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Mass production of carbon-dots (CDs) derived from chondroitin sulfate (CS) were developed by the facile hydrothermal
approach for the first time. The CS derived CDs (CSCDs) possessed good dispersibility and water solubility, bright blue and

green luminescence, and relatively pH- and photostable property. Moreover, the multicolor CSCDs could be efficiently

uptaken by SAS cells and exhibited low cytotoxicity. Therefore, the responses of human oral squamous cell carcinoma SAS

cells to CSCDs were further investigated by evaluating their proliferation and invasion. Compared to CS, CSCDs not only

provided higher efficiency for proliferation of SAS cells, and up-regulated expression of matrix metalloproteinases to mimic

extracellular matrix secretion, but also portrayed fluorescence for labeling SAS tumor cells. Hence, the multifunctional

CSCDs were expected to have potential for biomedical applications.

Introduction

Carbon-dots (CDs) have been the subject of intensive research due
to their unique properties such as good water-solubility, low
cytotoxicity, eco-friendliness, biocompatibility and particularly their
easily tuned optical properties and resistance to photodegradation,
6 applied in including
environmental monitoring, disease diagnostics, bio-imaging and

which have been various areas
proteomic and genomic studies.”® Organic substances such as
proteins, amino acids, saccharides and small molecules like citrate
acid etc have been explored as carbonaceous sources for producing
cps.® However, natural materials are always preferred for this
purpose. For instance, CDs have been synthesized from alginate, a
negatively charged polysaccharide.11

As a natural glycosaminoglycan with good biocompatibility,
chondroitin sulfate (CS) is a potential candidate for manufacturing
CDs with low cytoxicity. CS is an anionic linear chain attached onto
specific scaffolds, forming a major extracellular matrix (ECM) on the
cell surface.” Despite simplicity of the backbone structure, the CS
polymer is complex enough to mediate the cell-cell and cell-ECM
interactions that are essential for carrying biological information,
and thus determine many biological functions.”** For example, CS
could strongly influence the proliferation, even migration of
malignant tumor cells.” ** with high anionic activity, CS can
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interact with various ligands and receptors, and in turn activate

. . 13, 17-19
signaling pathways,

stimulating the growth, migration and
metastasis of tumor cells. Previous studies reported that treating
tumors with chondroitinase AC led to the reducing growth and
invation of tumor cells.’ Meanwhile, free exogenous CS also
exerted effects on the FGF-2-induced proliferative response in
is the receptor of CD44, which is

overexpressed in metastatic cancer tissue, and has been used as

21
melanoma cells. cs

anionic components of ternary complexes in drug delivery systems
for cancer treatment.”* cs polymer has been demonstrated to
play an important role in creating microenvironment for protease
activation by binding matrix metalloproteinase2 (MMP2) through
the C-domain.”’> MMP2 is one of the family members of MMPs,
which, as zinc-dependent proteolytic enzymes, are capable of
degrading various components of ECM and bioactive moIecuIes,26
and thus are associated with tumor progression, even invasion and
metastasis.””” % Chemically synthesized CS hexasaccharides also
enhanced the CD44 cleavage and promoted tumor cell motility in a
CD44-dependent manner.? Thus, the CS derived CDs (CSCDs) are
expected to remain the functionality of CS, which is vital for tissue
engineering research. Moreover, nanotechnology has made it
possible to design and fabricate biomimetic microenvironment at
nanoscale, providing nanoparticles to emulate native ECMm.?
Meanwhile, living cells are highly sensitive to local nanoscale
topographic patterns within ECM,BO‘31 so building nanostructures is
a promising approach to mimic native cellular microenvironments.

Herein, a straightforward route using CS as carbonaceous
source was developed for manufacturing luminescent CDs with the
CS characters of influencing tumor cell proliferation and invasion,
which would provide a powerful bio-imaging agent with good
biocompatibility to examine the specific mechanisms of tumor cell
proliferation and invasion.
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Experimental

Materials and cell line

CS and Gelatin were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Quinine sulfate was purchased from Aladdin. Sodium
chloride (>99.5%) and sodium hydroxide (>96%) was purchased
from Dalu Chemical Reagent Co. Ltd (Tianjin, China).
Phosphate (H3;PO, >85%) was purchased from Hengxing
Chemical Reagent Co. Ltd. (Tianjin, China). Boric acid (H;BO;
>99.5%) was purchased from Bodi Chemical Reagent Co. Ltd.
(Tianjin, China). Ammonium persulfate,
tetramethylethylenediamine (TEMED) and Tris base were
purchased from Solarbio (Beijing, China). Acrylamide, glycine
and N, N'-methylene-bis-(acrylamide) were purchased from
Bio-Rad (California, USA). BCA protein content detection kit
was purchased from KeyGEN Biotech Co. Ltd (Nanjing, China).
Water used throughout all experiments was purified with the
Millipore system.

SAS cells from an oral squamous cell carcinoma cell line were
kindly donated by Prof. Fujii Masato (National Institute of Sensory
Organs, National Tokyo Medical Center, Tokyo, Japan). 32

Preparation of CDs

Briefly, CS of 200 mg was dissolved in 10 mL water, and the
solution was heated hydrothermally in a stainless steel
autoclave at 200°C for 5 h. The obtained brown solution was
cooled down to room temperature, and filtered through a 0.22
um membrane to remove agglomerated particles. The purified
CSCDs were lyophilized and stored at room temperature.

Characterization

Transmission electron (TEM) observation
performed using a FEI TecnaiG2 Spirit at an acceleration voltage of
120 kV. Fourier-transform infrared (FTIR) spectra were recorded by
Vector 22 spectrometer. X-ray diffraction (XRD)

measurement was carried out using a PANalytical X’'Pert PRO

microscopy was

a Burker

diffractometer (Almelo, Netherlands) in conjunction with Cu Ka
radiation (A =0.15418 nm). X-ray photoelectron spectrometer (XPS,
Thermo Scientific) were used to characterize the chemical
composition using an Escalab 250 Xi X-ray photoelectron
spectrometer. Absorption and fluorescence spectra were recorded
at room temperature with a UV-2550 UV-vis spectrophotometer
(Shimadzu, Japan) and Luminescence Spectrometer 55 (Perkin-
Elmer), respectively. Fluorescence quantum vyield was determined
at 360 nm for excitation and 450 nm for emission in 0.10 M H,SO,
solution using quinine sulfate as the reference with a quantum yield
of 54%. The effect of pH on the fluorescence (photoluminescence,
PL) of CSCDs was examined in Britton—Robinson buffer solutions,
which were prepared by 0.04 M each of H;PO,, CH;COOH and
H3BO;. Different pH values (from 2 to 11) were adjusted by 0.2 M
NaOH. Moreover, CSCDs were incubated in Dulbecco's Modified
Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), FBS-
free medium, phosphate buffer solution (PBS) and distilled water,
respectively, in a fully humidified incubator at 37°C with 5% CO, to
see the impact of these conditions.

2| J. Name., 2012, 00, 1-3

Cell culture

SAS cells were seeded in a 24-well plate containing DME Medium
with 10% FBS, and incubated in a fully humidified incubator at 37°C
with 5% CO,. The cells cultured at approximately 70-80%
confluence were used for further experiment.

Fluorescence labeling of SAS cells

CS and CSCDs were dissolved in DMEM medium with final
concentrations (mg/mL) of 0.25, 0.5, 1, 2 and 4, and then filtered
by the 0.2 um Acrodisc syringe filter before being inoculated
into cell dishes. Following attachment, SAS cells were
incubated with 1 mL CS or CSCDs medium in ®20 mm cell
culture dishes at 37°C and 5% CO, for 4 h. The cells were
washed with PBS buffer to remove unbound CS or CSCDs
before imaging. Fluorescence imaging studies were performed
with laser based point scanning FV 1000 confocal microscope
(Olympus,Japan). Oil inserted 100x objective lens were used in
the xy-mode with 800x800 pixel resolution. Laser beams at
405 nm and 488 nm were used for excitation with emitted
light collected between 425-475 nm and 500-600 nm,
respectively. Native cells were also imaged under the same
conditions as the control.

Cell viability analysis

Cell viability was detected using Cell Counting Kit-8 (CCK8) (Dojindo
Laboratories, Kumamoto, Japan), according to the manufacturer's
instructions. Briefly, CS and CSCDs were dissolved in DMEM,
with the final concentrations (mg/mL) of 0.25, 0.5, 1, 2 and 4.
SAS cells were seeded into a 96-well at bottom tissue culture
plate with 8x10° cells for each well, incubated for 24 h and
then treated with various concentrations of CS and CSCDs for 6
d. Cell viability was tested daily. SAS cells were incubated with
DMEM containing 10% (v/v) CCK8 at 37°C for 1 h, and then
The
absorbance at 450 nm with a reference wavelength of 630 nm
was recorded by using a microplate reader (Well Scan MK3,

supernatant was collected to test the absorbance.

Labsystems Dragon, Finland).

qRT-PCR analysis

SAS cells cultured with CS or CSCDs at various concentrations were
incubated for 6 d at 37°C and then harvested by trypsin. The total
RNA of cells was isolated using RNAiso Plus (TaKaRa, Shiga,
Japan) according to the manufacturer's instructions. Reverse
transcription (RT) was performed using a PrimeScript RT

Reagent Kit (TaKaRa). Real-time quantitative reverse
transcriptase-polymerase chain reaction (qRT-PCR) was
performed with SYBR Premix Ex Taq (Takara). gqRT-PCR

amplification and fluorescence detection were performed
using an Mx3000P Real-Time Cycler (Agilent Technologies,
Santa Clara, CA, USA). The primers for the gRT-PCR are given in
Table 1, which were designed by Takara Biotechnology Co., Ltd
(Dalian, China). The results are comparative expression ratio to

ey
).

control for each sample using the CT method (2

This journal is © The Royal Society of Chemistry 20xx
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Tablel. Primer pairs used for the qRT-PCR studies

Gene Sequence (5'—>3’) Gene ID Size (bp)
CTCATCGCAGATGCCTGGAACAGCC

MMP2 TAGCCAGTCGGATTTG NM_004530 167
TGGGCTACGTGACCTATGACATGCC

MMPS CAGCCCACCTCCACTCCTC NM_004954.2 173

B-Actin TGGCACCCAGCACAATGAACTAAG NM_001101 187

TCATAGTCCGCCTAGAAGCA

Zymography

The proteolytic activity of MMPs was assessed by gelatin
zymography as previously described.*® SAS cells cultured with
various concentrations of CS or CSCDs were incubated for 6 d
and then rinsed with a serum-free medium. Condition medium
was collected after incubating in the serum-free medium for
24 h and equal amounts of protein were used with each
sample. Electrophoresis strapsindicative of gelatinolytic
activity were visualized by staining the gels with coomassie
blue (0.5%, w/v), and gelatinolytic activities on the gel
zymograph were visualized as clear bands against the blue
background.

Statistical analysis

Statistical analysis for each sample was calculated using
ANOVA. All data were reported as mean * standard deviation
(SD). The significance was tested at p<0.05.

Results and discussion

Optical and physicochemical properties of CS and CSCDs

CS was applied to synthesize CDs. The CS aqueous solution was
transparent with light yellow even when supplemented at 20
mg/mL. It was found to be fluorescent under UV light as illustrated
in Fig. 1(A). After heating hydrothermally for 5 h and filtering out
the undissolved substance, a clear yellow solution of CSCDs was
obtained, which exhibited bright fluorescence under UV light as
illustrated in Fig. 1(B). The UV-vis absorption and PL spectra of CS
and CSCDs excited at different wavelengths were thus investigated.
It was observed that CS had a weak shoulder peak at 320 nm, the
typical absorption of n-m* transition of C=0 groups, while the
absorption peak of CSCDs shifted to 315 nm, which was probably
due to their dehydration and carbonization process during
hydrothermal treatment. As the excitation wavelength increased
from 300 nm to 440 nm with 20 nm increment, the emission of CS
and CSCDs also shifted, reaching the peak intensity at 418 nm and
423 nm respectively, both under the excitation wavelength of 340

This journal is © The Royal Society of Chemistry 20xx

nm as illustrated in Fig. 1. This excitation wavelength dependent PL
3438 It was believed that
38,39 40
To
variety of

emission property was reported previously.
besides the quantum size effect 37.38 and surface defect,
functional groups on the surface also contributed to PL.
investigate more properties of the CSCDs, a

characterizations were subsequently performed.
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Fig. 1 UV-vis absorption and photoluminescent emission spectra of
CS (A), and CSCDs (B) in aqueous solutions. Insets show the
photographs of CS and CSCD solutions under the illumination of
natural light (left) and UV light (312 nm, right).

The morphology and size of CSCDs were examined by TEM. As
can be seen in Fig. 2, nanodots with an average diameter of 6 nm
were developed, validating the formation of CSCDs. The size
totally 80 CSCDs
was in accordance with those reported previously. 40, 41 Although
the size exhibited a wide distribution, almost 65% of CSCDs was less
than 10 nm.

distribution  obtained by measuring

2 4 6 8 10 12 14 16 18 20

Diameter (nm)
Fig. 2 Characterization of CSCDs. (A) Morphology observed with
TEM (Scale bar: 20 nm), and (B) Size distribution of CSCDs.
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To further investigate the impact of hydrothermal process on CS
molecules, XRD characterization was applied. As shown in Fig. 3A,
XRD of CSCDs show peaks at 26 = 23° and 31° that are assigned to
the diffraction of graphitic carbon, which are different from that of
CS with one broad peak at 26 = 23°. This proves that CS
decomposed to fractions (carbonization) during the hydrothermal
process, which falls in line with TEM results.

Details of structural changes of CS were highlighted by the FTIR.
As shown in Fig. 3B, the FTIR spectrum for CS showed the following
functional groups: vibrations of the —OH (3450 cm'l), stretching
vibrations of C=0 (around 1640 and 1410 cm'l), S=0 (1250 cm'l)
and symmetric and asymmetric stretching vibrations of C-O-C
(around 1140 and 1075 cm'l). After the hydrothermal process, N-H
associations (3225 cm'l), amido | C=0 bond (1680 cm'l), amido Il N-
H bond (1620 cm'l) and more C-O-C bond (1140 cm'l) were
detected, indicating dehydration and decomposition of the CS into
CSCDs. The CS and CSCDs both exhibit good hydrosolubility due to
their abundant hydrophilic groups (-OH, C=0, and C-O-C).

Al—s B
— CS(s

Intensity
Transmittance

3000 2000
Wavenurber (eni')

1000

2 ) ) & 4w
20 (°)
Fig. 3 Structural properties of CS and CSCDs. (A) XRD patterns; (B)
FTIR characterization.

More structural insights could be obtained by XPS results. XPS
spectra showed that CS (Fig. 4A) and CSCDs (Fig. 4B) were mainly
composed of C (284.27 eV), O (532.04 eV) and N (398.80 eV). And
their contents in CS were calculated to be 52.49 % (C), 4.45% (N)
and 43.06% (O), respectively, while 64.83 % (C), 5.27% (N) and
29.91% (O) were detected in CSCDs, indicating the higher doping
concentration of nitrogen in the CSCDs. The existence of nitrogen-
rich functional groups, as excellent auxochromes, could be the
reason for the significant enhancement in PL properties. o
A

B | csans Os

Intensity
Intensity

1000 800 600 400 200 0 1000 800 600 400 200 0
Binding energy (¢V) Binding encrgy (¢V)

Fig. 4 XPS characterization of CS (A) and CSCDs (B).

This journal is © The Royal Society of Chemistry 20xx

CSCDs possessed pH-dependent luminescence slightly. As
shown in Fig. 5A, their PL intensity varied within 25% when the pH
changed from acidic to alkaline. The variation corresponded with
the protonation and deprotonation of hydroxyl and carboxyl groups,
which might cause electrostatic doping to CSCDs and shift the Fermi
level. Under the physiological pH from 5 to 9, the PL intensity of
CSCDs was relatively stable. Similar phenomenon was also observed
when incubated in various culture conditions illustrated in Fig. 5B,
although slight decrease in the PL intensity occurred in the FBS
medium, indicating that agglomeration with proteins might occur
during the incubation. In addition, CSCDs are photostable, which can
be stored under light illumination conditions (data not shown). The
guantum yield of CSCDs was 7.2%, higher than that of 6.7% with CS.
These properties made CSCDs an ideal material for labeling
biological samples.

A 10
10 B
o /‘\\_,\ N os
Z 06 Z 06
£ Z
5 E
£ 04 £ 0.4 —— Distilled water
= 2 ——PBS
~ —+— FBS-free medium
02 0.2
—v— Medium
W oo
23456789101 0 10 20 30 40 50 6
pH Time (min)

Fig. 5 Fluorescence responses of CSCDs to pH variation (A) and
culture conditions without cell inoculation (B).

Cellular imaging of CSCDs

As illustrated in Fig. 6, after co-incubation with 1 mg/mL CSCDs for 4
h, the SAS cells showed blue and green fluorescence upon
excitation at 405 nm and 488 nm, respectively. This multicolor
imaging under different excitation wavelengths highlighted the
fluorescent property of CSCDs. However, non-fluorescence was
observed in the SAS cells co-incubated with 1 mg/mL CS or blank
culture medium. Combining the confocal microscopy imaging with
the knowledge that particles smaller than 100 nm can be enclosed
within endocytic vesicles,42 we speculated that CSCDs enter the
cells via endocytosis route, just like other CDs from different

43, 44
sources.

The fluorescent confocal images of the whole SAS
cells incubated with CSCDs indicated that CSCDs could entered into
the cells, while CS molecules were blocked from entering cells
probably due to their long chains and complex configurations. The
cell imaging also showed the dose dependent property, since cells
co-incubated with 0.25 and 0.5 mg/mL CSCDs showed weaker
fluorescence ( data not shown), while CSCDs supplemented at 2 and

4 mg/mL exhibited cytotoxicity.

J. Name., 2013, 00, 1-3 | 4
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488 nm

Fig. 6 Fluorescence image of SAS cells incubated with CSCDs and CS

Bright field

CSCDs|

Cs

(Scale bar: 20 um). The autofluorescence of cells was minimized by
adjusting excitation intensity and PMT parameters.

Dose-dependent impact of CSCDs on the proliferation of SAS cells

For biomedical use, cytotoxicity is a key factor to be

considered.* For this purpose, the viabilities of SAS cells incubated
with CSCDs at 37°C were evaluated using the CCK8 assay with CS as
the calibration. As shown in Fig. 7A, the dose-dependent in vitro
cytotoxicity of CSCDs on the SAS cells was observed when CSCDs
supplemented at 2 mg/L during 24 h. In contrast, CSCDs under 1
mg/L did not impose significant toxicity to SAS cells with long
incubation time. As shown in Fig. 7B, more than 50% SAS cells were
viable when treated with 0.5 mg/mL CSCDs for 6 d. Meanwhile, the
result also indicated that CSCDs showed significant promotion
effect for the SAS cells, which was time- and dose-dependent.

A l cs
140774 cscps
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;:‘ 100
£ 804
=
> 60
3
40
204
o
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[ 0.5 mg/mL CS // 0.25 mg/mL CSCDs
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160 B 1 g/ cscps
S 3
> i
£ 120 2 n
= 7 v ’
£ ! 7
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2 77
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o] a7 A i
1 2 3 4 5 6
Culture days
Fig. 7 Cell viability tested. (A) Dose-dependence, and (B)

Proliferation of SAS cells.

CS as a component of ECM from which CSCDs were derived, has
an effect on tumor cell proliferation. What is interesting is that
CSCDs with 0.25 mg/mL also exhibited this effect. The result is
similar to those previously reported due to the degradation of the
ECM proteins which affected the biophysical microenvironment

This journal is © The Royal Society of Chemistry 20xx

. . 46
associated with tumor cells,

and thus could be emerged as a
particularly powerful regulator of the behavior of tumor cells.” As a
result, CSCDs may be the fraction of CS promoted SAS proliferation,
by nanoscale topography that closely mimics the product of the

ECM degradation.

Invasion properties of SAS with CSCDs
CS polymer has been demonstrated to play an important role in
creating microenvironment for protease activation by binding with
MMPs. Among the family members of MMPs, MMP2 and MMP9,
which are also called gelatinases or type-IV collagenases , are
closely connected with cancer progressicm,28 mainly due to their
role in degrading native type V, VII and X collagens, fibronectin,
elastin and gelatin.48

In order to determine the molecular mechanism underlying the
effect of CSCDs on the potential metastasis of SAS cells, the
expression of the genes encoding MMP2 and MMP9 in the SAS cell
lines were analyzed by gRT-PCR. The results showed that CSCDs
supplemented with 0.25 mg/mL up-regulated the gene expression,
while CS exhibited the role at higher concentrations (Fig. 8A). Low
molecular weight CS was reported to enhance CD44 cleavage and
which
might be the case with the role of CSCDs in the cell invasion
process.

Zymography analysis was performed to quantify the secretion
of MMP2 and MMP9, which indicated their gelatinolytic activity in
the cell culture supernatant collected on day 6 (Fig. 8B). The results
indicated that neither the activity of MMP2 nor MMP9 showed an
increase with CSCDs. It is worth noting that CS increased pro-MMP-

promote CD44-dependent cell migration in tumor ceIIs,24

9 amount with the concentrations of 0.5 and 1 mg/mL, but the
active MMP9 had no change. This might be attributed to the change
in CS structure during the preparation of CSCDs. The zymography
results suggested that CSCDs and CS had no effect on the activities
of MMP2 and MMP9 of the two-dimensional cultured SAS cells.

A T T contral

[]0.25 mgmL CS
[ 0.5 mg/mL CS
I 0.25 mg/mL CSCDs
Il 0.5 mg/mL. CSCDs

Relative mRNA level
Y
N

MMP9
CSCDs (mg/mL)
Control 0.25 0.5

—> Pro-MMP9
—> MMP9

—> Pro-MMP2
—> MMP2

Fig. 8 Metastasis related gene and protein expression of SAS cells.
(A) QRT-PCR analysis of the gene expression of MMP2 and MMP9
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with B-actin as the internal control (n=3,*P<<0.05). (B) Zymography
analysis of the secretion of MMP2 and MMP9 by SAS cells.

In contrast to the high doses of CSCDs inducing cytotoxicity,
these results showed that SAS cells responded to low doses of
CSCDs by promoting cell proliferation (Fig. 7B) and improving gene
expression for invation (Fig. 8A), which might be explained as

» 49

“hormesis”,” a dose-response process: low concentration improves

cell proliferation while high concentration exhibits toxic effect.”>™!
This is particularly the case for investigating the toxicological effects
of nanoparticles, which is markedly impacted by regulatory, and risk
assessment considerations that are predicated on the assessment
of high dose effects and the determination of toxic thresholds at
fixed periods of observation.

CS not only promotes cell proliferation, but also improves the
expression of invasion related genes,52 which have been broadly
applied in simulating the component of ECM in the body.53
Although CDs have been widely utilized owing to their unique
physical and chemical properties,54 there is no research so far to
combine CS and CSCDs to investigate their influence on tumor cells.
This study demonstrated that SAS cells cultured with CSCDs showed
improved cell viability and expression of genes related to tumor
invasion. CSCDs might affect the behaviors of the tumor cells
through their nanoscale structures as previously reported.so’ 35,36
These results suggest that CSCDs closely mimic the extracellular
matrix component on which tumor cells survive in vivo.
Additionally, CS can stimulate the growth and differentiation of
neurons and prevent normal brain synapses from disintegration
after injury,57 and CSCDs could be thus expected for this purpose for
the future research while providing fluorescence labelling.

It also points out that the fluorescent CSCDs can be effective
tool in investigating interactions of extracellular matrix with tumor
cells, thus facilitating extracellular matrix based therapy in the

cancer.

Conclusions

High solubility, good photostability, and low cytotoxicity make
CSCDs suitable for biological imaging. Unlike most CDs prepared
before, CSCDs prepared from CS retained CS properties to simulate
ECM, and thus promoted the invasion and proliferation for SAS
cells. On the other hand, compared to CS, CSCDs created nanoscale
topography for SAS cells and enhanced the expression of their
MMPs genes. As a result, CSCDs combined advantages of CDs and
CS together, which was validated in our study for the first time,
making them potential multifunctional materials for biomedical
applications.
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