and 426 

positively charged APCDs in APCDs-OA conjugates due to the steric effect.  427 

Regarding pDNA binding (Figure 2B), upon increasing the mass ratio from 0.5:1 to 8:1, 428 

migration bands of the pDNA mixed with APCDs or APCDs-OA conjugates all become slower. 429 

Similar to siRNA binding, the conjugation of OA with APCDs to form APCDs-OA conjugates 430 

reduces the pDNA binding capability compared to APCDs alone. Thus, the agarose gel 431 

electrophoresis results demonstrate that all APCDs and APCDs-OA conjugates can successfully 432 

bind with pDNA, while APCDs and APCDs-0.5OA exhibit much better siRNA binding capability 433 

than that of APCDs-1.0OA and APCDs-1.5OA. As the pDNA used for the binding is around 5000 434 

bp (base pair) and the siRNA is around 21 bp, the significant difference between pDNA and siRNA 435 

binding might be highly related to the size of pDNA and siRNA. Detailly, pDNA with tremendous 436 

more bp and larger size can provide more binding sites to carriers than that of siRNA. In this 437 

situation, even though the presence of OA might affect the binding between pDNA and APCDs-438 

OA conjugates because of the steric effect, the enormous number of binding sites still could enable 439 

the APCDs-OA conjugate-pDNA complex formation, especially for APCDs-1.0OA and APCDs-440 

1.5OA. Furthermore, these binding sites make APCDs-OA conjugate-loaded pDNA show 441 

apparently slower migration of band even when the mass ratios are equal or below 8:1.  442 

The zeta potential of APCDs and APCDs-OA conjugates with the addition of different 443 

amounts of pDNA were measured to further investigate the appropriate mass ratio for pDNA 444 

binding. The results are displayed in Figure S5. As it can be seen, the zeta potential of both APCDs 445 

and APCDs-OA conjugates decreased with the addition of pDNA. When the mass ratios of APCDs 446 

to pDNA were lower than 5:1, the zeta potential reduced to zero. For APCDs-OA conjugates, 447 

negative charges were found when the mass ratios were less than 10:1, while the positive charges 448 

were still observed with the mass ratios equal or higher than 20:1. These results suggest that the 449 

complete binding between APCDs-OA conjugates and pDNA might only be achieved when the 450 

mass ratio is equal or higher than 20:1. The mass ratio of 40:1 lead to a positive charge in the range 451 

of 12.7 - 22.5 eV, which is beneficial for dispersion of formed complexes in aqueous system. Based 452 

on the results above, the sizes of APCDs-pDNA and APCDs-OA conjugate-pDNA complexes 453 
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formed by mass ratio of 40:1, were evaluated by TEM. As shown in Figure S6A, APCDs-pDNA 454 

complexes are irregular shape. In comparison, APCDs-OA conjugate-pDNA complexes are mostly 455 

well distributed with a spherical shape, which infers the presence of micelles structure-based 456 

complexes. The sizes of APCDs-0.5OA-pDNA, APCDs-1.0OA-pDNA and APCDs-1.5OA-pDNA 457 

(Figure S6B-6D) are 95.2 ± 6.1, 118.9 ± 16.3 and 111.42 ± 19.8 nm, respectively. For siRNA 458 

binding, using APCDs-0.5OA as an example, similar spherical shape of APCDs-0.5OA-siRNA 459 

complexes (Figure S6E) were observed with the size of 102.2 ± 14.7 nm. The release of pDNA 460 

from APCDs-pDNA or APCDs-OA conjugate-pDNA complexes investigated by agarose gel 461 

electrophoresis method are shown in Figure S7. With addition of heparin, the retarded pDNA were 462 

gradually released from complexes. When the mass ratio of heparin to pDNA was 50:1, they were 463 

almost released. Meanwhile, the release of pDNA from APCDs-pDNA complexes (Figure S7A) 464 

is easier compared to that from APCDs-OA conjugates-based complexes (Figure S7B-7D). This 465 

result indicates that the pDNA complexes formed by APCDs-OA conjugates might be more stable 466 

than those formed by APCDs.  467 

  468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 
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3.2.2 UV-vis and fluorescence spectra  481 

 482 

 483 

Figure 3. UV-vis absorption spectra of (A) APCDs, (B) APCDs-0.5OA, (C) APCDs-1.0OA and (D) 484 
APCDs-1.5OA at 20 µg/mL in the presence of different concentration of DNA. 485 

To further investigate the binding affinity and binding mechanism of the synthesized materials 486 

to DNA, UV-vis absorption, and fluorescence emission spectra of APCDs and APCDs-OA 487 

conjugates with addition of calf thymus DNA were measured. In general, binding mechanisms of 488 

small molecules to DNA can be classified as covalent and non-covalent binding. The non-covalent 489 

binding can be further categorized into intercalative, groove and electrostatic interactions. In the 490 

UV-vis absorption spectra, any changes associated to the absorbance and wavelength of 491 

characteristic peaks of the molecules or DNA can serve as evidence for binding modes and binding 492 

strength analysis. Briefly, the covalent binding manifests as a hyperchromic and bathochromic 493 

effect in absorption maxima, while the non-covalent binding results in diverse changes 494 

corresponding to different interaction modes. Published literature suggests that hypochromic effect 495 
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accompanied by a noticeable red shift indicates intercalative interactions, while lower 496 

hypochromic or hyperchromic effect without a red shift signifies electrostatic interactions. Groove 497 

binding typically induces negligible or minor changes in the UV-vis absorption spectra. 41-48 For 498 

fluorescence spectra, a significantly increased fluorescence emission is an indication of 499 

intercalative interactions. In the case of electrostatic and groove binding, it is possible to observe 500 

a reduced fluorescence intensity of molecules in the presence of DNA. 18, 49   501 

The UV-vis spectra of APCDs and APCDs-OA conjugates in the presence of different 502 

concentrations of DNA are presented in Figure 3. To eliminate the absorbance of DNA itself, an 503 

aqueous solution that only contains DNA was used as a blank sample during detection. Regarding 504 

APCDs, as displayed in Figure 3A, an increase in DNA concentration from 0.5 to 30 µg/mL led 505 

to an initial rise in the absorption intensity of peaks at 233 and 290 nm, followed by a subsequently 506 

decrease. The concentration of 5 µg/mL can be considered as a threshold for this change, where 507 

the hyperchromism of the band at 290 nm reaches to 27.20 %, without any red or blue shift, 508 

suggesting the presence of electrostatic interactions between APCDs and DNA. When the 509 

concentration increased from 5 to 30 µg/mL, the peak at 233 and 290 nm shifts to 227 and 299 nm, 510 

respectively. The hypochromism of the peak at 290 nm is around 28.16 %, indicating an 511 

intercalative binding mode. Thus, the UV-vis spectra suggests that both electrostatic and 512 

intercalative interactions participate in APCDs and DNA binding. After connecting with OA, the 513 

obtained APCDs-OA conjugates exhibit a different tendency in absorption spectra related to DNA 514 

binding. As it can be seen from Figure 3B-3D, with addition of DNA, the absorbance of the 515 

characteristic band of APCDs-OA conjugates at 257 nm increased initially and then decreased, 516 

which is similar to that of APCDs. However, instead of a red shift, only a blue shift was observed 517 

in this band, suggesting that the binding between APCDs-OA conjugates and DNA might 518 

predominate by electrostatic interactions. Furthermore, when the concentration of DNA is higher 519 

than 10 µg/mL, a new absorption peak appears at 306 nm, which might represent a stable APCDs-520 

OA conjugate-DNA complex formation. 50 Such stable complexes are extremely important in gene 521 

delivery application.  522 
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 523 

 524 

Figure 4. Fluorescence emission spectra of (A) APCDs at 1.0 µg/mL, (B) APCDs-0.5OA at 5 µg/mL, (C) 525 
APCDs-1.0OA at 5 µg/mL and (D) APCDs-1.5OA at 5 µg/mL in the presence of different concentrations 526 
of DNA. 527 

The fluorescence spectra of APCDs and APCDs-OA conjugates with the addition of DNA are 528 

presented in Figure 4. As observed, the presence of DNA significantly affects the fluorescence 529 

intensity of APCDs and APCDs-OA conjugates. Specifically, from Figure 4A, the addition of 530 

DNA at a concentration lower than 0.25 µg/mL in APCDs solution enhances fluorescence intensity, 531 

while a deceased fluorescence intensity was observed when the concentration of DNA equals or 532 

higher than 0.5 µg/mL. Since Figure 4A illustrates both enhanced and quenched fluorescence, the 533 

interaction mechanisms between APCDs and DNA can be attributed to intercalative and 534 

electrostatic modes. At the highest DNA concentration of 1.50 µg/mL, the fluorescence quenching 535 

is approximately 18.2 %. Different from APCDs, APCDs-OA conjugates in Figure 4B-4D only 536 

show reduced fluorescence intensity, suggesting electrostatic interactions. With the addition of 537 
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DNA at 7.5 µg/mL, the fluorescence quenching for APCDs-0.5OA, APCDs-1.0OA and APCDs-538 

1.5OA is 40.5%, 39.1% and 30.6%, respectively. As the change of the fluorescence intensity is 539 

strongly correlated with binding strength and complexes formation, the higher fluorescence 540 

quenching observed in APCDs-OA conjugates compared to APCDs suggests that APCDs-OA may 541 

form more stable complexes with DNA than APCDs. This might be because the APCDs-OA 542 

conjugates can bind with phosphate groups of DNA via external electrostatic interactions and then 543 

wrap the DNA in hydrophobic chain of APCDs-OA conjugates, forming the stable complexes like  544 

micelle-based complexes, which are consistent to the results shown in Figure S6 and Figure S7.  545 

3.3 Cytotoxicity assessment 546 

MTT assays were conducted to investigate the cytotoxicity of APCDs and APCDs-OA 547 

conjugates in HEK 293 and U2OS cells. Meanwhile, the cytotoxicity of PEI was evaluated for 548 

comparison. As shown in Figure 5A and 5C, PEI exhibits high cytotoxicity. When the 549 

concentration is 1.66 µg/mL, the cell viability of HEK 293 and U2OS cells is 60% and 38%, 550 

respectively. In contrast, the as-prepared APCDs and APCDs-OA conjugates display significantly 551 

lower toxicity than PEI. At concentrations equal to or lower than 25 µg/mL for APCDs and 552 

APCDs-OA conjugates, cell viabilities for both cell types exceed 70%. Furthermore, compared to 553 

pure APCDs, the conjugation of OA does not show a significant difference in cell viability. Based 554 

on the fitted curves in Figure 5B and 5D, the half-maximal inhibitory concentration (IC50) values 555 

for APCDs, APCDs-0.5OA, APCDs-1.0OA, and APCDs-1.5OA in HEK 293 cells are 57.57, 56.85, 556 

50.99, and 65.55 µg/mL, respectively. In U2OS cells, the corresponding values are 57.57, 44.98, 557 

48.63 and 47.99 µg/mL, respectively. Hence, for further DNA and siRNA delivery studies, the 558 

concentration of APCDs and APCDs-OA conjugates would be maintained below 25 µg/mL to 559 

minimize vehicle toxicity.  560 
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 561 

Figure 5. Cytotoxicity evaluation of APCDs, APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA in (A) and 562 
(B) HEK 293, as well as (C) and (D) U2OS cells at the different concentration for 48 h at 37 ℃. Data are 563 
shown as mean ± SEM. Statistical significance is determined by using the one-way ANOVA analysis. 564 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to non-treated controls. 565 

3.4 Cellular distribution of APCDs and APCDs-OA conjugates 566 

It is well established that nucleic acids are negatively charged and face challenges in 567 

penetrating the cell membrane. Therefore, it is essential for a gene delivery carrier to have the 568 

ability to penetrate cell membranes and deliver exogenous DNA or RNA to their respective active 569 

sites. Since the active sites of normally used pDNA and siRNA are in cell nucleus and cytoplasm, 570 

respectively, 5, 51, 52 the evaluation of the intracellular distribution especially the nucleus targeting 571 

ability of APCDs and APCDs-OA conjugates is of great importance. The fluorescence microscopic 572 

images of HEK 293 and U2OS cells treated with APCDs and APCDs-OA conjugates are displayed 573 

in Figure 6A and 6B, respectively. NucRed Dead 647 dye was applied to label the cell nucleus. 574 



24 
 

The results indicate that all APCDs and APCDs-OA conjugates can enter the cells and distribute 575 

in both the cytoplasm and nucleus. In addition, the cells incubated with APCDs-OA conjugates 576 

exhibit enhanced blue fluorescence in the nucleus compared with that of APCDs, demonstrating 577 

that the conjugation of OA on the surface of APCDs can improve the nucleus membrane 578 

penetration ability of the materials. This phenomenon is obviously observed in HEK 293 cells 579 

(Figure 6A). Therefore, the synthesized materials in this study may have potential to deliver pDNA 580 

and siRNA into their respective active sites within cells.  581 

 582 

Figure 6. (i) Fluorescence microscopic images of HEK 293 cells treated with 1 mg/mL of (A) APCDs, (B) 583 
APCDs-0.5OA, (C) APCDs-1.0OA and (D) APCDs-1.5OA for 4 h; (ii) Confocal microscopic images of 584 
U2OS cells treated with 1 mg/mL of (A) APCDs, (B) APCDs-0.5OA, (C) APCDs-1.0OA and (D) APCDs-585 
1.5OA for 1 h. NucRed Dead 647 dye was applied to label the cell nucleus.  586 

 587 

 588 

  589 
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3.5 Delivery of pDNA 590 

The pDNA transfection efficiencies of as-prepared materials were assessed in HEK 293 and 591 

U2OS cells by delivering GFP plasmids. The mass ratio of the material to pDNA were set as 20:1 592 

and 40:1. Cells treated only with pDNA were served as the negative control, while cells treated 593 

with PEI and pDNA were considered as the positive control. As can be seen in Figure S8, no green 594 

fluorescence protein signal was observed in cells treated only with naked pDNA, which indicates 595 

that pDNA alone cannot enter the cells and achieve gene expression. On the contrary, for the 596 

positive control, green fluorescence was observed in both types of cell lines. Among the as-597 

synthesized materials, APCDs fail to show transfection ability (Figure 7A and 7B). Despite 598 

confirming the pDNA binding capability of APCDs in agarose gel electrophoresis studies, the 599 

failure of GFP expression in cells might be because APCDs cannot protect pDNA from endosomal 600 

enzyme digestion in the intracellular environment. However, in comparison, after conjugating with 601 

OA, all the obtained APCDs-OA conjugates exhibit higher transfection efficiency than PEI. To 602 

understand whether the transfection ability was solely due to OA, the cells co-treated with OA and 603 

pDNA were also imaged, with the results shown in Figure S8. Since there were no signals 604 

observed under the green fluorescence channel, the high pDNA transfection efficiencies of 605 

APCDs-OA conjugates are attributed to the synergistic effect of APCDs and OA. Specifically, 606 

APCDs-OA conjugates with amphiphilic structure may encapsulate pDNA inside the structure to 607 

form stable complexes, protecting pDNA and achieve endosome escape after entering cells. From 608 

Figure 7A and 7B, when the mass ratio of APCDs-OA conjugates to GFP plasmids was increased 609 

from 20:1 to 40:1, the green fluorescence signals also increased, demonstrating that the 610 

transfection efficiencies of APCDs-OA conjugates are dose-dependent. 611 
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 612 

Figure 7. Transfection efficiency of materials APCDs, APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA 613 
at different mass ratio of material to pDNA in (A) HEK 293 and (B) U2OS cells. The cells treated only with 614 
pDNA or pDNA with OA were used as negative controls, while the 25 kDa PEI with pDNA were used as 615 
positive controls. (C) Western blot analysis of GFP expression in HEK 293 cells. (D) Quantification of 616 
Western Blot results: relative GFP expression level of HEK 293 cells treated by varied materials. The GFP 617 
expression mediated by PEI were set as 1. Statistical significance is determined by using the one-way 618 
ANOVA analysis. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, compared to PEI group.  619 
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To quantify GFP expression and determine the best pDNA delivery vehicle, Western blot 620 

analysis was performed. As shown in Figure 7C, GFP bands were not observed in cells treated 621 

only with pDNA or cells incubated with APCDs and pDNA, which matches the result in Figure 622 

S4 and 7A. Cells treated with pDNA using PEI, APCDs-0.5OA, APCDs-1.0OA and APCDs-623 

1.5OA as carriers exhibit obvious GFP bands. From Figure 7D, GFP expression level mediated by 624 

APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA at the mass ratio of 20:1 is six times greater 625 

than that of PEI. As the mass ratio increased from 20:1 to 40:1, all APCDs-OA conjugates show 626 

increased and comparable GFP expression level, approximately nine or ten times higher than that 627 

of PEI. Besides the evaluation of GFP expression, the cell viability of HEK 293 and U2OS cells 628 

after being transfected with pDNA were detected. As the results shown in Figure S9A-9B, the cell 629 

viability of both types of cells are all higher than 80%. Therefore, the GFP plasmids delivery 630 

experiments above demonstrate that APCDs-OA conjugates are good vehicle candidates for pDNA 631 

delivery.  632 

3.6 Delivery of siRNA 633 

siRNA is a class of double-stranded RNA that can silence protein expression by targeting 634 

complementary mRNA for its cleavage and degradation. 53 It has been widely explored in 635 

therapeutics. 53 To evaluate the siRNA transfection efficiency of the synthesized APCDs and 636 

APCDs-OA conjugates, two siRNA for silencing FANCA and FANCD2 proteins which involved 637 

in DNA repair were selected as siRNA models. 54, 55 The expression levels of FANCA and 638 

FANCD2 proteins in U2OS cells were analyzed by Western blot. Regarding vehicles, the mass 639 

ratio of the as-prepared material to siRNA was 40:1. The cells without any treatment were set as 640 

control. The results in Figure 8 indicate that the expression of FANCA and FANCD2 proteins were 641 

not affected in cells treated with naked siRNA. The transfection efficiency of APCDs is negligible. 642 

Similar to the results in pDNA delivery, conjugation of OA to APCDs can improve the siRNA 643 

transfection efficiency of materials. As depicted in Figure 8A and 8B, APCDs-0.5OA show the 644 

highest siRNA delivery capability. With APCDs-0.5OA as carriers, the relative expression of 645 

FANCA and FANCD2 proteins were silenced from 100% to 9.9 % and 19.1 %, respectively, 646 

compared with the control. In comparison, the expressions of these two proteins were only silenced 647 

to 60 – 70 % in cells utilizing APCDs-1.0OA and APCDs-1.5OA as vehicles, inferring that excess 648 

OA on APCDs-OA conjugates is not beneficial in siRNA delivery. This phenomenon can be 649 
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explained by the fact that APCDs-1.0OA and APCDs-1.5OA have significantly lower siRNA 650 

binding ability than that of APCDs-0.5OA, which has been proved by agarose gel electrophoresis 651 

results in Figure 2A. The cell viability of U2OS cells was not affected after transfection (Figure 652 

S10) . APCDs-0.5OA has potential to be an ideal vehicle for siRNA delivery.  653 

 654 

Figure 8. siRNA transfection efficiency of materials APCDs, APCDs-0.5OA, APCDs-1.0OA and APCDs-655 
1.5OA in U2OS cells. Data are shown as mean ± SEM. Statistical significance was determined by using the 656 
one-way ANOVA analysis. *p<0.05, **p<0.01, ***p<0.001, ****p<0.000,  compared to control. 657 

3.7 Intracellular trafficking 658 

Since the efficient gene transfection ability of the as-prepared APCDs-OA conjugates has been 659 

proven, the intracellular trafficking of Cy3-siRNA and Cy3-DNA-based complexes formed by 660 

using APCDs-0.5OA as a carrier model at a mass ratio of 40:1 was determined in U2OS cells to 661 

investigate the delivery mechanism. After incubation for 1, 2 and 4 h with the complexes, the cell 662 

nucleus was stained with Hoechst 33342, while the endosomes were stained with LumiTracker 663 

Lyso green. The cells without the adding of complexes were set as controls. As shown in Figure 664 

9, with cell incubation for 1 h, Cy3-siRNA signals were observed and overlapped with the green 665 

signals for endosomes, indicating that the Cy3-siRNA-based complexes were trapped in 666 

endosomes upon entering the cells. With the incubation time increasing from 1 to 2 and 4 h, some 667 
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of the Cy3-siRNA escaped from endosomes. A similar phenomenon was observed for Cy3-DNA 668 

trafficking in Figure S11. Therefore, the developed gene delivery system that utilizes APCDs-OA 669 

conjugate as gene vehicles involves in the endosomal escape mechanism.  670 

 671 

Figure 9. Intracellular tracking of Cy3-siRNA loaded APCDs-0.5OA complexes in U2OS cells with 672 
different incubation time. The cell nucleus was stained by Hoechst 33342 (blue channel) and the endosomes 673 
were stained by LumiTracker Lyso green (green channel). The cells without Cy3-siRNA and APCDs-0.5OA 674 
were set as controls.  675 

4. Conclusion  676 

In this project, the positively charged APCDs which were derived from Arg and PEHA as 677 

precursors were first synthesized and conjugated with OA for gene delivery applications. The as-678 

prepared APCDs possess a small size of 2 nm and exhibit excitation-dependent photoluminescence 679 

properties. By varying the mass ratio of APCDs to OA from 0.5:1 to 1:1 and 1.5:1, the obtained 680 

APCDs-OA conjugates including APCDs-0.5OA, APCDs-1.0OA and APCDs-1.5OA exhibit the 681 



30 
 

merits of amphiphilic structures. Confirming through agarose gel electrophoresis study, UV-vis 682 

and fluorescence spectroscopies, taking advantages of positively charged APCDs and hydrophobic 683 

oleoyl chain of OA, these APCDs-OA conjugates can bind with DNA via electrostatic interactions 684 

and form stable APCDs-OA conjugate-DNA complexes. The strong siRNA binding capability of 685 

APCDs-0.5OA was also proved via agarose gel electrophoresis experiments. In addition, the 686 

cellular uptake investigations in HEK 293 and U2OS cells demonstrate that all the APCDs and 687 

APCDs-OA conjugates can efficiently penetrate the cell membrane and distribute in both the 688 

cytoplasm and the nucleus which serve as active sites for siRNA and pDNA, respectively. 689 

Evaluating via GFP pDNA delivery studies, all the prepared APCDs-OA conjugates show high 690 

pDNA transfection efficiency in HEK 293 and U2OS cells, especially the transfection efficiencies 691 

of APCDs-0.5OA and APCDs-1.0OA in HEK 293 cells are ten times greater than that of PEI. 692 

Regarding siRNA delivery, after transfection of FANCA siRNA and FANCD2 siRNA into U2OS 693 

cells with APCDs-0.5OA as vehicles, the expression of FANCA and FANCD2 proteins were 694 

downregulated to 9.9 and 19.1 %, respectively, indicating the excellent siRNA transfection efficacy 695 

of APCDs-0.5OA. Consequently, the gene delivery system in this study combines the advantages 696 

of lipid structure and CCDs, significantly improving the transfection efficiency of carriers to both 697 

pDNA and siRNA. Based on the intracellular trafficking experiment, the delivery involves 698 

endosomal escape mechanism. This study offers a strategy in the development of highly effective 699 

gene delivery vehicles.  700 
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