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A series of polyethylenimine (PEI)-based CQDs have been synthesized via a hydrothermal method by mixing
linear PEI with linear citric acid (CA with COOH groups, PEICA), linear glucose (G with OH groups, PEIG), cyclic
hyaluronic acid (HA with COOH groups, PEIHA) and cyclic boron nitride (BN with OH groups, PEIBN). PEICA
had the best labeling effect (100.00 + 0.26%) and the lowest cytotoxicity (100.89 + 18.00%) for mesenchymal
stem cells (MSCs), followed by PEIG (91.83 + 7.60%; 92.84 + 5.56%), PEIHA (84.34 + 7.87%; 61.27 + 11.34%)
and PEIBN (1.33 + 0.84%; 22.72 + 11.47%). The labeling effect of PEIHA for MSCs is lower than that of PEIG
because the surface potential of PEIHA (6.58 mV) is higher than that of PEIG (0.50 mV). For PEIBN, it is likely
that the precursor (BN) is less biocompatible than CA, HA and glucose. Thus, the linear acid (CA) is more
appropriate to react with PEI for synthesizing CQDs with high labeling performance for MSCs. The control
experimental results show that factors (such as surface potential, aromatic component, etc.) may all contribute to

MSC labeling by PEICA. This work is helpful to design CQDs with high MSC labeling efficiency.

1. Introduction

Mesenchymal stem cells (MSCs) can differentiate into certain kinds
of tissues [1,2] and regulate lymphocytes to improve immune imbal-
ance, relieving many kinds of autoimmune diseases and repairing
damaged tissues [3-5], such as myocardial infarction [6] and COVID-19
[7]. However, to date, how MSCs migrate to damaged organs and
maintain their biological activity in the human body is still ambiguous
and deserves much more attention. Clarifying this point is very helpful
to promote the application of MSC therapy in the clinical treatment of
patients.

To date, some methods have been developed to label MSCs to
investigate their migration, distribution and active state in vivo. For
example, magnetic materials (such as superparamagnetic iron oxide)
have been combined with MSCs and further investigated with magnetic
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resonance imaging methods [8,9]. Some organic chemicals (organic
dyes, for instance) have good fluorescence performance and are used to
track the migration and distribution of cells in the body [10,11].
Compared with organic dyes, carbon quantum dots (CQDs) contain light
elements, such as C, O, N and H elements, which have better fluores-
cence performance, fluorescence stability and higher biocompatibility
[12-17]. Thus, the labeling and imaging of cells has been a very sig-
nificant application field for CQD since its discovery [13-19]. To date,
some kinds of CQDs have been synthesized to track MSCs in vitro and/or
in vivo (please see Table 1). For example, citric acid and ethylenedi-
amine have been adopted as precursors to synthesize CQD for tracking
and promoting the osteogenic differentiation of MSCs in vitro [20]. With
betaine hydrochloride and tris(hydroxymethyl)aminomethane as the
precursors, the as-synthesized CQD has both low cytotoxicity for MSCs
(400 pg/ml) and good imaging performance for MSCs in
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Table 1
The reported MSCs labeling by CQDs.

Carbon quantum dot MSC Publication

(CQD)

Novelty

Using citric and Rat bone Tracking and Biomater Sci.
ethylenediamine as  marrow promoting 5(2017)
precursor to mesenchymal osteogenic 1820-1827
synthesize CQD via stem cells differentiation of [20]
hydrothermal (rBMSCs) MSCs in vitro
method

Using betaine Human adipose Both low cytoxicity Carbon. 152
hydrochloride and tissue-derived for MSCs (400 pg/ (2019)
tris MSCs ml) and good 434-443
(hydroxymethyl) imaging [21]
aminomethane as performance for
the precursors to MSCs in
synthesize CQD via immunodeficient
hydrothermal mice
method

Using D-glucosamine Rat bone MSCs Labeling MSCs in J. Mater.
hydrochloride and vitro and promoting Chem. B. 8
sodium the osteogenic and (2020)
pstyrenesulfonate chondrogenic 5655-5666
as precursor to differentiation of [22]
synthesize CQD via MSCs
hydrothermal
method

Using diammonium Human Investigating the Colloids Surf.
citrate and umbilical cord relationship between  B. 171(2018)
spermidine as derived surface charge of 241-249
precursors to mesenchymal CQD and the MSC [23]
synthesize CQD via  stem cells Labeling
hydrothermal (hUCMSCs) performance (also
method the MSC cytoxicity)

of CQD

immunodeficient mice [21]. CQDs synthesized by using D-glucosamine
hydrochloride and sodium pstyrenesulfonate as precursors can label
MSCs in vitro [22]. It has been reported that CQDs with a positive sur-
face are more appropriate to label MSCs than CQDs with a negative
surface, but the positive charge on the CQD surface does not have a
linear relationship with the.

labeling effect for MSCs since only relatively weak positive surface
charges enabled CQDs to possess good biocompatibility and labeling
efficiency, whereas a higher positive charge quantity will result in
higher cytotoxicity [23]. However, the influence of the precursor
structure on the labeling effect of CQD on MSCs is still not clear. Clari-
fying this point will be helpful to design CQDs with high labeling per-
formance for MSCs.

Herein, to clarify the influence of the precursor structure on the la-
beling performance of MSCs, a series of CQDs (PEICA, PEIG, PEIHA,
PEIBN, PEICA1, PEICA3, PEICA150, PEICA210, CA and G) have been
synthesized with polyethylenimine (PEI), citric acid (CA), glucose (G),
hyaluronic acid (HA) and boron nitride (BN) as precursors via a hy-
drothermal method. The labeling results show that PEICA has the best
labeling effect (100.00 + 0.26%) for MSCs, followed by PEIG (91.83 +
7.60%), PEIHA (84.34 + 7.87%) and PEIBN (1.33 + 0.84%). Thus, the
CQDs (PEICA and PEIG) formed by linear precursors (CA and Glucose)
with PEI have better labeling performance for MSCs than that (PEIHA
and PEIBN) from the cyclic precursors (HA and BN) with PEL Further-
more, the CQD (PEICA) synthesized via the linear precursor with COOH
groups (CA) and PEI has better labeling performance for MSC than that
(PEIG) form the linear precursor with OH groups (glucose) with PEL The
labeling and cytotoxicity performance of PEI-based CQDs for MSCs may
be influenced by many factors (such as surface potential and aromatic
components).), rather than is controlled by a single factor. This work has
not been reported before and is helpful to design high-efficiency CQDs
for MSC labeling for biomedical purposes.
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2. Experimental section
2.1. Materials

All chemicals that were adopted to synthesize carbon quantum dots,
including diboron trioxide (analytical grade), melamine (analytical
grade), polyethyleneimine (analytical grade), glucose (analytical
grade), hyaluronic acid (analytical grade) and citric acid (analytical
grade), were purchased from Yuanye Biotechnology Co., Ltd.

The reagents for cellular cultivation and labeling were obtained in
the following way: ampicillin-streptomycin was purchased from
HyClone (USA); DMEM/F-12 medium and fetal bovine serum (FBS)
were obtained from Gibco (USA); propidium iodide (PI), RNase and
paraformaldehyde were purchased from Sigma (USA); and a Cell
Counting Kit-8 assay kit (CCK-8) was ordered from KeyGEN BioTECH
(China).

2.2. Preparation of CQDs

PEICA CQD was prepared in the following procedure. Firstly, PEI
solution was acquired by dissolving 0.2 g PEI in 20 ml deionized water;
then, 0.1 g CA was weighed and put into the PEI solution to form a
uniform mixed solution; after that, the mixed solution was put into the
stainless steel high-pressure hydrothermal reactor and heated at 180 °C
for 4 h in an oven; then, the solution in the hydrothermal reactor was
removed with subsequent centrifugation (5000 r/min for 15 min) and
dialysis (1000 kDa) for 24 h to remove the unreacted precursors and
other impurities produced during the hydrothermal reaction process;
finally, the dialyzed solution was freeze-dried to obtain the CQD sample,
which was named PEICA.

Other PEI-based CQDs (PEIG, PEIHA and PEIBN) were synthesized in
the same procedure as that of preparing PEICA, except that CA was
replaced with glucose, hyaluronic acid and BN.

BN was synthesized in the same way as in our previous work [24].
Briefly, 24 g of melamine and 12 g of diboron trioxide were ground for
half of an hour to acquire a mixture; then, the mixture was calcinated in
a furnace at 1100 °C for 4 h with a heating rate of 10 °C/min; after that,
the obtained BN sample was obtained with subsequent washing through
the prepared hydrochloric acid (0.5 mol/L) and deionized water until
the pH of the supernatant in the suspension was neutral; finally, the
washed BN sample was dried in an oven at 60 °C for 10 h.

For a deep understanding of the labeling performance of PEI-based
CQDs, a series of other CQDs were synthesized. The mass ratio be-
tween PEI and CA was 4:2 for PEICA, and the thermal temperature was
180 °C. The other two CQD samples were prepared at 180 °C by
increasing the CA ratio to 4:3 and decreasing the CA ratio to 4:1. These
two CQD samples were named PEICA1 and PEICA3. Another two CQD
samples were prepared with the same mass ratio (4:2) between PEI and
CA by increasing the thermal temperature to 210 °C and decreasing the
thermal temperature to 150 °C. These two samples were named
PEICA210 and PEICA150, respectively. The CQD with only CA as the
precursor was synthesized at 180 °C and was named CA. The CQD with
only glucose as the precursor was synthesized at 180 °C and was named
G.

2.3. Characterizations of the synthesized CQDs

The zeta potential values of all the synthesized CQDs were deter-
mined using a potential analyzer (Zetasizer nano ZS, UK). The FTIR
spectra of PEICA, PEIG and PEIHA were measured by a Fourier trans-
form infrared (FTIR) instrument (Nexus 870, USA). XPS characteriza-
tions of all the synthesized CQDs were acquired using an X-ray
photoelectron spectroscopy (XPS) instrument (PHI 5000 VersaProbe,
Japan). The morphologies of PEICA, PEIG and PEIHA were obtained by
transmission electron microscopy (TEM, JEM-200CX, Japan). The
UV-vis diffuse reflectance spectra (UV-DRS) of PEICA, PEIG and PEIHA
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were collected with a UV-vis spectrophotometer (Agilent CARY 100,
USA). The fluorescent performance of PEICA, PEIG and PEIHA was
investigated with an F-7000 fluorescence spectrophotometer (Hitachi,
Japan).

2.4. Quantum yield measurement of the synthesized CQDs

The quinine method [25] was adopted to determine the quantum
yield (Q) of the synthesized CQDs with quinine sulfate as the standard.
The Q values of these CQDs were calculated with the following equation:

I A (n)
Q*QrXI—rXXXCl—r)

where Q is the quantum yield, I is the measured integrated emission
intensity, A is the optical density, and n is the refractive index of the
solvent (1.33 for water). The subscript “r” referred to the reference
standard with known QY.

2.5. Cell culture and cellular cytotoxicity experiment of the synthesized
CQDs

Isolation and culture of human umbilical cord-derived mesenchymal
stem cells (UC-MSCs) were described in our previous study [26]. The
cytotoxicities of the synthesized CQDs in UC-MSCs were examined in
vitro by using the CCK-8 assay kit. Generally, UC-MSCs were plated into
96-well plates at a density of 2.5 x 10° cells per well and then treated
with the synthesized CQDs at concentrations of 0, 50, 100, 200, 400 or
800 pg ml~! for 24 or 48 h (or otherwise indicated). In addition, each
sample was prepared in triplicates. Then, CCK-8 was added to each well
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and incubated for 2 h at 37 °C with 5% CO, protected from light before
the optical density (OD) value of each well was read by a microplate
reader (BioTek Instrument, USA) at 450 nm. The wells with only cell
culture medium with neither cells nor CQDs were set as the blank group.
Cells without CQD treatment were used as the control group. The
viability ratio of the control was set as 100%, and the viability ratio of
the test group was calculated according to the formula
[(As-Ab)/(Ac-Ab)] x 100%, where As was the OD value from the
experimental cells, Ac was the OD value from the control cells and Ab
was the OD value from the blank groups.

2.6. Cell labeling experiment of the synthesized CQDs

To obtain cell imaging, pictures of the UC-MSCs in culture with the
synthesized CQDs at O h, 4 h, 8 h, 24 h and 48 h were taken by a live-
cell-station microscope (Leica SP8, Germany) and recorded at three
different fields at random for calculation of the ratio of labeled cells. To
identify the cellular localization of CQDs in UC-MSCs, the cells were
fixed with 4% paraformaldehyde, washed with phosphate-buffered sa-
line (PBS, pH=7.4)), and treated with PI (5 pg/ml) and RNase (20 pg/
ml) for 10 min with a final PBS wash three times. Then, the cells were
examined by a confocal laser scanning microscope (Nikon FV3000,
Japan).

2.7. Statistical analysis

All data are shown as the mean =+ standard error of the mean.
GraphPad Prime 8 software (GraphPad, USA) was used to analyze the
data by one-way or two-way ANOVA. A p value < 0.05 was considered
statistically significant.
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Fig. 1. (a) Fluorescence spectrum of PEICA; (b) fluorescence spectrum of PEIG; (c) fluorescence spectrum of PEIHA; (d) fluorescence spectrum of PEIBN.
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3. Results and discussion

The fluorescence spectra of PEICA, PEIG, PEIHA and PEIBN were
first investigated, and they all exhibited fluorescence performance under
UV-light irradiation. From Fig. 1(a), the fluorescence spectra of PEICA
can be classified into two parts: (1) one is wavelength-independent part
(the excitation wavelength is less than 400 nm),

in which the wavelength of the emitting light is always approxi-
mately 440 nm (blue color) when the excitation wavelengths are
300 nm, 320 nm, 340 nm, 360 nm, 380 nm and 400 nm; (2) another
part is the wavelength-dependent part (the excitation wavelength is
larger than 400 nm), in which the wavelength of the emitting light in-
creases with increasing excitation wavelength. For example, the wave-
length of the emitting light is 470 nm when the excitation wavelength is
420 nm. The wavelength of the emitting light increases to 485 nm from
470 nm when the excitation wavelength increases from 420 nm to
440 nm (Fig. 1(a)). PEICA has the strongest emission peak at 440 nm
(blue light) when the excitation wavelength is 320 nm. For comparison,
the fluorescence performance of deionized water was also investigated.
From Fig. S1, deionized water does not exhibit fluorescence perfor-
mance when irradiated by UV light at 360 nm. Similar fluorescence
phenomena were also found for PEIG, PEIHA and PEIBN (Fig. 1(b), (c)
and (d)). For PEIG (Fig. 1(b)), its fluorescence performance is
wavelength-independent when the excitation wavelength is less than
380 nm since the wavelength of the emitting light is always approxi-
mately 465 nm, whereas its fluorescence performance becomes
wavelength-dependent when the excitation wavelength is larger than
380 nm (400 nm excitation —> 495 nm emission; 420 nm excitation
—>510 nm emission; 440 nm excitation —> 525 nm emission). For
PEIHA (Fig. 1(c)), its fluorescence performance is wavelength-
independent when the excitation wavelength is less than 380 nm since

PEICA
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the wavelength of the emitting light is always approximately 464 nm,
whereas its fluorescence performance becomes wavelength-dependent
when the excitation wavelength is larger than 380 nm (400 nm excita-
tion —> 495 nm emission; 420 nm excitation —>520 nm emission;
440 nm excitation —> 530 nm emission). For PEIBN (Fig. 1(d)), its
fluorescence performance is wavelength-independent when the excita-
tion wavelength is less than 360 nm since the wavelength of the emitting
light is always approximately 465 nm, whereas its fluorescence perfor-
mance becomes wavelength-dependent when the excitation wavelength
is larger than 360 nm (380 nm —> 485 nm emission; excitation 400 nm
excitation —> 515 nm emission; 420 nm excitation —>520 nm emis-
sion; 440 nm excitation —> 529 nm emission). The strongest emission
wavelengths for PEIG, PEIHA and PEIBN are all approximately 465 nm
(green), and the corresponding excitation wavelengths are 340 nm,
340 nm and 320 nm, respectively (Fig. 1(b), (c) and (d)). This kind of
fluorescence performance of PEICA, PEIG, PEIHA and PEIBN is different
from that of some reported CQDs, which are all wavelength-dependent
in the whole excitation wavelength range [22,27].

To understand the capability of the four PEI-based CQDs (PEICA,
PEIG, PEIHA and PEIBN) to label MSCs, the CQDs were incubated with
MSCs and examined at different time points afterwards. The experi-
mental results show that only PEICA, PEIG, and PEIHA can efficiently
label MSCs (Fig. 2). The fluorescence signals of PEICA, PEIG and PEIHA
were all detected in.

cytoplasmic areas of MSCs, suggesting that PEICA, PEIG and PEIHA
entered the cytoplasm of MSCs. However, different CQDs have distinct
speeds of labeling MSCs. PEICA is the best marker of MSCs both rapidly
and efficiently. A total of 91.07 &+ 7.16% of MSCs were already suc-
cessfully labeled by PEICA only in 4 h. The MSCs were comprehensively
labeled within a subsequent period of 4 h (Fig. 2(a)). The second most
prominent CQD labeling player was PEIG, the intake of which was
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Fig. 2. Temporal labeling effects of PEICA, PEIG, PEIHA and PEIBN on MSCs. PEICA (a), PEIG (b), PEIHA (c), and PEIBN (d) Labeling effect of MSCs for 0 h, 4 h, 8 h,
24 h and 48 h (left) with a representative fluorescence image of MSCs at 48 h (right). Nuclei were stained with PI (red); scale bar, 100 um; n = 3; one-way ANOVA;

* , p<0.05; * *, p < 0.0001.
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8.33 + 7.10% in 4 h (Fig. 2(b)). PEIHA labels MSCs much more slowly
than PEICA and PEIG, with just 10.94 + 6.95% of PEIHA' MSCs
observed in 8 h. The labeling efficiency of PEIBN for MSCs was just
1.33 4 0.84% in 48 h. Overall, the first time points for CQD labeling at
peak turns to be at 4 h, 8 h, 24 h and 48 h for PEICA, PEIG, PEIHA and
PEIBN, respectively. Thus, it is assumed that crosstalk exists between
CQDs and MSCs, controlling the on-off switch for the cells to recognize
COD and authorize its passage through the cell membrane into the
cytoplasm.

Then, the cytotoxicity and labeling effect of PEICA, PEIG, PEIHA and
PEIBN on MSCs at different concentrations were investigated (Figs. 3
and 4). The results show that PEICA has the best labeling effect and
biocompatibility for MSCs. Under 50-800 pg/ml PEICA treatment, up to
100.00 + 0.26% MSCs could be completely labeled at 24 h or 48h
(Fig. 3(a)). Meanwhile, the CCK-8 assay demonstrated that PEICA was
not harmful to the MSCs at any concentration tested (Fig. 4(a)). For
PEIG, it was sufficient to label MSCs efficiently starting at 50 pg/ml. The
highest percentage of PEIG labeling was 91.83 + 7.60% at 400 pg/ml
after 48 h (Fig. 3(b)). PEIG showed markedly toxic to MSCs at concen-
trations ranging from 400 pg/ml to 800 pg/ml (Fig. 4(b)). In contrast to
PEIG and PEICA, even at the highest concentration of 400 pg/ml, PETHA
could label just 84.34 + 7.87% of MSCs maximally in 48 h (Fig. 3(c)).
However, under such conditions, only 61.27 + 11.34% of MSCs sur-
vived, indicating that this concentration is toxic to MSCs. Cellular
toxicity from PEIHA already occurred at 200 pg/ml for MSCs after 48 h
(Fig. 4(c)).

In contrast to the labeling performance of PEICA, PEIG and PEIHA
for MSCs, PEIBN barely labeled MSCs (Fig. 3(d)). It is dramatically
deleterious to MSCs at 100-800 pg/ml. Only 22.72 + 11.47% of MSCs
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remained variable after culture with MSCs and PEIBN for approximately
48 h (Fig. 4(d)). This is most likely because BN is one of the precursors to
prepare PEIBN, and it is less biocompatible than glucose, hyaluronic
acid and citric acid. In addition, the surface of PEIBN is highly positive
(6.37 mV). It has been reported that CQDs with a high positive surface
also have high toxicity to MSCs [23]. These two reasons may make
PEIBN highly toxic and unable to label MSCs effectively. For a deep
understanding of this point, time-lapse recording was performed with a
live-cell station to capture the process of MSC labeling by PEIBN. Indeed,
MSC labeling by PEIBN was successfully observed regardless of.

weak fluorescence intensity and very low efficiency ((Fig. S2 and
Fig. 2(d)). However, once the MSCs were labeled with PEIBN, they
struggled to survive with unhealthy morphology, started to die and
floated in the culture soon, indicating the high toxicity of PEIBN to the
cells. Thus, PEIBN can label MSC, However, its high cytotoxicity kills
these labeled MSCs and decreases the labeling efficiency of PEIBN for
MSCs. However, for PEICA, PEIG and PEIHA, why PEICA has the best
labeling effect is still not clear. In the following, the surface potential,

fluorescence stability, fluorescence quantum yield, fluorescence
lifetime, size, surface functional groups and aromatic domain of PEICA,
PEIG and PEIHA were investigated to clarify the factors influencing the
labeling effect of PEICA, PEIG and PEIHA on MSCs.

The attachment of CQDs on the MSC surface is the precondition that
CQDs can label MSCs. It has been reported that positive CQD is more
appropriate to label MSCs than negative CQD[23]. Therefore, the sur-
face potentials of PEICA, PEIG and PEIHA are determined to be 0.50 mV,
0.50 mV and 6.58 mV, respectively. PEICA and PEIG have the same
surface potential, but they show different labeling effects for MSCs
(100.00 + 0.26% vs 91.83 + 7.60% for PEICA and PEIG, respectively)
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Fig. 3. Labeling effect of PEICA, PEIG, PEIHA and PEIBN on MSCs at different concentrations. Percentage of PEICA CQD+ (a), PEIG CQD+ (b), PEIHA CQD+ (c), and
PEIBN CQD+ (d) MSCs incubated with PEICA, PEIG, PEIHA, and PEIBN at different concentrations for 24 h and 48 h. n = 3; two-way ANOVA, * ** *, p < 0.0001.
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Fig. 4. Cytoxicity tests for PEICA, PEIG, PEIHA and PEIBN in MSCs. MSC viability after treatment with PEICA (a), PEIG (b), PEIHA (c), and PEIBN (d) for 24 h and
48 h at different concentrations was examined by a CCK-8 kit. n = 3; two-way Anova analysis,* , p < 0.05.”.

(Fig. 3(a) and (b)). The surface potential of PEIHA is slightly larger than
that of PEIBN (6.58 mV vs 6.37 mV). However, PEIHA could label MSCs
(84.34 + 7.87%), whereas PEIBN could not label MSCs at all (Fig. 3(c)
and (d)). Thus, the surface potential is not the main reason that PEICA
has the best labeling effect for MSCs among PEICA, PEIG and PEIHA. PEI
is a polycationic polymer, and the positive electivity is from the pro-
tonation of these NH; and NH groups in PEI (please see Fig. 3(a)). The
surface potentials of PEICA, PEIG, PEIHA and PEIBN are most likely
determined by the residual and easily protonated groups (such as NHy
and NH) on these CQD surfaces after PEI reacts with citric acid, hyal-
uronic acid, glucose and boron nitride (the structures of these precursors
are shown in Fig. S3). To confirm this point, a series of PEICA CQDs were
synthesized with different ratios between PEI and CA. For PEICA, the
ratio between PEI and CA is 4:2, and the hydrothermal temperature is
180 °C. Another two types of PEICA CQDs are synthesized under the
same hydrothermal temperature (180 °C) by increasing the ratio of PEI:
CA to 4:3 and decreasing the ratio of PEL:CA to 4:1. They are named as
PEICA3 and PEICA1, respectively. The residual NH; (or NH) groups in
these PEICA CQDs will decrease with increasing quantity of CA. The
obtained results showed that the surface potential of PEICA1 is 0.57 mV,
followed by PEICA (0.50 mV) and PEICA3 (0.03 mV). Therefore, it is
reasonable that the surface potential of CQDs is determined by these
easily protonated groups (such as NH; and NH).

Fluorescence stability will determine if CQDs can label cells within a
certain time scale. Therefore, the fluorescence stability of PEICA, PEIG
and PETHA was also studied to determine whether there was a rela-
tionship between the fluorescence stability and the labeling effect for
MSCs. From Fig. S4(a), the fluorescence intensity at the starting time of

PEICA decreases to 99.9% two days later, 99.8% four days later, 99.7%
six days later, 99.7% eight days later and 99.6% ten days later. For PEIG
(Fig. S4(b)), its fluorescence intensity at the starting time decreased to
99.6% two days later, 99.3% four days later, 99.2% six days later, 99.0%
eight days later and 99.0% ten days later. For PEIHA (Fig. S4(c)), its
fluorescence intensity at the starting time decreased to 99.7% two days
later, 99.7% four days later, 99.5% six days later, 99.5% eight days later
and 99.5% ten days later. The difference among the fluorescence sta-
bilities of PEICA, PEIG and PEIHA is too small since they are all above
99.0% within ten days. Thus, fluorescence stability is not the reason that
PEICA has the best labeling effect for MSCs among PEICA, PEIG and
PEIHA.

Based on reported works [20-23] and labeling experiments (Fig. 2),
MSCs are labeled by the entry of CQDs into the cytoplasm in MSCs. This
means that the size of CQDs may also have some relationship with the
labeling effect for MSCs since these CQDs will enter MSCs through their
membranes. The size of PEICA ranges from 2 nm to 10 nm, and the
average size of PEICA is 5.87 nm. From Fig. 5(a), the size of PEICA at
approximately 6 nm has the largest ratio: 45%, followed by that at
approximately 4 nm (25%), that at approximately 8 nm (17%), that at
approximately 2 nm (10%) and that at approximately 10 nm (3%). For
PEIG (Fig. 5(b)), its largest size ratio is approximately 4 nm (43%),
followed by 2 nm (35%), 6 nm (15%), 8 nm (6%) and 10 nm (1%). The
average size of PEIG is 4.13 nm. For PEIHA (Fig. 5(c)), its largest size
ratio is approximately 4 nm (48%), followed by 2 nm (25%), 6 nm
(17%), 8 nm (8%) and 10 nm (2%). The average size of PEIHA is
4.58 nm. For PEIG and PEIHA, the largest size ratios (43% and 48%) are
all approximately 4 nm, while the largest size ratio (45%) of PEICA is
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Fig. 5. (a) HRTEM image and size analysis of PEICA; (b) HRTEM image and size analysis of PEIG; (c) HRTEM image and size analysis of PEIHA; (d) fluorescence

lifetime of PEICA, PEIG and PEIHA.

approximately 6 nm. However, PEICA had the best labeling effect
(100.00 + 0.26%), followed by PEIG (91.83 + 7.60%) and PEIHA
(84.34 + 7.87%). Therefore, it is likely that size is not the determining
factor that PEICA has the best labeling effect for MSCs among the three
PEI-based CQDs. In other words, all three CQDs (PEICA, PEIG and
PEIHA) are small enough to enter MSCs through the plasma membrane.
In addition, the strongest fluorescence peak of PEICA.

is at 440 nm (Fig. 1(a)), whereas the strongest fluorescence peaks of
PEIG and PEIHA are all at approximately 465 nm (Fig. 1(b) and (c)).
Thus, the size may influence the fluorescence peaks of these PEI-based
CQDs.

The fluorescence lifetimes of PEICA, PEIG and PEIHA were also
investigated since CQDs with a long fluorescence lifetime may have a
longer time to emit light. From Fig. 5(d), PEIHA has the longest fluo-
rescence time (3.1 ns), followed by PIECA (1.7 ns) and PEIG (1.5 ns).
The fluorescence lifetime of PEICA is longer than that of PEIG (1.7 ns vs
1.5 ns) but is shorter than that of PEIHA (1.7 ns vs 3.1 ns). PEICA had
the best labeling effect for MSCs (100.00 + 0.26%), followed by PEIG
(91.83 £+ 7.60%) and PEIHA (84.34 + 7.87%). This suggests that the
fluorescence lifetime is also not the determining factor resulting in the
best labeling effect of PEICA for MSCs among the three CQDs.

A high fluorescence quantum yield usually means that using fewer
CQDs can acquire a high emission effect. Thus, the fluorescence quan-
tum yields of PEICA, PEIG and PEIHA were also investigated, which
were 9.9%, 5.9% and 6.9%, respectively (Table S1). PEICA has the
highest fluorescence quantum yield (9.9%) and the best labeling effect
for MSCs. The fluorescence quantum yield of PEIG was lower than that
of PEIHA (5.9% vs 6.9%), while the labeling effect of PEIG for MSCs was
better than that of PEIHA (91.83 & 7.60% vs 84.34 4+ 7.87% for PEIG
and PEIHA, respectively). This may be because the surface potential of

PEIHA (6.58 mV) is higher than that of PEIG (0.50 mV), which results in
the higher cytotoxicity [23] and the lower labeling effect of PEIHA, with
approximately 40% more cell loss and 10% less cell labeling efficiency
(Fig. 3(b), (c) and Fig. 4(b), (c)). It has been reported that CQDs with a
positive surface are more appropriate to label MSCs than CQDs with a
negative surface, but the weak positive surface enables CQDs to possess
good biocompatibility and labeling efficiency, whereas the higher pos-
itive surface will result in higher cytotoxicity [23]. Thus, the fluores-
cence quantum yield may be related to PEICA having the best labeling
effect for MSCs among the three CQDs.

It is well known that structure has a very significant relationship with
the performance of materials. To clarify why PEICA has the best labeling
effect for MSCs, the surface structures of PEICA, PEIG and PEIHA were
investigated via FTIR, UV-Vis and XPS spectra. From Fig. S5(a), the peak
at ~3425 cm ™! is likely from the contribution of O-H and N-H stretching
models [28]; the peaks at 2930 cm ™! and 2940 cm ™! originate from the
contribution of C-H [24,25]; and the peaks at 1715 cm Y, 1633 em™!
and 1558 cm ! are attributed to the vibrations of C=0 and C=(C,
respectively[29,30]. From the FTIR spectra of PEICA, PEIG and PEIHA,
the FTIR spectrum of PEIG is nearly identical to that of PEIHA, sug-
gesting that PEIG and PEIHA have similar functional groups. The FTIR
spectrum of PEICA is also similar to that of PEIG and PEIHA, except for
the FTIR peaks between 1700 em ™! and 1500 cm™! (Fig. S5(a)). The
FTIR peaks in the region were mainly related to the C=C and C=0
bonds [28,29]. Thus, it is very likely that the C=C or C=0 region in
CQD may be related to why PEICA has the best labeling effect for MSCs
among PEICA, PEIG and PEIHA.

The UV-Vis spectra of PEICA, PEIG and PEIHA are shown in Fig. S5
(b). PEICA has two absorption UV-Vis peaks: one peak is at 239 nm,
which is attributed to the electron transition from the x orbital to the
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a* orbital of the polycyclic aromatic domain in PEICA [28], and another
peaks at 352 nm, which is from the n-n* transition of C-N [31,32]. PEIG
and PEIHA have only one obvious UV-Vis peak at approximately 360 nm
(PEIG: 362 nm and PEIHA: 352 nm), which is also most likely from the
n-n* transition of C-N [31,32]. Based on the UV-Vis spectra of PEICA,
PEIG and PEIHA, PEICA can absorb light with shorter wavelengths than
PEIG and PEIHA since PEICA has obvious absorption peaks at both
239 nm and 352 nm, while PEIG and PEIHA have obvious absorption
peaks at only 362nm and 352 nm, respectively. Thus, PEICA can
theoretically emit light with shorter wavelengths than PEIG and PEIHA.
This is consistent with the fluorescence results since PEICA emits blue
light and PEIG and PEIHA emit green light under UV light irradiation
(Figs. 1 and 2). Furthermore, based on the UV-Vis spectra, only PEICA
contains an obvious aromatic domain (-1 domain) since the absorption
peak at 239 nm is attributed to the electron transition from the i orbital
to the i* orbital of the polycyclic aromatic domain in CQDs [28,31]. It is
well known that the main component of the cell membrane is phos-
pholipids, which are amphiphilic biomolecules with both hydrophilic
and hydrophobic parts [33,34]. PEICA has hydrophilic surface func-
tional groups (OH, C-O, C=O0, etc.), which can make PEICA uniformly
disperse in water (Fig. S6(a)). It is also true for PEIG and PEIHA (Fig. S6
(b) and (c)). However, PEICA has an obvious aromatic domain (1-n
domain), which makes PEICA hydrophobic. Thus, PEICA may have a
better amphiphilic performance than PEIG and PEIHA. In summary, it is
most likely that the aromatic domain (;1-n1 domain) is related to the high
labeling effect of PEICA for MSCs based on the FTIR and UV-Vis results
of PEICA, PEIG and PEIHA. In recent reports using CQDs to label MSCs
[20-22], those CQDs all have aromatic domains since they all have
UV-Vis absorption peaks between 200 nm and 300 nm, which are from
the electron transition from the i orbital to the n* orbital of the poly-
cyclic aromatic domain in CQDs.

To further confirm that PEICA has a more aromatic domain (i1-1
domain) than PEIG and PEIHA, the XPS method was adopted to inves-
tigate the valence state of C elements in PEICA, PEIG and PEIHA. Ac-
cording to Fig. S7(a), PEICA contains 61.40% carbon, 22.18% nitrogen
and 16.43% oxygen. The carbon, nitrogen and oxygen contents in PEIG
are 63.92%, 25.94%, and 10.13%, respectively (Fig. S7(b)), while those
in PEIHA are 65.20%, 26.01%, and 8.79%, respectively (Fig. S7(c)). Due
to their high nitrogen content, PEICA, PEIG and PEIHA are all nitrogen-
rich CQDs [28,35,36]. From the C1 s spectra of PEICA, PEIG and PEIHA
(Fig. S5(c), (d) and (e)), they all have C1 s peaks at 284.1 eV, 284.4 eV,
285.6 eV, 286.6 eV and 287.6 eV, which are attributed to C=C, C-C,
C-N, C-0O and C=0, respectively [20-22,34-36]. By comparing the Cls
peak of C=C (sp2 C, 284.1 eV) in Fig. S5(c), (d) and (e), the C1s peak of
C=C (sp2 C) of PEICA is more obvious than that of PEIG and PEIHA. It
has been reported that the percent of different bonds (C=C, C-C, C-N,
etc.) in Cls spectra can be acquired based on XPS data by the ratio be-
tween the sub-peak area and Cls area in Cls spectra [37]. Herein, the
percentages of C=C (sp? carbon) and C-C (sp® carbon) in C1s spectra of
PEICA, PEIG and PEIHA were calculated. From Fig. S5(f), the percent-
ages of C=C (sp2 C) and C-C (sp3 C) in the Cls spectra of PEICA are
28.1% and 11.2%, respectively; for PEIG, the percentages of C=C (sp>
carbon) and C-C (sp3 C) are 18.9% and 33.5%, respectively; and for
PEIHA, the percentages of C:C(sp2 C) and C-C (sp3 C) are 21.2% and
27.0%, respectively. The percent (28.1%) of C—=C (sp2 C) in the Cls
spectrum of PEICA is obviously higher than that (18.9%) of PEIG and.

that (21.2%) of PEIHA, suggesting that PEICA has a more aromatic
component (sp2 C) than PEIG and PEIHA. Thus, it seems that the aro-
matic component (-1 domain) is related to the high labeling effect of
PEICA for MSCs. The labeling effect of PEIG for MSCs is better than that
of PEIHA because the surface potential (6.58 mV) of PEIHA is higher
than that (0.50 mV) of PEIG, and PEIHA has higher cytotoxicity than
PEIG [23].

To better understand whether the aromatic component (sp2 C) is the
main factor influencing the labeling performance of PEICA for MSCs, a
series of CQDs have been synthesized. For PEICA, the ratio between PEI
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and CA is 4:2, and the hydrothermal temperature is 180 °C. Two types of
PEICA CQDs are synthesized under the same hydrothermal temperature
(180 °C) by increasing the ratio of PEI:CA to 4:3 and decreasing the ratio
of PEI:CA to 4:1. They are named as PEICA3 and PEICA1, respectively.
From Fig. 6(a) and (b), MSCs can be effectively labeled by PEICA1
(200 pg/ml — 800 pg/ml), PEICA (50 pg/ml — 800 pg/ml) and PEICA3
(50 pg/ml - 800 pg/ml). But PEICA3 has the obvious cytoxicity for MSC
(50 pg/ml - 800 pg/ml). In summary, PEICA has the best effect related
to PEICA3 and PEICAL.

Then, two other types of PEICA CQDs are further synthesized under
the same ratio (4:2) between PEI and CA by increasing the hydrothermal
temperature to 210 °C and decreasing the hydrothermal temperature to
150 °C. They are named PEICA210 and PEICA150, respectively. The
labeling and cytoxicity experiments of these PEICA CQDs for MSC are
shown in Fig. 6(c) and (d). MSCs can be effectively labeled by PEICA150
(50 pg/ml — 800 pg/ml), PEICA (50 pg/ml — 800 pg/ml) and PEICA210
(400 pg/ml — 800 pg/ml). But PEICA150 has the obvious cytoxicity for
MSC (50 pg/ml — 800 pg/ml). In summary, PEICA also shows the best
labeling and cytoxicity performance related to PEICA210 and
PEICA150.

Furthermore, another two CQDs were produced with CA and glucose
as precursors by using the same procedure of synthesizing PEICA. The
two CQDs are named CA and G. Their labeling effects for MSCs are
shown in Fig. S8. It is obvious that neither CA nor G alone can efficiently
label MSCs. However, PEICA and PEIG can label MSC well.

For deep understanding the above labeling and cytoxicity results of
PEICA1, PEICA, PEICA3, PEICA150, PEICA210, CA and G, their aro-
matic component, surface potential and fluorescence quantum yield
have been characterized and listed in Table S2. From Fig. 6(a) and (b),
PEICA1, PEICA and PEICA3 all have good labeling performance for MSC,
but just PEICA3 has the obvious cytoxicity for MSC (50 pg/ml — 800 pg/
ml). There are no linear relationship can be found between the cytoxicity
and aromatic component, surface potential, fluorescence quantum yield.
From Fig. 6(c) and (d), PEICA150, PEICA and PEICA210 all have good
labeling performance for MSC, but just PEICA150 has obvious cytoxicity
for MSC even at the exposure concentration of 50 pg/ml, this may due to
that the surface potential (3.55 mV) PEICA150 is obvious higher than
that of PEICA (0.50 mV) and PEICA210 (—0.07 mV) since high positive
surface will make the high cytoxicity of CQD for MSC [23]. However, the
surface potential of PEICA210 is — 0.07 mV and it can still effectively
label MSC. For CA and G (Fig. S6 and Table S2), they can not label MSC
even the ratio of aromatic components (sp2 C) in them (40.1% in CA and
31.3% in G) are higher than that (28.1%) in PEICA. Thus, the labeling
and cytoxicity performance of PEIl-based CQDs for MSC may be influ-
enced by many factors (such as surface potential, aromatic component,
etc.), rather than is controlled by a single factor.

4. Conclusion

In this work, a series of CQDs (PEICA, PEIG, PEIHA, PEIBN, PEICA1,
PEICA3, PEICA150, PEICA210, CA and G) were synthesized to clarify
the influence of the precursor structure on their labeling performance
for MSCs. Based on the labeling and toxicity results, the CQDs (PEICA
and PEIG) formed by linear precursors (CA and glucose) with PEI have
better labeling performance for MSCs than the CQDs (PEIHA and PEIBN)
produced from cyclic precursors (HA and BN) with PEL Furthermore,
the CQD (PEICA) synthesized via the linear precursor with COOH groups
(CA) and PEI has better labeling performance for MSC than that (PEIG)
from the linear precursor with OH groups (Glucose) with PEIL The la-
beling and cytotoxicity performance of PEI-based CQDs for MSCs may be
influenced by many factors (such as surface potential and aromatic
components), rather than is controlled by a single factor. This work is
helpful to design high-efficiency CQDs for MSC labeling and promote the
application of CQDs in MSC labeling for biomedical purposes.
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