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Chitosan is widely employed in gene carriers due to its excellent gene loading capacity, ease of modification, and
exceptional biodegradability. However, low gene delivery efficiency, high cytotoxicity, and lack of tracer bio-
mimetic properties limit its clinical use. To address these issues, a novel biomimetic tracking gene delivery
carrier, RBCm-C50kQT, was constructed by using the design scheme of cell membrane coated carbon quantum

dots/chitosan. This carrier improves stability and tracking performance while embedding the cell membrane
enhances biosafety. RBCm-C50kQT effectively carries and protects DNA, improving uptake and transfection
efficiency with reduced cytotoxicity. It maintains strong fluorescence tracking and shows high uptake efficiencies
of 83.62 % and 77.45 % in 293 T and HeLa cells, respectively, with maximum transfection efficiencies of 68.80 %
and 45.47 %. This advancement supports gene therapy improvements and paves the way for future clinical

applications.

1. Introduction

Gene therapy holds immense promise but encounters hurdles like
delivery technology limitations and biosafety concerns [1]. Cationic
polymers such as chitosan (CS), poly-L-lysine (PLL), and poly-
ethyleneimine (PEI) dendrimers are favored for their lower immuno-
genicity and improved safety, addressing these issues effectively [2,3].
CS, a natural polysaccharide cationic polymer, features abundant posi-
tive charges that facilitate electrostatic interactions with DNA, aiding in
nucleic acid protection and condensation [4,5]. Its low toxicity, good
biodegradability, and modifiable nature make it ideal for advanced
therapeutic and diagnostic applications, including cancer diagnosis,
imaging and treatment [6,7]. Especially, CS has become one of the most
extensively researched gene carriers due to its efficient gene expression
and excellent biocompatibility [8,9]. To observe the biological imaging
process of chitosan, it is often coupled with organic dyes, fluorescent
proteins, and other fluorescent groups to give it optical (fluorescent)
properties [10-12]. However, traditional fluorescent labeling methods
suffer from poor photostability, low hydrophilicity, and high toxicity,
limiting their application in gene delivery [13-15]. To solve this issue, it
is urgent to prepare a gene delivery carrier with high fluorescence
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intensity and good stability. Quantum dots have become the focus of
attention because of their excellent optical properties and good
biocompatibility.

Quantum dots (QDs) have been widely studied due to their unique
properties such as high photostability, high biocompatibility, wide
excitation and photoluminescence [16-18]. The superior fluorescence
properties, which can be excited and visualized in physical environ-
ments and make QDs ideal for applications in cell imaging, bio-
fluorescent labeling, and related fields [19-21]. However, small
quantum dots are easily endocytosed by cells and degraded by nucleases
[22]. When a single quantum dot is used as a gene carrier, its ability to
carry DNA is limited [23]. To address this issue, researchers have
developed quantum dots with various surface chemical modifications as
probes for in vitro and in vivo imaging, and multifunctional quantum dot
carriers for precise gene delivery, integrated diagnosis and treatment
[24-27]. Lee et al. created carboxymethyl chitosan-coated zinc oxide
QDs, enhancing stability and improving release, imaging, and thera-
peutic outcomes [28]. Similarly, Santanu Ghosh’s team synthesized
carbon QDs conjugated with polyamidoamine (PAMAM) dendrimers for
gene delivery, showing potential in breast cancer detection and therapy
[29]. Despite their promise, challenges such as low gene delivery
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Schemel. The preparation scheme of CS-CQDs- TPP/DNA and RBCm-CQT/DNA complexes, as well as the transport and gene transfection of the complexes in cells.

efficiency and high cytotoxicity remain significant in clinical applica-
tions [30-32].

In recent years, cell membrane has been widely used in the embed-
ding of gene carriers because of its good biocompatibility and biode-
gradability [33,34]. Encapsulation with cell membranes enhances
carrier particle stability and biosafety by mitigating environmental in-
fluences [35-37]. Red blood cells are the most abundant circulating cells
in blood, with good biocompatibility, degradability and long half-life
[38,39]. Nanoparticles coated with erythrocyte membranes benefit from
prolonged in vivo retention and increased tumor targeting [40,41].
Therefore, erythrocyte membranes were widely used in drug delivery
systems and gene delivery systems. Wang et al. encapsulated PEI/DNA
complexes within erythrocyte membranes, creating the RBCm-PDc
complex with low protein adsorption, reduced cytotoxicity, and high
gene delivery efficiency [42]. Liang et al. developed RP-PU by embed-
ding probuol (PU) in erythrocyte membranes, demonstrating sustained
release, good biocompatibility, and effective cellular internalization
[43]. These advancements highlight the potential of
membrane-encapsulated gene delivery systems for effective gene ther-
apy. However, most of the reports focused on the transfection efficiency
and cytotoxicity, and there were still few reports on visual gene vectors

with good Dbiocompatibility, low and fluorescence
characteristics.

In this work, we constructed a tracking biomimetic gene delivery
vector based on cell membrane encapsulated carbon quantum dots/
chitosan (RBCm-C50kQT) to achieve safe and effective gene delivery. As
demonstrated in Scheme 1, biosafety carbon quantum dots were pre-
pared by a simple hydrothermal method using citric acid (CA) as raw
material. Subsequently, TPP was attached to chitosan (Chitosan30k and
Chitosan50k) to functionalize the surface of CQDS to enhance DNA
binding while preserving the biological tracking properties of the
quantum dots. Finally, the natural cell membrane was embedded to
further improve its stability and biosafety. The biological tracking
characteristics of the carrier material were verified by fluorescence
emission spectrum, the surface morphology of the carrier was observed
by scanning electron microscope and transmission electron microscope,
the biological safety of the carrier was verified by MTT assay, and its
effectiveness as a gene carrier was detected by agarose gel electropho-
resis, in vitro cell uptake experiment and in vitro cell transfer staining,
indicating that it is a safe and effective gene carrier.

toxicity
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2. Experimental section
2.1. Preparation of CQDs and CS-CQDs-TPP

After dissolving 3.84 g CA in 20 mL purified water, it was transferred
into a high-pressure stainless steel reactor lined with polytetrafluoro-
ethylene and yellow liquid was obtained after reaction at 200 °C for 3 h.
And subsequently dialyzed in the dark for 24 h. The resulting dialysate
was freeze-dried to obtain CQDs powder.

After 10 mg Chitosan50k was ultrasonically dissolved in 5 mL 5 %
acetic acid to obtain 2 mg/mL Chitosan50k storage solution. A certain
amount of storage solution was weighed into a clean beaker, and the
mixture of CQDs and TPP was slowly added while stirring, and the re-
action was continued for 2 h at room temperature. After the reaction
was completed, Chitosan50k-CQDs-TPP (C50kQT) was obtained by
centrifuge at 12,000 rpm/min for 30 min, precipitation was removed,
and freeze-drying was performed. Using the same method, Chitosan30k
is substituted for Chitosan50k to obtain Chitosan30k-CQDs-TPP
(C30kQT).

2.2. Preparation of CS-CQDs-TPP/DNA , RBCm-CQT/DNA

The C30kQT/DNA complex was prepared by mixing C30kQT and
DNA according to a certain mass ratio and incubating for 60 min. The
prepared RBCm suspension was thawed and dispersed ultrasonic, mixed
according to the mass ratio of RBCm to C30kQT/DNA complex of 0.5/
1.5/1, 1/1.5/1, 2/1.5/1, 3/1.5/1, 4/1.5/1, and incubated at room
temperature for 1 h after 60s of vortex. After incubation, Genizer
liposome extruder was used to prepare compounds with different mass
ratios. The preparation method of C50kQT/DNA and RBCm-C50kQT/
DNA complex is the same as above.

2.3. Characterization of CS-CQDs-TPP/DNA , RBCm-CQT/DNA

2.3.1. Fluorescence characterization

Quantum dots can deliver genes because of their unique optical
properties, and can visualize the gene delivery process in real time. To
validate the fluorescence properties of C30kQT and C50kQT, they were
dispersed in deionized water, and the fluorescence emission spectra of
C30kQT and C50kQT were measured using a fluorescence microplate
reader (EnSpireTM, PerkinElmer, US) at different excitation
wavelengths.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

The surface functional groups of CA, CQDs, Chitosan30k, Chito-
san50k, C30kQT and C50kQT were identified using FTIR. The samples
were mixed with potassium bromide at a mass ratio of 1/100, and then
ground into thin transparent discs. The infrared spectrum was docu-
mented after measuring the infrared absorption in the range of
400-4000 cm ™! using an infrared spectrometer (INVENIO, BRUKER,
GER).

2.3.3. Determination of amino group content

20 pL of a fluorescent amine solution (1 mg/mL) and 2 pL of C30kQT
(1 mg/mL) solution were added to 100 pL of deionized water and
incubated at room temperature for 10 min. The fluorescence intensity of
the mixture was measured by 3D fluorescence scanning with the exci-
tation wavelength range of 320-410 nm and the emission wavelength
range of 450-600 nm, and the 3D fluorescence map was drawn. And
then the standard curve was constructed according to the amino group
content and fluorescence intensity in Chitosan50k. The content of amine
group in the sample was calculated according to formula (1). Where F; is
the final concentration of the sample mixed with fluorescent amine, and
Fy is the theoretical concentration obtained by substituting the fluo-
rescence value data of the test group into the standard curve.
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2.3.4. Size and zeta potential

The dynamiclight scattering (DLS) technique was employed to assess
the particle size and potential of C30kQT and C50kQT nanocomposites.
Purified water (Hangzhou Wahaha Group Co., LTD.) was used to
resuspend the pellets containing the particles. Then the particle size and
zeta potential of the nanocomposites were measured using a Zetasizer
Nano ZS (Marvin, UK) at 25 °C. The average value was calculated based
on the results of three measurements, with a standard deviation of + SD.
The particle size and zeta potential determination methods of RBCm-
C30kQT/DNA and RBCm-C50kQT/DNA complexes are the same as
above.

2.3.5. SEM and TEM

The morphology of C30kQT, C50kQT, RBCm-C30kQT/DNA and
RBCm-C50kQT/DNA were characterized by SEM (FSEM-1, Sirion 200,
NED) and TEM (FEI Talos F200X G2, USA). 30 pL of the solution was
dropped onto the wafer, drying at room temperature and then under
field emission scanning electronmicro scop detection for SEM images.
The nanoparticles were dispersed with deionized water, and 50 pL of the
solution was added dropwise onto a copper mesh, which was allowed to
dry at room temperature, and then the morphology and size of the
nanoparticles were observed by TEM.

2.4. Hemolysis test

10-20 mL of fresh mouse whole blood (which had been added with
anticoagulant Active Ingredient sodium) was added to the test tube and
diluted with proper amount of normal saline. Centrifuge was
centrifuged at 2000 rpm/min and precipitation was left, and then
washed with normal saline repeatedly for 2-3 times to prepare a
normal saline suspension with 2 % concentration. Chitosan30k,
Chitosan50k, C30kQT and C50kQT were mixed with 1 mL 2 % red
blood cell suspension, 10 % Triton X-100 was the positive control
group, and the normal saline group was the negative control group.
The prepared sample was then incubated at 37 °C for 1 h, centrifuged
at 2000 rpm/min and then su-pernatant was taken to determine its
maximum UV absorption at 418 nm. The samples in each group
were measured three times in par-allel, and the hemolysis rate was
calculated according to formula (2). Where A is the absorbance of the
experimental group, At is the absor-bance of the positive control 10
% Triton X-100 group, and A, is the absorbance of the negative
control normal saline group.

A—Ay
AT*AO

Hemolysis rate = x 100% (2)

2.5. Agarose gel electrophoresis

Agarose gel electrophoresis was used to assess the DNA condensation
ability of C30kQT and C50kQT. After the carrier/DNA complexes with
various mass ratios were added to the 1 % (w/v) agarose gel sample
wells containing EtBr, the gel was placed in TBE buffer and subjected to
electrophoresis at 90 V for 40 min. Finally, the gel imaging system was
utilized to observe the gel image.

In the DNA protection and release evaluation experiment, three
groups of C30kQT/DNA, C50kQT/DNA and Chitosan50k/DNA com-
plexes were prepared according to the optimal binding mass ratio, and
the band changes of agarose gel electrophoresis were observed after
different treatments. The treatment methods for each experimental
group are as follows: Group I serves as the negative control without any
treatment, with well 0 as the DNA blank control; Group II includes the
addition of 4 pL of Active Ingredient sodium (20 mg/mL); Group III
involves the addition of 3 pL of DNasel (40 U/mL) and 3 pL of
Reaction Buffer (10x);
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Fig. 1. Characterization results. (a), (b), (c) Fluorescence emission spectra of CQDs, C30kQT and C50kQT at different excitation wavelength. (d) FTIR spectra of CA,
CQDs, Chitosan30k, Chitosan50k, C30kQT and C50kQT. (e) 3D fluorescence map of fluorescent amine derivatives. (f) Fluorescent amine derivative contour fluo-
rescence map. (g) Amino content standard fluorescence curve. (h) Amino group content of C30kQT and C50kQT. (mean + SD, n = 3; *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001). (i) SDS-PAGE electrophoretic analysis of the film coated complex.

Group IV starts with the addition of 4 pL of Active Ingredient sodium
(20 mg/mL) followed by 3 pL of DNasel (40 U/mL) and 3 pL of
Reaction Buffer (10x); Group V begins with the addition of 3 pL of
DNasel (40 U/mL) and 3 pL of Reaction Buffer (10x) followed by 2.5
pL of EDTA (50 mM) and 4 pL of Active Ingredient sodium (20 mg/mL).

2.6. SDS-PAGE

The effectiveness of cell membrane encapsulation was assessed using
SDS-PAGE. The gel was prepared following the instructions provided in
the kit. A mixture of 10 pL of sample buffer (5x) and 40 pL of carrier
nanocomposites (1 mg/mL) was boiled in a water bath for 10 min. After
centrifugation at 3000 rpm for 1 min, the supernatant was loaded into
the gel. Electrophoresis was then run at 80 V for 30 min, followed by
electrophoresis at 120 V for 2 h until the bromophenol blue dye reached

the bottom of the gel. The gel was stained with G250 for 1 h and then
decolorized using a decolorizing solution. Finally, the gel image was
observed using a gel imaging system (Gel Doc XR, Bio-Rad, US).

2.7. MTT assay

MTT method was used to determine the effect of samples on cell
growth status, and the relative cell survival rate was used as the final
evaluation basis. The cells were seeded in a 96 well plate at a density of 1
x 10* cell/well and then incubated for 24 h until they reached 80 %
confluence. After the culture medium was replaced, a complete culture
medium containing different concentrations of carrier or carrier/DNA
nanocomposites was added. Following a 48 h incubation and 72 h in-
cubation, 100 pL of MTT (0.5 mg/mL) solution was added to each well,
and the cells were then incubated for 4 h. Subsequently, the purple
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Fig. 2. Characterization results. (a-d) Particle size and potential of Chitosan/CQDs/TPP with different mass ratios. (e-h) Particle size and potential of Chitosan/
CQDs/TPP/DNA with different mass ratios. (i-1) Particle size and potential of RBCm-CQT/DNA with different membrane mass ratios. (mean + SD, n = 3; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001). (m-p) Scanning electron microscope images of C30kQT, C50kQT, RBCm-C30kQT and RBCm-C50kQT. (Scale ratio =
500 nm.) (q-t) Transmission electron microscopy images of C30kQT, C50kQT, RBCm-C30kQT and RBCm-C50kQT. (Scale ratio = 500 nm.).

methylzan crystal was dissolved by adding an equal amount of DMSO, calculate the relative cell survival rate, and the standard deviation was
and the absorbance of each well at 570 nm was then measured using a . .
microplate reader (EnSpire™, PerkinElmer, US). The relative cell sur- +SD. Where A, is the absorbance per hole of the experimental group,
vival rate was calculated by formula (3), and 3 parallel sets were set for and Asy is the absorbance of the negative control group.

each sample. The average value of the obtained data was used to
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2.8. Invitro cell uptake

Ensuring that carriers have efficient cellular uptake is a key factor for
successful gene delivery. The uptake efficiency of C30kQT/DNA,
C50kQT/DNA, RBCm-C30kQT/DNA and RBCm-C50kQT/DNA nano-
composites was investigated in 293 T and HeLa cells. The cells were
seeded in a 12-well plate and incubated until they reached 70-80 %
confluence. The culture medium was then replaced with DMEM medium
containing carrier/DNA nanocomposites, with DNA mass of 2 pg/well.
After the cells were cultured for an additional 6 h, they were fixed with
4 % paraformaldehyde and the culture medium was removed. The cells
were then stained with Green488 dye and observed using a confocal
laser scanning microscope (IRX60, Sunny Optical Technology, China).
The cellular uptake efficiency of the complexes was also quantified using
flow cytometry (CytoFLEX, Beckman, US).

2.9. In vitro gene transfection

The efficacy of gene carriers is often evaluated based on transfection
efficiency, which is considered one of the most important indicators. The
transfection efficiency of C30kQT/DNA, C50kQT/DNA, RBCm-
C30kQT/DNA, and RBCm-C50kQT/DNA complexes was investigated
in 293 T and HelLa cells. The cells were initially placed in a 24-well plate
at a density of 1x10* and left to incubate for 24 h. Following this, me-
dium containing various mass ratios of carriers/DNA complexes, with a
DNA mass of 1 pg/well, was added to the cells and they were further
incubated for 6 h. The culture medium was then replaced with DMEM
medium containing complete medium, and the cells were left to incu-
bate for an additional 48 h. Subsequently, the cells were washed three
times with PBS, and the expression of GFP in the cells was observed
using fluorescence microscopy (BA400, Motic, CN). The transfection
efficiency was then quantitatively analyzed using flow cytometry.

2.10. Statistical analysis

The data was presented as mean + SD, and Origin 2021 software was
used for data analysis. Statistical significance was indicated by *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results and discussion
3.1. Characterization of carriers

3.1.1. Fluorescence characterization

Fig. 1a-c showed the fluorescence emission spectra of CQDs, C30kQT
and C50kQT at different excitation wavelengths. The excitation spec-
trum peak pattern of CQDs conforms to the characteristics of wide
excitation and narrow emission of quantum dots [44]. The fluorescence
intensity first increases and then decreases, and the fluorescence emis-
sion peak intensity was the largest when excited at 370 nm. C30kQT and
C50kQT have the largest fluorescence emission peak intensity when
excited at 370 nm, which is similar to CQDs. The results show that
C30kQT and C50kQT have similar photoluminescence properties as
quantum dots, and can be used to trace gene delivery.

3.1.2. Detection of characteristic photofunctional groups

To assess the successful incorporation of CQDs into chitosan-TPP
coatings, FTIR spectra of various nanocomposites were analyzed using
an infrared spectrophotometer ((INVENIO, BRUKER, GER). As shown in
Fig. 1d, the FTIR spectrum of chitosan exhibits peaks at 3430 cm ™! for
hydroxyl and amino stretching vibrations, as well as at 2864 cm ™ for G-
H stretching [45]. Additionally, distinct characteristic peaks of chitosan
repeating units (COC) at 1077 cm! and 890 cm™! were observed,
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consistent with literature reports [46]. The spectra of carbon quantum
dots and citric acid are alike, exhibiting prominent infrared absorption
peaks at 1647 cm ™! and 1393 cm™! (related to symmetric and asym-
metric stretching vibrations of carbonyl groups) as well as 1560 cm ™}
(indicative of bending vibration of hydroxyl groups) [47]. When
compared to individual chitosan and carbon quantum dots, the primary
infrared peaks are visible in the FTIR spectrum of C30kQT and C50kQT.
Notably, the absorption peak at 1077 cm™! exhibits a noticeable
enhancement in peak width and intensity, which is a result of the su-
perposition of the bending vibration peak of hydroxyl groups in carbon
quantum dots and the characteristic peak of COC in chitosan. The above
results confirm the feasibility of the synthesis strategy for C30kQT and
C50kQT.

3.1.3. Determination of amino group content

The amino content was closely related to the charge on the carrier
and can be used as an evaluation index of the charge intensity of the
carrier [48]. The fluorescence standard curve method was used to
determine the amino content on the surface of the carrier. The
three-dimensional fluorescence spectrum and isoline fluorescence
spectrum of chitosan50k after reaction with fluorescent amine were
displayed in Fig. 1e-f, the maximum excitation wavelength and emission
wavelength were about 395 nm and 490 nm. As illustrated in Fig. 1g,
there was a typical linear relationship between fluorescence intensity
and concentration. The primary amine contents of C30kQT and C50kQT
are 3.86x10~° mol/mg and 4.54x10~° mol/mg, respectively (Fig. 1h).
The results showed that C50kQT had higher amino content and gener-
ated higher charge, which had better ability to carry DNA.

3.1.4. SDS-PAGE

The surface protein profiles of RBCm-C30kQT/DNA and RBCm-
C50kQT/DNA were analyzed by SDS-PAGE. As illustrated in Fig. 1i,
the protein electrophoretic bands of RBCm-C30kQT/DNA and RBCm-
C50kQT/DNA showed protein profiles with molecular weights be-
tween 10 and 180 kDa. Although the extrusion of cell membrane by
liposome extruder caused some protein loss during sample preparation,
most of the protein in cell membrane was still retained. It can ensure the
integrity of its physiological characteristics to a certain extent, which
was conducive to improving its biological safety and transfection
efficiency.

3.1.5. Particle size and zeta potential

The size of carrier particle size was a key factor affecting the effi-
ciency of cell intake, and its surface charge also affects cytotoxicity [49,
50]. As shown in Fig. 2a-b, the size of single CQDs was about 30 nm, and
the polydispersity coefficient was about 0.4, which proved that it has
good dispersion. The particle size of C30kQT and C50kQT was related to
the proportion of chitosan in the complex. With the decrease of the
proportion of Chitosan30k and Chitosan50k, the particle size of the
complex also increased. When the proportion of chitosan was too low,
the distribution of the complex system was uneven and easy to
agglomerate, which seriously affected the intake efficiency of the car-
rier. At the same mass ratio, Chitosan50k has a larger particle size than
Chitosan30k, due to the higher molecular weight of Chitosan50k, which
can encapsulate more carbon quantum dots. The size of the nano-
composite particles composed of C30kQT and C50kQT with DNA was
shown in Fig. 2e-f. With the increase of the ratio of C30kQT and
C50kQT, the particle size increases, but it remains at about 150-300 nm.
High surface charge will lead to strong cation toxicity, The Zeta poten-
tial results of C30kQT and C50kQT were shown in Fig. 2¢-d, The surface
potentials of C30k, C50k, TPP and CQD were 19 mV, 22 mV, —26 mV
and —11 mV, respectively. As the proportion of chitosan added
decreased, the potential of the complex showed a downward trend. The
Zeta potentials of C30kQT/DNA and C50kQT/DNA were shown in
Fig. 2g-h, as the mass ratio increases, the potentials of C30kQT and
C50kQT complexes with DNA change from negative to positive. Due to
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Fig. 3. Characterization results. (a) Red blood cell scanning at 380-500 nm ultraviolet band. (b) Hemolysis test results of C30kQT, C50kQT and CQDs at different
concentrations (mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (c) DNA encapsulation rate of CQT/DNA complex under different mass
ratios. (mean + SD, n = 3). (d) DNA encapsulation rate of CQT/DNA complex at different binding times. (mean + SD, n = 3). (e) DNA release rate of C30kQT and
C50kQT at pH=5.0 and pH=7.4. (f-g) The encapsulation rate of C30kQT/DNA and C30kQT/DNA complex by RBCm under different extrusion times and mass ratio
(mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (h) Changes in particle size of RBCmC30kQT/DNA complexes over 28 day at a mass ratio
of 2/1.5/1. (mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (i) Changes in particle size of RBCm-C50kQT/DNA complexes over 28 day at a
mass ratio of 3/1/1. (mean + SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

the presence of positively charged amino groups on the surface of chi-
tosan, it can neutralize the negative charge of DNA, which is beneficial
for the carrier to effectively bind DNA and reduce cytotoxicity.

As displayed in Fig. 2i-j, when the pH changes from neutral to
slightly acidic, the particle size of the carrier rapidly decreased from
about 800 nm to less than 200 nm. Due to the acidic environment in
tumor cells, smaller carrier particles can be better absorbed, which was
conducive to the use in tumor gene therapy. The particle size of RBCm-
C30QT/DNA and RBCm-C50QT/DNA was 200-300 nm, and the PDI
distribution was between 0.4 and 0.6, which had good dispersion. With
the increase of erythrocyte membrane mass, the total potential of RBCm-
C30QT/DNA and RBCm-C50QT/DNA changed from positive to nega-
tive, which was caused by the high negative charge carried by the cell

membrane (Fig. 2k-1). The above results illustrated that erythrocyte
membrane encapsulation could reduce the excessive positive charge,
which improved the biocompatibility of the carrier material.

3.1.6. SEM and TEM

The SEM data results of C30kQT and C50kQT are shown in Fig. 2m-
n. The particle size is about 100-150 nm, which was consistent with the
sample size measured by DLS. The smaller size, good dispersion and
uniform size made C30kQT and C50kQT more easily absorbed by cells.
C30kQT and C50kQT formed a round or oval shape after being coated
with cell membrane (Fig. 20-p). The degree of adhesion between par-
ticles was relatively low, and the particle size basically remained at
about 250 nm, with relatively uniform distribution. The results obtained
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Fig. 4. Characterization results. (a) Results of electrophoretic migration retardations of Chitosan30k and C30kQT with DNA at different mass ratios. (b) Results of
electrophoretic migration retardations of Chitosan50k and C50kQT with DNA at different mass ratios. (c) DNA protection ability of Chitosan50k/DNA, C30kQT/DNA
and C50kQT/DNA complex. (d) DNA protection ability of Chitosan 50k, RBCm-C30kQT/DNA, and RBCm-C50kQT/DNA complex.

by TEM (Fig. 2q-t) further confirmed the successful preparation of
C30kQT and C50kQT, with successful encapsulation by the cell mem-
brane. RBCm-C30kQT and RBCm-C50kQT exhibited good dispersibility
and uniform particle size. These results were highly consistent with the
SEM findings, providing ample evidence that the samples were suc-
cessfully prepared.

3.1.7. Hemolysis test

The hemolysis reaction of the C30kQT and C50kQT to red blood cells
was investigated through hemolysis test. The ultraviolet absorption
spectrum of red blood cell suspension in the wavelength range of
380-500 nm was shown in Fig. 3a, an obvious absorption peak appeared
at 413 nm. Fig. 3b showed the hemolysis test results of C30kQT and
C50kQT before and after coating, and Chitosan30k and Chitosan50k
were used as positive controls. The hemolysis rate of each group grad-
ually increased with the increase of concentration. At the same con-
centration, the hemolysis rates of all samples were as follows:
Chitosan50k> C50kQT> Chitosan30k> C30kQT> CQDs. The results

showed that the addition of CQDs could contribute to reduce the he-
molysis rate of the carrier, thus effectively reducing cytotoxicity and
improving biocompatibility.

3.1.8. Encapsulation rate and release rate

Researching and analyzing the fluorescence intensity of DAPI-DNA
in the supernatant, the binding efficiency of the carrier /DNA were
obtained. As shown in Fig. 3¢, the optimal binding rate of C30kQT/DNA
reached 86.24 % when the mass ratio was 1.5/1, and the optimal
binding rate of C50kQT/DNA reached 87.15 % at a mass ratio of 1/1,
demonstrating that C30kQT and C50kQT have better ability to bind
DNA. As shown in Fig. 3d, the binding rates of C30kQT and C50kQT to
DNA increased with time, reaching the maximum at 60 min. At this
time, the binding rates of C30kQT and C50kQT to DNA were 79.55 %
and 85.43 %, respectively. DNA release experiments were conducted to
investigate the stability and release efficiency of the carrier, and the
experimental results were shown in Fig. 3e. The release efficiency of
C50kQT and C30kQT at pH = 5.0 were significantly higher than that at
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Fig. 5. MTT assay results (48 h incubation). (a-c) 293 T cells viability after treated by C30kQT, C50kQT and CQDs with different concentrations, respectively. (d-e)
293 T cells viability after treated by C30kQT/DNA and C50kQT/DNA complexes with different mass ratios, respectively. (f-g) 293 T cells viability after treated by
RBCm-C30kQT/DNA, RBCm-C50kQT/DNA with different mass ratios, respectively. (h-j) HeLa cells viability after treated by C30kQT/DNA and C50kQT/DNA
complexes with different concentrations, respectively. (k-1) HeLa cells viability after treated by C30kQT/DNA and C50kQT/DNA complexes with different mass
ratios, respectively. (m-n) HeLa cells viability after treated by RBCm-C30kQT/DNA, RBCm-C50kQT/DNA with different mass ratios, respectively. (mean + SD, n=3;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

pH = 7.4, and the maximum release efficiency at pH = 5.0 were 78.56 %
and 73.40 %. The results showed that the release efficiency of carrier/
DNA in weak acidic environment was high, and the microenvironment
of tumor cells was weak acidic, so the carrier could achieve good release
effect in tumor cells. As illustrated in Fig. 3f-g, the encapsulation rates of
RBCm-C30kQT/DNA and RBCm-C50kQT/DNA showed an increasing
trend with the increase of mass ratio and extrusion times. RBCmC30kQT
and RBCm-C50kQT reached the maximum encapsulation rate of

75.62 % and 80.31 % at 2/1.5/1 and 3/1/1. In terms of extrusion fre-
quency, The sealing efficiency of the cell membrane reached saturation
after 10 times of extrusion, and 10 times of extrusion was the standard in
the subsequent material preparation.

3.1.9. Stability analysis of RBCm-CQT/DNA complex in vitro
As shown in Fig. 3h, the particle size of freshly prepared RBCm-CQT
complex is around 200 nm. The particle size of RBCm-C30kQT/DNA
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Fig. 6. Cellular uptake results of RBCm-C30kQT/DNA and RBCm-C50kQT/DNA complexes in 293 T cells. (a) Ingestion fluorescence images of RBCm-C30kQT/DNA
complexes with different mass ratios in 293T cells (400x). Scale = 50pm. (b) The uptake efficiency of RBCm-C30kQT/DNA complex with different mass ratios in
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Scale = 50 pm; (d) The uptake efficiency of RBCm-C50kQT/DNA complex with different mass ratios in 293 T cells was determined by flow cytometry. (e) Locally
amplified fluorescence images of RBCm-CQT/DNA complex 293T cells ingested. Scale = 10 pm.

complex remains unchanged from 0 to 14 days, but drastically increases
to 817 nm after 21 days. This is because the complex encapsulated by
the cell membrane is gradually released, causing the released nano-
particles to reaggregate and increase in size. According to Fig. 3i, the
size of RBCm-C50kQT/DNA complex did not show significant changes
from O to 21 days, but experienced a sudden increase in size after 28
days, reaching a final size of 825 nm. This could be due to an increase in
the amount of cell membrane leading to enhanced stability of the
membrane complex. In conclusion, the RBCm-C30kQT/DNA complex
exhibits strong stability within 14 days. The RBCm-C50kQT/DNA
complex, on the other hand, demonstrates strong stability within 21
days.

3.1.10. Agarose gel electrophoresis

Whether the carrier can bind to DNA is the key to successfully
transfer the therapeutic gene to the target cell [51]. Agarose gel elec-
trophoresis was used to analyze the condensation ability of C30kQT and
C50kQT with DNA. As shown in Fig. 4a-b, DNA showed a trend of
gradual condensation with the increase of mass ratio, when the mass
ratio of C30kQT and C50kQT was 1.5/1 and 1/1, they can completely
condense with DNA, indicating that C30kQT and C50kQT have good
binding ability to DNA. Compared with single Chitosan, the DNA
condensation ability of the C30kQT and C50kQT have been significantly
improved, which may be related to the particle size and Zata potential of
the carrier.

10

The ability of C30kQT and C50kQT to protect and release DNA was
verified by agarose gel electrophoresis, and the experimental results
were shown in Fig. 4c. The absence of a band in group I indicated that
DNA was completely bound to the carrier. After the complete binding
of carrier and DNA in group II, Active Ingredient sodium was added to
incubate at a certain temperature and time, and bright bands
appeared in the gel channel, indicating the complete release of DNA.
In group III, DNasel was added after the carrier was completely bound
to DNA, and there was no obvious band, indicating that DNA can
stably exist in the hydrolase environment under the protection of the
carrier. In group IV, the carrier was completely bound to DNA, and no
obvious band was found, indi-cating that DNA was degraded by
DNasel in the case of sodium Active Ingredient replacement and loss of
carrier protection. After the vector in group V was treated with
inactivated DNasel, obvious bands appeared after adding Active
Ingredient sodium, indicating that inactivated DNasel had no effect on
DNA. In Fig. 4d, the results of DNA protection and release ability of
RBCm-C30kQT/DNA and RBCm-C50kQT/DNA were consistent with
C30kQT/DNA and C50kQT/DNA.

3.2. Cytotoxicity

The safety of gene carrier in cells is one of the key factors to deter-
mine whether gene delivery system can be used in clinic. MTT assay
was used to evaluate the toxicity of carrier/DNA complexes in 293 T
and HeLa cells after co-incubation for 48 h. Fig. 5a-c¢ and Fig. 5h-j
displayed
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Fig. 7. Gene transfection results of QDs/DNA in 293 T cells. Transfection fluorescence images and flow cytometry analysis of transfection efficiency of pEGFP
plasmid in cells treated by C30kQT/DNA(a), C50kQT/DNA(b), Lipofectamine 2000(c), scale bar = 1000 pm.

the effect of different concentrations of carriers on the activity of 293T
cells and HelLa cells, compared with the single Chitosan30k and Chito-
san50k, the cytotoxicity of C30kQT and C50kQT decreased significantly,
and became more obvious with the increase of concentration. When the
concentration reached 20 mg/L, the cell survival rate of C30kQT and
C50kQT were higher than 70 %. Fig. 5d-e and Fig. 5k-1 illustrated the
effects of C30kQT/DNA and C50kQT/DNA with different mass ratios on
the relative cell viability of 293 T cells and HeLa cells, with the increase
of the mass ratio of C30kQT/DNA and C50kQT/DNA, the cell survival
rates decreased significantly, indicating that C30kQT and C50kQT still
have certain toxicity. By encapsulating the cell membrane of C30kQT
and C50kQT, and then investigating the cytotoxicity, the results were
shown in Fig. 5f-g and Fig. 5m-n. The cytotoxicity was negatively
correlated with the quality of cell membrane. With the increase of mass
ratio, the cytotoxicity of RBCm-C30kQT/DNA and RBCm-C50kQT/DNA
in 293T cells and HeLa cells decreased accordingly. When the maximum
mass ratio was 4/1.5/1, the cell survival rates of RBCm-C30kQT/DNA in
293 T cells and HeLa cells were 86.2% and 92.95%. When the
maximum mass ratio of RBCm-C50kQT/DNA was 4/1/1, the cell sur-
vival rates of 293T cells and HeLa cells were 88.53 % and 90.57 %. The
results showed that cell membrane encapsulation could effectively
reduce cytotoxicity. We also investigated the toxicity of the carrier
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/DNA complex to 293T cells and HeLa cells after 72 h co-incubation
(Fig. S1). The overall trend was the same as that of the cell toxicity
after 48 h co-incubation, and the relative cell viability decreased
somewhat but not significantly, which further proved that the carrier
/DNA had good safety.

3.3. Invitro cell uptake

The uptake efficiency of C30kQT/DNA and C50kQT/DNA in 293 T
cells and HeLa cells were investigated by fluorescence microscopy and
flow cytometry. As shown in Fig. S2a, Fig. S2¢, Fig. S3a and Fig. S3c,
C30kQT/DNA and C50kQT/DNA successfully entered 293 T cells and
HeLa cells under the fluorescence microscope. The uptake efficiency of
C30kQT/DNA and C50kQT/DNA in 293 T cells increased with the in-
crease of mass ratio, reaching 65.77 % and 73.27 % when the mass ratio
was 2.5/1 (Fig. S2b and Fig. S2d). The uptake efficiency of C30kQT/
DNA and C50kQT/DNA in HeLa cells were shown in Fig. S3b and
Fig. S3d, and the uptake efficiency reached 60.48 % and 80.77 % at a
mass ratio of 2.5/1. The uptake efficiency of C50kQT/DNA in 293 T cells
and HelLa cells was significantly higher than that of C30kQT/DNA,
indicating that the complex made of high molecular weight chitosan was
more easily taken up by cells. As illustrated in Fig. 6a and Fig. 6¢, RBCm-
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C30kQT/DNA and RBCm-C50kQT/DNA could be taken up by 293 T
cells in different degrees, the blue part in the figure (C30kQT, C50kQT)
and the green part (nucleus) coincided to a certain extent, indicating
that the sample could be successfully taken up by 293T cells, and its
maximum intake efficiency was 80.03 % and 83.62 % (Fig. 6b and
Fig. 6d). Fig. S4a and Fig. S4c show that RBCm-C30kQT/DNA and
RBCm-C50kQT/DNA can be successfully taken into HeLa cells, and their
intake efficiency reached 73.27 % and 77.45 % (Fig. S4b and Fig. S4d).
The above results indicate that cell membrane encapsulation can
effectively promote the uptake of the complex, making it have higher
cellular uptake efficiency.

3.4. Invitro gene transfection

Fluorescence microscopy and flow cytometry were used to evaluate
the gene transfection efficiency of C30kQT/DNA and C50kQT/DNA in
293T and HeLa cells, the results were displayed in Fig. 7 and Fig. S5. The
expression of green fluorescent protein was observed in both 293 T and
HelLa cell lines, and the transfection efficiency of the samples gradually
increased with the increase of DNA binding ratio. The maximum
transfection efficiency of C30kQT/DNA in 293 T cells was 58.40 % at a
mass ratio of 2/1 and C50kQT/DNA in 293 T cells was 64.86 % at a mass
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ratio of 2.5/1, which were higher than those of chitosan/DNA at the
same mass ratio (28.89 % and 45.33 %). The transfection of C30kQT/
DNA and C50kQT/DNA in HeLa cells was similar to that in 293 T cells,
and the transfection efficiency reached 35.83 % and 40.46 % at the mass
ratio of 2.5/1 and 2.5/1, respectively. The above results showed that the
composite quantum dots were contribute to improve the transfection
efficiency of the carriers. The transfection efficiencies of RBCm-
C30kQT/DNA and RBCm-C50kQT/DNA in 293 T and HelLa cells were
illustrated in Fig. 8 and Fig. S6. In 293T cells, Both RBCm-C30kQT/DNA
and RBCm-C50kQT/DNA showed high transfection efficiency, the
transfection efficiency of RBCm-C30kQT/DNA at the mass ratio of 2.5/
1.5/1 was 62.23 %, the transfection efficiency of RBCm-C50kQT/DNA
at the mass ratio of 2.5/1/1 was 68.80 %, which was higher than that
of CQT/DNA. In Hela cells, the transfection efficiency of RBCm-
C30kQT/DNA at the mass ratio of 2.5/1.5/1 was 41.63 %, the trans-
fection efficiency of RBCm-C50kQT/DNA at the mass ratio of 2.5/1/1
was 45.47 %. The transfection efficiency of RBCm-C50kQT/DNA was
higher than RBCm-C30kQT/DNA in both 293 T cells and HeLa cells,
indicating that RBCm-C50kQT has more potential as a gene carrier.
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4. Conclusion

In summary, we constructed a tracer bionic gene delivery carrier
based on chitosan for safe and efficient gene delivery. Carbon quantum
dots were prepared by a simple hydrothermal method and connected to
chitosan under the action of TPP to obtain C50kQT. In weakly acidic
environments, the gene release efficiency of C50kQT/DNA is higher,
which reached 78.56 %, indicating that the carrier can achieve good
release effect in tumor cells. The toxicity of the carrier was reduced and
biocompatibility was improved through cell membrane encapsulation.
RBCm-C50kQT can effectively carry DNA and protect it from degrada-
tion, ensuring successful release to improve gene delivery efficiency. In
addition, RBCm-C50kQT/DNA not only maintains good fluorescence
tracking characteristics, but also reduces cell toxicity and improves
uptake and transfection efficiency. The in vitro transfection experiments
of 293 T and HeLa cells showed that the maximum transfection effi-
ciency of RBCm-C50kQT/DNA reached 68.80 % and 45.47 %, respec-
tively. Therefore, chitosan based traceable biomimetic gene delivery
carriers have potential clinical application prospects, which can improve
gene delivery efficiency, reduce cell toxicity, and provide a simple and
effective strategy for the preparation of efficient gene delivery carriers.
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