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Abstract:

A low-cost and simple method is reported for the synthesis of carbon nanodots (CDs) from waste wine cork using hy-

drothermal treatment. The structural and optical properties of the CDs were characterized by TEM, FTIR, Raman, UV-Vis absorp-

tion, and photoluminescence (PL) spectroscopy. Results indicate that the CDs have an average diameter of ~ 6.2 £ 2.7 nm and their

excitation-dependent PL is related to the functional groups on their surface. The CDs have a quantum yield of 1.54%, estimated us-

ing quinine sulfate as a reference. They have been successfully applied in the bioimaging of mesenchymal stem cells (MSCs). After

treatment with the CDs, the MSCs fluoresce green, yellow and red colors under the excitation wavelengths in the ranges 320-380 nm,

450-490 nm, and 515-560 nm, respectively, demonstrating their potential use in the field of fluorescence imaging.
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1 Introduction

Recent nanostructure fabrication methods have
allowed researchers to synthesize materials with re-
volutionary potential applications! . There are mul-
tiple ways to prepare materials at the nanometer scale.
They can be divided into two routes, the bottom-up
and top-down methods” '?. The development of fab-
rication techniques offers many advantages. At the
same time, it also prompts scientists to search for nov-
el nanoscale materials, overcoming the limitations of
conventional ones. In terms of carbon nanomaterials,
the discovery of carbon nanodots (CDs) should be a
case. Although CDs were accidentally discovered by
Xu et al. when they purified single-walled carbon nan-
otubes. CDs constitute fluorescent active groups,
which are related to many intriguing optical features'"!.

CDs have been defined as carbon nanoparticles
with sizes below 10 nm"'"*"*!. CDs are specifically nov-
el kinds of nanoparticles possessing intrinsic optical
properties, which have high biocompatibility, excel-
lent photostability, and the excitation-dependent pho-
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toluminescence''* > Hence, in recent years, numer-
ous research groups have reported a broad range of
applications of CDs, including biological labeling,
drug delivery, chemical and biosensors, bioimaging,
electrocatalysis, etc’™ *”), For biomedical applications,
CDs are considered as a potential solution of future-
expected fluorescent nanomaterials since they take ad-
vantage of traditional semiconductor quantum dots to-
gether with their unique characteristic of likely lower
cytotoxicity 2% "],

For synthesizing CDs, the chemical oxidation
method is convenient and fast for large-scale produc-
tion. However, treatment usually employs strong acid
to provide an oxidative environment™'®, Thus, this
method leads to disadvantages related to environment-
al concerns. A green and simple preparation method is
highly desired to overcome the limitation of complex
synthesis routes, the involvement of toxic, or expens-
ive reagents.

In recent years, the hydrothermal method is con-

sidered as a cost-effective chemical route for the con-
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version of carbon precursors’™>?. The treatment util-
izes aqueous media at elevated temperatures and pres-
sures for reactions™. At such a state, water becomes a
reactive substance, allowing chemical reactions such
as cellulose hydrolysis and biomass refining in gener-
al without the addition of strong acids””. Swagatika
Sahu et al. proposed a plausible mechanism, in which
orange juice went through dehydration, condensation,
polymerisation, and aromatisation under hydrotherm-
al treatment. When the concentration of aromatic
clusters reached a critical supersaturation point, a
burst nucleation occurred and CDs were form-
ed". In another pioneering work, a detailed investig-
ation of the hydrothermal transformation of glucose,
carbohydrates, cellulose, and biomass (rye straw) was
carried out by Niki Baccile and co-workers™. Ac-
cording to the literature, the starting material under-
went thermochemical degradation during hydrotherm-
al synthesis to yield carbon nanoparticles'™'***!.

From the above-mentioned works, we could per-
ceive that carbonaceous materials result from widely
available precursors. Not only the chemical reagents
but also the natural sources can be used as the precurs-
ors for this method. Previous works have addressed
that green biomass precursors could provide an ideal
strategy to prepare green fluorescent CDs, especially
waste materials”* ", Herein, the preparation of CDs
from waste wine cork (made by cork oak) by hydro-
thermal treatment is described. The rationale for the
selection of wine cork is considered since the polysac-
charide content of cork is up to 20.9% in the chemical
composition®”. As previously published, many poly-
saccharide-rich materials are successfully employed to
synthesize CDs'*”\. The characterization techniques of
the obtained CDs include TEM, FTIR, UV-Vis ab-
sorption, and photoluminescence (PL) spectroscopy.
Furthermore, we attempt to probe biocompatibility by
incubating mesenchymal stem cells (MSCs) from hu-
man umbilical cord (UC) with the obtained CDs. The
purpose of this work is to provide information in regu-
lating the microstructures of the CDs synthesized

from wine cork for bioimaging applications.

2 Experimental

2.1 Materials

DMEM/F12 medium, fetal bovine serum (FBS),
and proxacin were purchased from Miltenyi Biotec,
Germany.
2.2 Synthesis of CDs

Waste wine cork of Vang Dalat® red wine from
Ladofoods Co., Ltd. (Ladofoods, Lam Dong, Viet-
nam) was used as the raw material. The wine cork
(5.0 g) was first washed with water to remove surface
dirt and dried in an oven before it was cut into small
pieces. Then, It was mixed with 80 mL of distilled
water and transferred into a 100 mL Teflon-lined
autoclave. The resulting mixture was heated at 220 °C
for 4 h in the autoclave. After cooled down to room
temperature naturally, the brown-black carbonized
solution was roughly purified through a 0.22 pm mi-
croporous membrane. Subsequently, the solution was
centrifuged at 14 000 r min' for 15 min to remove the
large particles. Finally, the obtained CDs were stored
at 4 °C for further use. It was estimated that
0.51 mg mL', implying the yield was approximately
0.20%.
2.3 Invitro cell imaging with CDs

The commercial mesenchymal stem cells
(MSCs) of the human umbilical cord (UC) were pur-
chased from Hue Central Hospital (Hue, Vietnam).
Then, the MSCs (1x10° cells/cm®) were cultured on a
6-well plate, in the growth medium of DMEM/F12
supplemented with 10% FBS and 1% proxacin. The
cells were incubated in a humidified atmosphere con-
taining 5% CO, and 95% air at 37 °C for 5-6 weeks.
Twice a week, the medium was substituted, and mor-
phology was examined under inverted optical micro-
scopy. When the cells were approximately 60% con-
fluent, the CD solution with a concentration of 0.25x
(1x = 0.51 mg/mL) was deliberately added to the cell
dishes. After incubated further for 2 h, the cells were
washed with PBS three times to remove the free CDs
attached on the outer surface of the cell membrane.

Cell fluorescent images were detected with the excita-
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tion wavelengths set in a range 320-380, 450-490 and
515-560 nm.
2.4 Cytotoxicity test on MSCs

Followed by the incubation of MSCs, CD solu-
tion at various concentrations was added to the cul-
ture medium. Images of the MSCs at each test concen-
tration were captured (by Olympus CKX31 micro-
scope) in three different fields to estimate error bars.
MSC numbers were assessed by using the Imagel
software. Cell viability in the control sample at 0 h
was considered to be 100% and the cell viability per-
centage with different doses of CDs (0.1%, 0.25x%,
0.5x, 0.75%, 1x = 0.51 mg mL™')at 0 h were com-
pared with this value. For each value of CD concen-
tration, the cell viability over incubation time (2, 4 and

6 h) was determined by the following Equation (1):
CellS(s)

Cell viability (%) = ———
ell viability (%) Cellse,

% 100 (1)

Where, Cellss, and Cells, are the total number of vi-
able cells at each incubation time and the total num-
ber of viable cells at 0 h, respectively.
2.5 Quantum yield (QY) measurements

CDs with a QY of 1.54% was calculated using
quinine sulfate as a reference. The quantum yield of
the CDs was determined by a comparative method in
which quinine sulfate (literature QY = 0.54) was used
as a reference. Four concentrations of CD solutions
were made by dispersing CDs in water (refractive
index (n) of 1.33) while quinine sulfate was dissolved
in 0.1 mol L™ H,SO, (n = 1.33). All the absorbance
values of the solutions at the excitation wavelength
were less than 0.1. Photoluminescence (PL) emission
spectra of all the sample solutions were recorded at an
excitation wavelength of 340 nm. The integrated
fluorescence intensity was the area under the PL curve
in the wavelength range from 360 to 700 nm. The QY
was calculated using the slope of the line determined
from the plot of the absorbance against the integrated

fluorescence intensities as in the Equation (2):

or = QY(%)(Z—) @

Where, m is the slope, n is the refractive index of

solvent, and the subscript “7” refers to the referenced
sample.
2.6 Instrument

XRD pattern of the obtained CDs was obtained
on a D8 Advance (Bruker, Germany) in the range
from 10° to 60°. The size and morphology of the CDs
were observed on a transmission electron microscope
(TEM) JEOL JEM-1010 (JEOL, Japan) with an accel-
erating voltage of 80 kV. For optical properties,
UV-vis absorption spectra of the samples were recor-
ded on a GENESYS 10S UV-Vis (Thermo Scientific,
American). Fluorescence spectroscopy was carried out
on a FS5 spectrofluorometer (Edinburgh Instrument,
UK). Fourier-transform infrared (FTIR) spectroscopy
was carried out on a FTIR Affinity-1S (Shimadzu, Ja-
pan). The Raman spectra of obtained samples were re-
corded with a Horiba XploRA PLUS (Horiba, Japan)
using excitation at 785 nm. Fluorescence imaging was
performed with an optical microscope Leica DM2500
(Leica, Germany) and the specimens were excited by
a halogen lamp in a range 320-380, 450-490 and 515-
560 nm.

3 Results and discussion

From the photo presented in Fig. la, it can be
seen that the aqueous solution containing CDs shows
the visible green color under laser irradiation of
405 nm wavelength. In comparison to that under room
light, this evidence confirms the formation of fluores-
cent product that can be seen with the naked eyes. As
can be seen from Fig. 1b, the TEM image indeed in-
dicates that the obtained particles have an uniform dis-
persion without obvious aggregation. Specifically, the
size histogram of particles presented in Fig. 1c indic-
ates that the average diameter of CDs ~ 6.2 + 2.7 nm
is comparable to the previous report”® 7,

The phase of the obtained CDs was clarified by
X-XRD pattern and Raman spectrum. The XRD pat-
tern shown in Fig. 2a illustrates a broad peak at ~22°
and this should be consistent with the (002) lattice
spacing, indicating the highly amorphous characterist-

[18]

ic of carbon-based materials"™. Indeed, annealing

temperatures were modified to probe the product re-
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Fig. 1 (a) Illustration of the CD synthesis process from wine cork and photos of the CD solution under room light and 405 nm laser light, (b) TEM image of

the obtained CDs with the scale bar of 100 nm and (c) the corresponding size distribution.

sponse. The Raman signal of the sample used in this
study exhibits the stronger intensity of D-band (sp’
hybridized carbon atoms) compared with that of G-
band (vibrations of sp” hybridized carbon atoms) with
an intense peak and a shoulder at around 1370 and
1570 cm’', respectively. The result obtained in
Fig. 2b further proves the amorphous nature of the
wine cork-derived CDs'"*.

The optical properties of CDs were investigated
by UV-vis absorption and emission spectra. The UV-
vis absorption spectrum shown in Fig. 3a indicates 2
peaks at around 217 and 280 nm and similar UV-vis
spectrum was reported in previous publications, which
are attributed to m—n transition of the C=C and n—n°
transition of the C=0 bonds, respectively*”. To fur-

ther clarify optical behavior, fluorescence spectra of
the obtained CDs were examined. In early studies,
CDs exhibite the dependence of the emission on the
excitation wavelength®” *"!. Similarly, in our case,
there is an obvious shift as the excitation wavelength
varies, as shown in Fig. 3b. Particularly, the corres-
ponding contour shown in Fig. 3c reveals a fluores-
cence band with the peak emission intensity at a
wavelength of ~ 435 nm. For CDs, the PL mechan-
ism is the most important in terms of investigation.
The emission peak position is usually related to the
excitation wavelength. Although the origin of fluores-
cence in CDs is not yet entirely understood, the wide
size distribution of CDs and surface states generally

result in this behaviort* .
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Fig.2 (a) XRD pattern and (b) Raman spectrum of the obtained CDs.

Subsequently, the chemical structure and com-
position of functional groups onto the surfaces of the
CDs were investigated by FITR. The result is shown
in Fig. 4. The characteristic absorption bands indeed
reflect the functional groups, including the O—H
stretching vibration at 3 421 cm™', the C—H stretch-
ing vibration at 2 927 and 2 856 cm ', the N—H bend-
ing vibration at 1651 cm', and the C=O stretching

1B74648] In addition, peaks at

vibration at 1631 cm
1402 and 1 060 cm™" are resulted from the C—O—C

asymmetric and symmetric stretching vibration*”. Ac-

cording to the above-mentioned assignments, the
FTIR spectrum reveals the functional groups on the
surface of CDs after the thermal reaction, which are
very important in bioconjugation and for further
bioimaging.

Fig. 5a indicates the cytotoxicity of CDs evalu-
ated after the MSCs are treated with different doses of
CDs. The CDs at various concentrations are added to
the culture medium when the cells are approximately
60% confluent. Therefore, cells continue to prolifer-
ate if the CDs do not affect cell division. The values
after incubation of the control sample (no treatment of
CDs) for 2, 4 and 6 h with a concentration of 0.1x are
all higher than 100%. As shown in Fig. 5a, the ob-
tained-CDs do not impose any significant toxicity to
cells at concentrations up to 0.25% after incubation for
6 h. The results also indicate that the cell viability at
the concentrations of 0.5%, 0.75% and 1x dramatically
decreases with increasing the exposure time, indicat-
ing their less efficiency for the growth of the cells. In
the bright-field optical image (Fig. 5b), the cells show
no substantial change in shape after treatment with the
CDs. As shown in Fig. 5c¢, 5d and 5e, MSCs exhibit
fluorescence including green, yellow and red colors
under violet (320-380 nm), blue (450-490 nm), and
green (515-560 nm) light excitation, respectively.
Meanwhile, the control sample without treatment of
the CDs shows no photoluminescence at the same ex-
posure conditions (data not shown). The results are
consistent with the previous publications”” ", The ex-
citation-dependent PL makes it possible for multiple

color emission in cells imaged by using CDs only.
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Fig.3 (a) UV-Vis absorption spectrum of CDs, (b) PL spectra of the obtained CDs under different excitation wavelengths from 340 to 500 nm (in 10 nm in-
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crement starting from 340 nm) and (c) the corresponding contour plot.
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Fig. 5 Cytotoxicity and cell imaging. (a) Cells treated with CDs having
concentrations of 0, 0.1x, 0.25%, 0.5%, 0.75% and 1x for 0 h, 2 h, 4 h and
6 h, respectively (1x =0.51 mg mL™"). MSCs incubated with the CDs under,
(b) transmission light, (c) green (515-560 nm), (d) blue (450-490 nm) and
(e) violet (320-380 nm) light excitation. Scale bar is 50 pm.

4  Conclusion

Multi colorful fluorescent CDs were success-
fully synthesized from waste wine cork by hydro-
thermal treatment. The wine cork-derived CDs exhib-

it bright fluorescence under different excitation

wavelengths. Furthermore, the CDs have been suc-
cessfully applied in MSC imaging. The results show
that the CDs could be employed as a solution for
bioimaging due to their bright and multicolor lumines-
cence. The achievements suggest further applications
in the field of both photoluminescent and fluorescent
imaging.
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