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ABSTRACT

Quantum dots have diverse biomedical applications, from constructing biological infrastructures
like medical imaging to advancing pharmaceutical research. However, concerns about human
health arise due to the toxic potential of quantum dots based on heavy metals. Therefore,
research on quantum dots has predominantly focused on oxidative stress, cell death, and other
broader bodily toxicities. This study investigated the toxicity and cellular responses of mouse
embryonic stem cells (mESCs) and mouse adult stem cells (mASCs) to nitrogen-doped carbon
quantum dots (NCQDs) made of non-metallic materials. Cells were exposed to NCQDs, and we
utilized a fluorescent ubiquitination-based cell system to verify whether NCQDs induce
cytotoxicity. Furthermore, we validated the differentiation-inducing impact of NCQDs by
utilizing embryonic stem cells equipped with the Oct4 enhancer-GFP reporter system. By
analyzing gene expression including Crebzf, Chop, and ATF6, we also observed that NCQDs
robustly elicited endoplasmic reticulum (ER) stress. We confirmed that NCQDs induced
cytotoxicity and abnormal differentiation. Interestingly, we also confirmed that low
concentrations of NCQDs stimulated cell proliferation in both mESCs and mASCs. In conclusion,
NCQDs modulate cell death, proliferation, and differentiation in a concentration-dependent
manner. Indiscriminate biological applications of NCQDs have the potential to cause cancer
development by affecting normal cell division or to fail to induce normal differentiation by
affecting embryonic development during pregnancy. Therefore, we propose that future
biomedical applications of NCQDs necessitate comprehensive and diverse biological studies.
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1. Introduction
widespread utilization of CQDs has the potential to sig-

Carbon quantum dots (CQDs) are graphene-based nano-
materials similar to oxidized graphitic derivative oxide in
terms of their structural and physical properties (Bane-
rjee and Wong 2003). CQDs can be widely used in bio-
logical applications such as biosensors, cell labeling,
cancer targeting, and disease diagnosis because of
their luminescence, electronic properties, chemical stab-
ility, and water solubility (Chen et al. 2013; Ji et al. 2016;
Mansuriya and Altintas 2020). Since the isolation of gra-
phene in 2003, research related to graphene has experi-
enced a global resurgence, with anticipated sales

nificantly impact living organisms. Small-sized CQDs can
persist for a relatively long time in high salinity water or
barren desert environments spread to a wide range of
environments and cause uncertain biological effects
(Akhavan et al. 2012; Dong et al. 2012; Kamrani et al.
2018). Therefore, the biological effects of CQDs require
extensive investigation to ensure their safe use in
future medical applications. Although several studies
have reported the good biocompatibility of CQDs,
exposure to some heavy metal-linked QDs or high con-
centrations of CQDs can cause serious biological side

surpassing $300 million by 2024 (Ku et al. 2021). The  effects such as reactive oxygen species (ROS)
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production, DNA cleavage, apoptosis, immune
responses, and autophagy in both cells and organisms
(Hsieh et al. 2009; Chong et al. 2014; Qin et al. 2015).
For example, a recent study reported that oral adminis-
tration of CQDs in mice caused intestinal injury through
the loss of intestinal epithelial progenitor cells (Yu et al.
2019). CQDs have a diameter of approximately ~10 nm,
which allows them to easily pass through epithelial cells
in the body, allowing them to cross the blood-brain
barrier and affect neurons, or even passed on to
offspring through germ cells (Huang et al. 2017; Zhang
et al. 2019; Wang et al. 2022). Nevertheless, extensive
investigation is required to understand how CQDs
affect the activation and development of cells.

The endoplasmic reticulum (ER) is a crucial organelle
within cells, playing a pivotal role in various cellular func-
tions, including protein synthesis, post-translational
modifications (PTMs), cell membrane formation, and
the transport of secreted proteins (Schréder and
Kaufman 2005b; Cao and Kaufman 2012). Maintaining
proper ER function is essential for cellular health (Kwon
et al. 2023). However, disruption of ER homeostasis,
whether from internal or external factors, can lead to
problems such as misfolded proteins or abnormal
PTMs in synthesized proteins, which can reduce their
biological activity. Accumulation of misfolded proteins
inside the ER triggers ER stress, initiating of the unfolded
protein response (UPR) (Schréder and Kaufman 2005a;
Chakrabarti et al. 2011). The UPR is a complex signaling
pathway aimed at restoring ER function by inhibiting
protein synthesis, enhancing protein refolding activities,
and promoting the degradation of accumulated pro-
teins that cannot be corrected. Three major signaling
pathways constitute the UPR: Protein Kinase R-like ER
Kinase (PERK)/elF2a/CHOP (Rozpedek et al. 2016), acti-
vating transcription factor 6 (ATF6)/chaperone (Adachi
et al. 2008), and inositol requiring enzyme type 1 (Irel)/
xbp1 (Zhou et al. 2021; Lee et al. 2022). Recent studies
have also linked ER stress to Crebzf, a protein involved
in regulating cell differentiation (Zhang et al. 2013;
Jang et al. 2014). Understanding the relationship
between ER stress and these proteins is vital for compre-
hending cellular responses, physiological mechanisms in
animals, and the development of disease treatments.
This knowledge is especially relevant when investigating
the effects of new substances like quantum dots (QDs)
on living organisms, as it provides insights into potential
impacts on ER stress and cellular functions, crucial for
ensuring safety and exploring therapeutic applications.

Embryonic stem cells (mESCs), isolated from the inner
cell mass of a developing blastocyst, have revolutionized
the study of early mammalian embryonic development,
offering valuable insights into processes like organoid

formation. Researchers have delved into the intricate
regulation of mMESCs proliferation and differentiation,
uncovering a multitude of mechanisms. Among these,
endoplasmic reticulum (ER) stress emerges as a critical
player in maintaining the survival and pluripotency of
ESCs and influencing their differentiation (Blanco-Gelaz
et al. 2010; Kratochvilova et al. 2016; Caballano-Infantes
et al. 2017). OG2 cells, which are oct4-enhancer-GFP trans-
genic ESCs, serve as an efficient system for studying ESC
differentiation, as they express GFP when pluripotent
(Boiani et al. 2002). ER stress is not limited to mESCs; it
also holds significance in the proliferation and differen-
tiation of adult stem cells (ASCs), such as mesenchymal-
derived stem cells or neural stem cells (Kurosawa et al.
2007; Kim et al. 2018; Meijer et al. 2021). MC3T3-E1 cell,
derived from mouse embryonic osteoblast precursor
cells, are a type of ASC extensively employed to assess
the effects of biomaterials due to their osteogenic poten-
tial (Vimalraj 2020). These cells contribute to the for-
mation of skeletal tissue and play a pivotal role in tissue
regeneration when injury or damage occurs, making
them highly sensitive to ER stress during osteoblast differ-
entiation (Jang et al. 2014). ER stress can be triggered by
various substances and research has reported on the ER
stress inducing effects of quantum dots (QDs) doped
with heavy metals or minerals (Wang et al. 2015; Yan
et al. 2016; Bai et al. 2022; Zhang et al. 2023). While
some studies have explored the impact of graphene
QDs on ESC differentiation through genome methylation
regulation (Ku et al. 2021), no research has investigated
the intracellular ER stress-inducing effects of carbon
quantum dots (CQDs) in ESC or ACS, presenting an
avenue for further exploration.

Because there have been studies reporting that nitro-
gen doping of CQDs (NCQD) improves optical properties
in biomedical applications (Dsouza et al. 2021), in this
study we synthesized NCQDs and investigated their pro-
liferation and differentiation effects using OG2 and
MC3T3-E1 cells. Our investigation revealed that the tox-
icity of NCQDs is concentration-dependent, with low
concentrations stimulating cell proliferation through
the cell cycle activation. Furthermore, we verified the
differentiation-inducing effect of NCQDs by examining
the expression of fluorescent reporter in OG2 cells and
various differentiation markers. To gain deeper insights
into the mechanism, we also analyzed the expression
of ER stress marker, establishing that NCQDs are
involved in ER stress signaling pathways. Given the
confirmed effects of NCQDs on cell cytotoxicity, prolifer-
ation and embryonic stem cell differentiation, we
strongly advocate for comprehensive biosafety assess-
ments before considering the widespread applications
of NCQDs in living organisms. Understanding their



potential impacts on cellular processes and signaling
pathways is crucial for responsible and safe utilization
of these materials.

2. Materials and methods
2.1. Materials

Materials such as, DMEM (cat. No. LM001-05, Welgene)
and alpha-MEM (cat. No. LM008-01; Welgene), FBS (cat.
No. 30044-333, Gibco) and MEM NEAA (cat. No.11140-
050, Gibco) and Glutamax (cat. No.35050-061, Gibco), 2-
Mercaptoethanol (cat. no. 02194705, MP Biomedicals),
penicillin-streptomycin (cat. No.15140-122, Gibco) and
laduviglusib (glycogen synthase kinase 3 (GSK3) inhibitor
(CHIR99021; cat. No. HY-10182, MCE)); mirdametinib (an
inhibitor of mitogen activated protein kinase (MAPK)/
extracellular signal- regulated kinase (ERK) (PD0325901;
cat. No.HY- 10254, MCE)), ESGRO® Recombinant Mouse
LIF (cat. No. ESG1107), citric acid, urea, N, N-dimethylfor-
mamide (DMF), and hydrazine hydrate were purchased
from Sigma-Aldrich. Ethyl alcohol, hydrochloric acid
(HCl, 35.0-37.0%), sulfuric acid (H2SO4, 95%), and
sodium hydroxide (NaOH, beads) were purchased from
Samchun Chemical. Sigma-Aldrich) and DPBS (cat.
No.LB001-02, Welgene, Korea), TRI-Reagent (cat. No.
FATRR 001, FAVORGEN), AMPIGENE® cDNA Synthesis Kit
(cat. No. ENZ-KIT106-0200, ENZO) and TOPreal™ gPCR
2X PreMIX (SYBR Green with low ROX; cat. No. RT500M;
Enzynomics, Korea) and chloroform (cat. No. un1888,
Duksan, Korea) and isopropyl alcohol (cat. No. un1219;
Duksan; Korea), and effectene transfection reagent (cat.
no. 301425, Qiagen) and gelatin (cat. no. 9000708,
Duksan, Korea), pBOB-EF1-FastFUCCI-Puro vector (cat.
86849, Addgene), culture plates (96-well, 12-well, 6-well;
SPL, Korea), and a Reagent Reservoir (cat. No. 95128095,
Thermo Scientific™) and a D-Plus™ CCK cell viability
assay kit (cat. No. CCK-3000, DonginLS, Korea), were pur-
chased. A CO, incubator (Cat. No. NB-203XL, N-BIOTECH),
an Inverted Laboratory Microscope Leica DM IL LED
(Leica), and an ASTEC Thermal Cycler Gene Atlas (cat.
No.HU, Astec), and Rotor-Gene Q 2plex (cat. No.
9001680, QIAGEN) and Epoch 2 Microplate Spectropho-
tometer (cat. No. EPOCH2NSC, Agilent Technologies)
was used for all the experiments.

2.2. Synthesis of NCQD and characterization

NCQDs were prepared using the same molar ratios of
urea and citric acid as precursors under microwave
irradiation at 1000 W. Two mM of urea and 2 mM of
citric acid were dispersed in 10 mL of DI water and gra-
phitized in a microwave oven (MAS-II Plus, Sieno) at 180 °
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C for 10 min. After the graphitization reactions, the
NCQDs were collected by centrifugation at 10,000 x g
for 10 min to remove the solid aggregates, followed by
dialysis with an MWCO 3.5 kDa membrane for 48 h to
remove unreacted reactants. Finally, dark-brown NCQD
powders were obtained by freeze drying for 48 h. UV
absorption was measured using a Jasco V-670 UV-VIS-
NIR spectrophotometer at the Future Energy Conver-
gence Core Center (FECC). PL spectra were measured
using a Jasco FP-6500 spectrofluorometer. High-resol-
ution TEM images were obtained using a Tecnai G2
F20 transmission electron microscope at the Korea Insti-
tute of Science and Technology (KIST). X-ray photo-
electron spectra (XPS) were measured by a NEXSA
hybrid X-ray photoelectron spectrometer system at the
Korea Basic Science Institute (KBSI). The FT-IR spectrum
was obtained using Jasco FT/IR-4100 Infrared spec-
troscopy at the Future Energy Convergence Core
center (FECQ).

2.3. Cell culture and NCQD treatment

0G2 mouse ESCs were seeded into 0.5% gelatin-coated
96-well, 12-well, 6-well plates at densities of 5 x 103, 5 x
10% and 1 x 10° cells per well, respectively. The cells were
cultured in DMEM media supplemented with 15% FBS,
1X Non-essential amino acid (NEAA), 1X Glutamax,
55 uM 2-Mercaptoethanol, 1X Penicillin-Streptomycin,
2i (3 uM CHIR99021 + 1 uM PD0325901), and 5 x 10% U/
ml LIF at 37 °C under 5% CO2 incubator. MC3T3-E1
cells were seeded into 96-well, 12-well, 6-well plates at
a density of 5x10% 5x10% and 1x10° cells per well
respectively alpha-MEM containing 10% FBS. Mouse
embryonic fibroblast (MEF) were seeded into 6-well
plates at a density of 1 x 10° cells per well in DMEM con-
taining 10% FBS. Then, the culture medium containing
NCQDs was treated at different concentrations (10, 20,
40, 80, 160 pg/ml). After 2-3 days, the NCQD treated
cells were observed using an optical microscope.
Additionally, to induce mild differentiation of 0OG2
cells, we treated the NCQD-containing medium
without 2i reagents with OG2 cells for 3 days. The differ-
entiation-inducing effect of the NCQDs was analyzed
according to the intensity of the green fluorescence of
0G2, and ImagelJ software was used for quantitative
analysis.

2.4. Cell viability and recovery in NCQD
treatment

Cell viability was assessed using the D-Plus CCK Cell Via-
bility Assay Kit. For the cell viability experiments with QD
treatment, two types of cells at different stages, OG2
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cells (1x10% cells) and MC3T3-E1 cells (5x 10° cells)
were seeded into individual 96-well plates with 100 pl
of their respective complete media. After one day, a pre-
liminary CCK assay was performed to ensure even cell
seeding across all wells. In this preliminary assay, 10 pl
of D-Plus™ CCK reagent was mixed with 90 pl of com-
plete media and added to each well. The plate was
briefly incubated to allow for the reaction, and the
absorbance at 450 nm was measured using an Epoch 2
Microplate Spectrophotometer while maintaining a
temperature of 37°C. Subsequently, all the CCK
medium was removed, and the cells were washed with
DPBS. Next, NCQDs were applied at verifying concen-
trations (5,10,20,40, and 80 pg/ml). After a 2-day incu-
bation, the cells were treated with 5% CCK reagent,
and cell viability was measured following the same pro-
cedure as described early. The measurements were inde-
pendently repeated three times.

Wound healing assays were performed using MC3T3-
E1 (1x10°) cells MEF, and seeded in 6-well plates to
assess cell proliferation and migration in response to
different NCQD concentrations. When the cells reached
approximately 80% confluence, a wound was created
by gently scratching the center of the cell monolayer
using a 1,000 pL-sized blue tip. Subsequently, the
culture media were replaced with fresh culture media
containing NCQDs at concentrations of 5, 10, 20, 40,
80, and 160 pg/ml. The progression of wound closure
was observed daily, and images were captured using
an optical microscope while maintaining a temperature
of 37°C and a 5% CO2 environment.

2.5. Fluorescence ubiquitin cell cycle indicator
(FUCCI) analysis

HEK 293FT cell were seeded in 12-well plates at a density
of 1x 10 cells/well in complete growth medium. After
24 h, the pBOB-EF1-FastFUCCI-Puro vector was trans-
fected using Effectene® Transfection Reagent according
to the manufacturer’'s protocol. The ratio of DNA to
enhancer was 1:8 and the ratio of DNA to Effectene
was 1:25. The next day, NCQD (10,20 ug/ml) was
treated in each FUCCI vector-transfected cell. Dual
signals (green and red) were captured using a fluor-
escence microscope. Green and red fluorescence inten-
sities were calculated independently.

2.6. qPCR analysis

Total RNA was isolated using TRI-Reagent following the
manufacturer’s instructions, after which reverse tran-
scription was performed using an AMPIGENE® cDNA Syn-
thesis Kit according to the manufacturer’s manual.

Table 1. Real-time PCR primer sequences.

mGAPDH forward 5'-AATGGTGAAGGTCGGTGTGAACGG-3’
reverse 5/-GTCTCGCTCCTGGAAGATGGTGATG-3'
mOct4 forward 5’-CACCATCTGTCGCTTCGAGGC -3/
reverse 5/-CTGCACCAGGGTCTCCGATTTG -3’
mNanog forward 5'-CTTTCACCTATTAAGGTGCTTGC-3'
reverse 5'-TGGCATCGGTTCATCATGGTA-3'
mSox2 forward 5'- CATGAGAGCAAGTACTGGCAAG-3
reverse 5/-CCAACGATATCAACCTGCATGG -3’
mGata4 forward 5'- CAGCAGCAGCAGTCAAGAGATG -3/
reverse 5’- ACCAGGCTGTTCCAAGAGTCC -3/
mSox17 forward 5'-TTCTGTACACTTTAATGAGGCTGTTC-3'
reverse 5/-TTGTGGGAAGTGGGATCAAG-3’
mBrachyury forward 5'-ATCAGAGTCCTTTGCTAGGTAG-3'
reverse 5'- GTTACAATCTTCTGGCTATGC-3'
mNestin forward 5'-AACTGGCACACCTCAAGATGT-3’
reverse 5'-TCAAGGGTATTAGGCAAGGGG-3'
mPax6 forward 5’- ACCAGTGTCTACCAGCCAATCC-3’
reverse 5'- GCACGAGTATGAGGAGGTCTGA-3’
mPCNA forward 5'- TTTGAGGCACGCCTGATCC -3’
reverse 5'- GGAGACGTGAGACGAGTCCAT -3/
mCrebzf forward 5'- CTGCCCGTCTTA ATCGGCTC-3'
reverse 5'- CCGTAGGTAGCGACTCTCCTC-3’
mChop forward 5'- CTGCAGTACCAAGTGGCACACT-3’
reverse 5'- CCAGGACCTTCTGCTGAGTCTC-3’
mATF6 forward 5'- TCGCCTTTTAGTCCGGTTCTT -3/

reverse 5’- GGCTCCATAGGTCTGACTCC -3/

Quantitative PCR was performed using a TOP real™
gPCR 2X PreMIX and Rotor-Gene Q 2plex PCR machine.
Each cDNA (100 ng/ul) was subjected to gPCR template.
And the primer sequences are shown in Table 1. The
gPCR was performed in Three-step with melt and the
conditions were as follows; hold at 95°C for 10 min, in
cycle, denaturation at 95°C for 30 s, annealing at anneal-
ing temperature for 60 s, extension at 72°C for 60 s. Due
to differences in the annealing temperature for each
primer, the experiments were conducted separately
(58°C-mSox2, mNanog, mSox17, mGata4, mBrachyury,
mNestin, mPax6, 62°C-mOct4, mChop, touch down
from 62°C to 54°C- mPCNA, mATF6). mGAPDH was
used as internal control to normalize the expression
levels. The data were quantified using the 2-22¢
method.

2.7. Statistical analysis

The experimental data were presented on graphs as
means + the standard error of the mean (SEM). Statistical
analysis was conducted using one-way analysis of var-
iance (ANOVA), followed by a t-test performed using
Microsoft Excel. Statistical significance was defined as
p < 0.05.

3. Results
3.1. NCQD synthesis and characterization

NCQDs were successfully prepared under microwave
irradiation using citric acid and urea as precursors at



the same molar ratio, as shown in Figure 1(A). The absor-
bance and photoluminescence (PL) of the NCQDs were
investigated using a UV-vis spectrophotometer and
spectrofluorometer, respectively. In Figure 1(B), the
absorption peaks appeared at 260 and 335 nm of the
NCQDs, which were attributed to the m-m* electronic
transitions of C=C and C=N bonds from sp2-conju-
gations and the n-m* electronic transitions of C-O and
C=0 bonds, respectively (Maslana et al. 2020). The PL
spectra of the NCQDs were recorded at 440 nm, and
the excitation-dependent PL emissions of the NCQDs
are shown in Figure 1(C), which highlights their highly
ordered graphitic structures (Wang et al. 2020). NCQDs
were characterized by high-resolution transmission elec-
tron microscopy (HRTEM). The size distribution ranging
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from 3 nm to 5 nm (Figure 1(D)). The inset of HRTEM
image of NCQDs demonstrated their circular shapes of
NCQDs with a visible crystalline lattice fringe, with a
lattice spacing of 0.34 nm corresponding to the (0 0 2)
facet of graphite (Song et al. 2019). X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared spec-
troscopy (FT-IR) were employed to analyze the elemental
composition and surface functional groups of NCQDs. In
Figure 1(E), the XPS survey spectrum showed three dis-
tinctive peaks at 284.4, 399.4, and 532.0 eV for Cls,
N1s, and O1s, respectively. The high resolution XPS spec-
trum of C1s have three binding energy peaks at 284.6,
285.9, and 287.5 eV to be assigned to the C-C/C=C, C-
N/C-O, and C=0 bonds, which are attributed to the
doped nitrogen in the core of NCQDs and oxygen-
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Figure 1. Characterization of NCQDs. A schematic presentation of NCQD Production. (B) absorption of NCQDs by UV-vis. (C) fluor-
escence spectrum of NCQDs under different wavelengths of excitation (360nm-480 nm), and suspension of NCQDs in DW under UV
irradiation at 365 nm. (D) Representative HRTEM image of NCQDs. White arrows indicate NCQDs. (E) X-ray photoelectron spectroscopy
(XPS) survey spectrum of NCQDs. The three distinctive peaks indicate oxygen, nitrogen, and carbon. (F) High-resolution XPS spectrum
of Cls indicates three binding energy peaks as C-C/C=C, C-N/C-O, and C=0 in the core of NCQDs. (G) FT-IR spectrum of NCQDs

indicate absorption bands of v(O-H), v(N-H), and v(C=0).
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included functional groups on the NCQDs' surface
(Figure 1(F)). In addition, FT-IR spectrum of NCQDs
showed v(O-H) and v(N-H) in hydroxyl and amine
groups at the range of 3100-3500 cm™', v(C=0) in car-
boxyl groups at the absorption band of 1710 cm™
(Figure 1(Q)).

3.2. Cell proliferation and cytotoxicity by NCQDs

A CCK assay was performed using OG2 and MC3T3-E1
cells treated with various concentrations of NCQDs to
determine the effect of NCQD on cell viability. We
confirmed that the proliferation of both types of cells
was significantly improved at a concentration of 10 pg/
ml NCQD, and that cell proliferation was commonly
inhibited at concentrations above 30 pg/ml (Figure 2(A
and B)). To determine whether the enhancement of
cell proliferation by low-concentration NCQDs and the
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inhibition of high-concentration NCQDs were related
to the cell cycle, the expression of proliferating cell
nuclear antigen (PCNA) was examined in OG2 cells
using QPCR analysis. The results show that the
expression of PCNA is significantly enhanced at a con-
centration of 10 ug/ml and rapidly decreases above
the concentration of 40 ug/ml (Figure 2(C)). Upon
inspecting OG2 cell colonies, we observed an increase
in colony size at a concentration of 10 ug/ml of NCQD.
However, both the size and number of colonies
decreased compared to the control group at concen-
trations of 40 pg/ml or higher. Furthermore, at a concen-
tration of 160 ug/ml of NCQD, the majority of OG2 cells
were observed to have perished. (Figure 2(D)). In MC3T3-
E1 cells, a type of ASCs, distinct differences were noted in
the cell proliferation effect corresponding to the treat-
ment with various NCQD concentrations. We treated
MC3T3-E1 osteoblastic progenitor cells and MEF that

Oh 48h F Oh 48h

40 pg /ml 20 g /mi 10 pg /ml 5 ug /ml control

80 g /ml

MC3T3-E1

Figure 2. NCQDs affect cell viability and proliferation. A-B CCK-8 analysis results after 48 h of treatment with OG2(A) and MC3T3-
E1 cells (B) with NCQDs at various concentrations (10-160) ug/ml; (C) OG2 treated with NCQD at different concentrations for 3 days,
and proliferation effects were assessed by comparing PCNA mRNA expression level using g-RT PCR. The graphs of each fold change
were drawn using Prism 6 (GraphPad Software). Data was normalized to control and presented as mean = SEM of N = 3 experiments.
(*p < 0.05, **p < 0.01, compared with non-NCQD treated group). (D) Morphology of OG2 cell treated with NCQD by concentration.
Scale bar =20 pm. (E-F) Wound-healing assay after treatment with each concentration of NCQDs into MC3T3-E1 cells and mouse
embryonic fibroblast. The boundaries of each wound were indicated in red line. Scale bar =200 um



play roles in recovery through cell proliferation and
differentiation in wound or damaged tissues with
NCQDs at different concentrations and performed a
Wound Healing Assay. As cell migration progressed,
wound closure was more pronounced in the 10 and
20 pg/ml of NCQD treatment groups compared to the
control. Especially, it was most densely filled at 10 pg/
ml and showed a lot of proliferation, which is consistent
with the CCK results. Cell death was observed starting at
40 pg/ml NCQD, and most cells died at a concentration
of 80 ug/ml (Figure 2(E-F)). In summary, this figure
shows that NCQD at a concentration of 10 pg/ml has
the effect of significantly improving the proliferation of
0G2, MC3T3-E1, and MEF cells and that concentrations
above 30 ug/ml inhibit proliferation or induce death
depending on the cell type.

3.3. Cell cycle activation by NCQDs

HEK293FT cells were transfected with a fluorescent ubi-
quitin cell cycle indicator (fucci) system vector (Figure 3
(A)) to confirm whether the cell proliferation effect of
NCQDs induces cell cycle activation. We further analyzed
the change in fluorescence after treatment with NCQDs
at concentrations of 10 and 20 pg/ml. In the control
group, most cells showed red fluorescence in the G1
phase; however, but in the NCQD-treated group, the
number of cells entering the S/G2/M phase and
showing green fluorescence dramatically increased
(Figure 3(B and Q)). These results indicate that NCQDs
induce cell proliferation by activating the cell cycle.

3.4. The effect of NCQD on ESC differentiation

To determine whether NCQDs also affect the pluripo-
tency of embryonic stem cells, we observed cell
responses after treating OG2 cells with various concen-
trations of NCQDs. Mild differentiation induction and
NCQD treatment at various concentrations for 3 days
in OG2 cells using culture medium without 2i
confirmed that the GFP intensity rapidly decreased in a
concentration-dependent manner in the NCQD-treated
group (Figure 4(A)). In addition, the observation of mor-
phological differences between the undifferentiated and
induced groups showed that the fibers of the cells in the
differentiation group became longer. In particular, it can
be seen that above 20 pg/ml, round cell colonies were
broken and rapid decrease in GFP, indicating differen-
tiation (Figure 4(A)). We also analyzed and graphed the
GFP intensity changes (Figure 4(B)). Taken together,
these results confirm that NCQDs suppress the pluripo-
tency of embryonic stem cells by inhibiting the activity
of OCT4-enhancer. Next, to confirm the effect of
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NCQDs on the induction of embryonic stem cell differen-
tiation, we analyzed the expression of pluripotency and
differentiation marker genes using gPCR. In the differen-
tiation-induced group, the expression of pluripotency
markers, Oct4, Nanog, and Sox2 was significantly
reduced compared to that in control group (Figure 5
(A-Q)). Additionally, a significant difference was
evident based on the concentration of the NCQDs. At
10 ug/ml, there was a slight increase in the expression
of pluripotency markers, while there was a significant
decrease in the 80 pg/ml group. (Figure 5(A-C)). The
expression of differentiation markers was also signifi-
cantly increased in the group which differentiation was
normally induced. The expression of the endoderm
marker Gata4 and the mesoderm markers sox17 and Bra-
chyury were significantly increased at a concentration of
80 ug/ml NCQD, but interestingly, the expression of the
ectoderm marker, Nestin, and Pax6, was significantly
decreased at a concentration of 80 ug/ml NCQD
(Figure 5(D-H)). We confirmed that 10 pg/ml of NCQDs
had an inhibitory effect on the differentiation of embryo-
nic stem cells, but that 80 pug/ml accelerated differen-
tiation, and in particular, induced differentiation into
endoderm and mesoderm cell lineages.

3.5. ER stress by NCQD

We examined the expression of the ER stress markers
Crebzf, Chop and ATF6 to determine whether ER stress
is involved in the cellular response to NCQD treatment.
When OG2 differentiation was induced, the expression
of the Crebzf gene significantly increased. The group
treated with NCQDs at a concentration of 40 ug/ml or
more showed relatively stronger Crebzf gene expression
(Figure 6(A)). Regarding the Chop gene, we observed no
alteration in expression level attributable to the differen-
tiation of OG2 cells. However, intriguingly, at concen-
trations exceeding 40 ug/ml of NCQD, we noted a
notably stronger expression level. (Figure 6(B)). In con-
trast, the expression level of ATF6 significantly decreased
when the differentiation of OG2 cells was induced, and
no difference was observed depending on the concen-
tration of NCQD (Figure 6(C)). These results show that
high concentrations of NCQDs induce the abnormal
differentiation of OG2 cells by stimulating the ER stress
signaling mechanism mediated by Chop and Crebzf.

4. Discussion

QDs based on heavy metals like cadmium exhibit a
narrow full-width half-maximum of approximately
30nm, a size-controllable band gap, and high
quantum yield (>90%), albeit with significant biotoxicity
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Figure 3. NCQD promotes proliferation by activating cell cycle. (A) Schematic diagram of FUCCI system. Cells in G1 phase express
RFP through the cdt promoter, and cells in S/G2/M phase express GFP through the geminin promoter. (B) FUCCI-trasnfected HEK29FT
cells were treated with NCQD at each concentration (-, 10, 20 ug/ml). 3days after NCQD treatment, cells were observed under a fluor-
escence microscope. Scale bar =40 uM (C). The graph depicted values obtained by dividing cells expressing either GFP or RFP alone
by the total cell count. The graphs of each fold change were drawn using Prism 6 (GraphPad Software). Data was normalized to control

and presented as mean + SEM of N = 3 experiments.

(Haque et al. 2013; Shen et al. 2019; Chen et al. 2021).
However, carbon-based QDs (CQDs) have relatively low
biotoxicity and have various applications, including elec-
tronic and optoelectronic devices (Zhang et al. 2020).
CQDs are located inside cells through endocytosis and
exhibit fluorescence; therefore, have been widely
studied as biomarkers for cell imaging (Lim et al.
2015). These cell imaging technologies play a key role
in understanding the internal structure and function of
cells. CQDs synthesized with adjustable sizes can
further increase the luminous efficiency owing to the

improvement in optoelectronic properties through con-
tinuous modification (Frecker et al. 2015). Numerous
researchers are investigating biocompatibility factors
like lower toxicity and intracellular stability to advance
the efficiency of cell imaging using CQDs. Similarly, our
focus has been on exploring biocompatible CQD syn-
thesis methods, including NCQDs. In this study, we
explored the effects of our synthesized NCQDs on cyto-
toxicity and various cellular responses, to bridge the gap
between in vivo and in vitro studies of future QDs and
their applications in the biomedical life sciences.
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Figure 4. NCQDs induce differentiation of mESC. (A) 0G2 mESC were seeded and maintained on 2i free media to confirm the differ-
entiation on NCQD. Treated with NCQD at varying concentrations, followed by observation under fluorescence microscopy after 3
days. White arrows indicate cell differentiation, disappeared of GFP. Scale bar =20 pm. (B) The graph shows the measured GFP inten-
sity through ROI in each image. The graph was drawn using Prism 6 (GraphPad Software). Values presented as mean + SEM of N=2

experiments.

Toxicity studies using various types of QDs have been
conducted on various species. Animal cell culture exper-
iments have shown that cadmium-based QDs trans-
ferred to the cell cytoplasm, released free cadmium,
and produced free radical species, which can lead to
strong toxicity (Tsoi et al. 2013). Given the perceived
high risk associated with metal-based quantum dots
(QD) for use in the human body, the choice of carbon-
based QDs becomes imperative for biomedical appli-
cations. A study employing algae conducted compara-
tive toxicity assessment between carbon-based QDs
(CQDs) and metal-based QD (MQDs), with findings indi-
cating lower toxicity of CQDs compared to MQDs.
However, it's worth noting that the toxicity profile
may vary depending on the specific type of MQDs,
with some reported to exhibit lower toxicity than
CQDs (Xiao et al. 2016). However, animal experiments
have shown different trends. When QDs are injected
intravascularly, they primarily travel to the liver and
spleen, and if their diameter is larger than 6 nm, they

are excreted; therefore, they appear to be relatively
safe in animals. Because extensive studies on the toxicity
of different types of modified QDs in cells and animals
are needed, we performed cell experiments using
NCQDs produced using a rapid microwave synthesis
method. We expected NCQDs to be less toxic, and
because each stem cell type, such as embryonic stem
cells and adult stem cells, has unique characteristics
and potential, we performed CCK analysis using OG2
and MC3T3-E1 cells. However, the cytotoxicity of the
NCQDs in the two cell types was different. In the case
of OG2, a decrease in proliferation began at 80 pg/ml
and showed apoptosis at a concentration of 160 pg/ml
(Figure 2(D)), while in the case of MC3T3-E1, rapid cell
death occurred at 40 pug/ml (Figure 2(E)). Thus, it can
be inferred that the application of QDs to living organ-
isms requires careful concentration adjustments based
on sufficient prior research.

Interestingly, when treated with a low concentration
of NCQD, approximately 10 ug/ml, both types of cells
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Figure 5. Identification differentiation induced by NCQD. OG2 seeded without 2i was treated with NCQD at different concen-
trations for 3days, and their cDNA was prepared to compare relative mRNA expression. Expression level of pluripotency (A-C) and
differentiation marker (D-H) were analyzed by g-RT PCR. The graphs of each fold change were drawn using Prism 6 (GraphPad Soft-
ware). Data was normalized to control and presented as mean + SEM of N = 3 experiments. (*p < 0.05, **p < 0.01, compared with non-

NCQD treated group, #p < 0.01 compared with undifferentiated ES cells).

showed a significant cell proliferation. Additionally, we
confirmed that PCNA, a protein that plays a key role in

studies have primarily focused on comparing quantum
dot (QD) and proliferating cell nuclear antigen (PCNA)

the cell cycle, was deeply involved in the regulation of
cell proliferation by NCQDs (Figure 2(C)). Existing
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Figure 6. Analysis of ER stress in response to NCQD treatment. To comprehend differentiation induced by NCQD, expression of
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