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1. Introduction

Cytotoxicity and cell imaging of six types of carbon
nanodots prepared through carbonization and
hydrothermal processing of natural plant materials

Yu-Yu Chen,® Wen-Ping Jiang, ©2°¢ Huan-Luen Chen,? Hui-Chi Huang, {9
Guan-Jhong Huang, @9 Hsiu-Mei Chiang,? Chang-Cheng Chang,™
Cheng-Liang Huang" and Tzong-Yuan Juang ®+

In this study we prepared six types of carbon nanodots (CNDs) from natural plant materials — through
carbonization of two species of bamboo (Bamboo-I, Bamboo-Il) and one type of wood (Wood), and
through hydrothermal processing of the stem and root of the herb Mahonia oiwakensis Hayata (MO) and
of the agricultural waste of two species of pineapple root (PA, PB). The resulting CNDs were spherical
with dimensions on the nanoscale (3—7 nm); furthermore, CND-Bamboo |, CND-Wood, CND-Bamboo
I, CND-MO, CND-PA, and CND-PB displayed fluorescence quantum yields of 9.63, 12.34, 0.90, 10.86,
0.35, and 0.71%, respectively. X-ray diffraction revealed that the carbon nanostructures possessed
somewhat ordered and disordered lattices, as evidenced by broad signals at values of 26 between 20
and 30°. CND-Bamboo I, CND-Wood, and CND-Bamboo Il were obtained in yields of 2-3%; CND-MO,
CND-PA, and CND-PB were obtained in yields of 17.64, 9.36, and 22.47%, respectively. Cytotoxicity
assays for mouse macrophage RAW264.7 cells treated with the six types of CNDs and a commercial
sample of Ag nanoparticles (NPs) revealed that each of our CNDs provided a cell viability of 90% at 2000
ng mL~Y whereas it was only 20% after treatment with the Ag NPs at 62.5 pg mL™. The six types of
CNDs also displayed low cytotoxicity toward human keratinocyte HacaT cells, human MCF-7 breast
cancer cells, and HT-29 colon adenocarcinoma cells when treated at 500 ng mL™%. Moreover, confocal
microscopic cell imaging revealed that the fluorescent CND-Bamboo | particles were located on the
MCF-7 cell membrane and inside the cells after treatment for 6 and 24 h, respectively. We have
thoroughly investigated the photoluminescence properties and carbon nanostructures of these highly
dispersed CNDs. Because of the facile green synthesis of these six types of CNDs and their sourcing
from abundant natural plants, herbs, and agriculture waste, these materials provide a cost-effective
method, with low cytotoxicity and stable fluorescence, for biolabeling and for developing cell nanocarriers.

performance electrochemistry to biomaterials.’” In particular,
CNDs are attractive for their adjustable photoluminescence (PL)

Carbon nanodots (CNDs), individual graphene nanosheets,
carbon nanotubes, nanodiamonds, and non-conventional
fluorescent polymer dots are attracting considerable interest
as carbon nanomaterials with uses ranging from high-
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characteristics, multicolor emissions, excellent long-term pho-
tostability (non-photobleaching behavior),*** low cost, and
facile preparation and functionalization."”* The PL of CNDs
having particle sizes of less than 10 nm has been attributed to
quantum confinement effects and the nature of their surface
functional groups, both of which lead to changes in energy
band gaps and, therefore, tunable emission characteristics.”
The presence of oxygen-rich functional groups on a CND surface
can also result in highly dispersed aqueous solutions.'*'” The
preparation of CNDs can be divided into “bottom up” (synthe-
sized from small molecules) and “top down” (cut from larger
carbon materials) approaches.”*® CNDs have been prepared
from various bio-resources, including hair, milk, and garlic.*>*
Nair, et al. also prepared CNDs from snake gourd peel and
applied them to the analysis of Fe*" ions.?* Herein, we prepared
our CNDs from various natural plants as precursors, providing
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an eco-friendly synthesis and a means of recycling agricultural
waste. The most attractive features for a CND are ease of
synthesis, a variety of fluorescence properties, low cytotoxicity,
and high biocompatibility.>***

CNDs have been used in biomedicine as antibacterial and
anticancer agents and for wound healing and bioimaging.>*~>*
Relative to metal nanoparticles (NPs), CNDs constructed from
carbon materials are relatively low in toxicity toward organisms
and the environment.” The surfaces of CNDs can be modified
and conjugated with various active compounds (e.g., protein
drugs) for application in biosensors and drug delivery
systems.>”***° Hydrophilic CND-drug conjugates are also useful
as drug carriers because their ability to experience multi-
hydrogen-bonding interactions means that they disperse well
in aqueous solutions.*** For example, Wang et al. prepared
a CND from commercial beer and conjugated it with doxoru-
bicin hydrochloride for application in an anticancer treatment
protocol.*

Because of their antibacterial properties, CNDs have been
applied in biomedical materials for effective wound dressing
and disinfection. For example, Bankoti et al. prepared onion-
derived CNDs for accelerated skin wound healing (within two
weeks) in a rat model.* Omidi et al used a CND/chitosan
hydrogel for wound dressing; the CNDs displayed antibacte-
rial properties in a disc diffusion assay, with the resulting CND/
chitosan hydrogel exhibiting complete healing in a rat skin
wound model after 18 days.”” Huang et al synthesized
spermidine-capped fluorescent carbon quantum dots (Spd-
CQDs) displaying antibacterial properties; the minimum
inhibitory concentration (MIC) of the Spd-CQDs reached as low
as 0.9 ug mL~" (¢f 12 pg mL~" for the Ag NPs) for the treatment
of bacterial methicillin-resistant S. aureus.>> These CNDs were
further developed as biomedicinal materials for skin wound
dressing and antibacterial eye drops.””*® Although Ag NPs
possess remarkable antibacterial effects, they display in vitro
cytotoxicity with half maximal inhibitory concentrations (ICso)
toward Ehrlich's ascites carcinoma (EAC), Jurkat, and MCF-7
cell lines of 5.6, 11.99, and 13.33 pug mL™’, respectively.?
Moreover, Lee et al. found that Ag NPs induced the excessive
formation of reactive oxygen species (ROS) and, therefore, dis-
played cytotoxicity toward NIH 3T3 cells.’”**

In this study, we prepared six types of CNDs through
a carbonization process [with two species of bamboo (Bamboo-
I, Bamboo-II) and one of wood (Wood)] and through a hydro-
thermal process [with the stem and root of the herb Mahonia
oiwakensis Hayata (MO) and with the agricultural waste of two
species of pineapple root (PA, PB)]. We characterized these CNDs in
terms of their carbon nanostructures and their cytotoxicity [through
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays| toward four cell lines. The MO herb stem and root were
collected from Taiwan Ali mountain.***® Bamboo I was calcined
under unified conditions in a stainless-steel autoclave at 1100 °C for
96 h.® Our six types of CNDs displayed fluorescence, and their
lattices existed between ordered and disordered carbon nano-
structures; they possessed a variety of oxygen-rich functional groups
depending on their natural plant sources. CND-Bamboo I, CND-
Wood, and CND-Bamboo II had oxygen atom contents of greater
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than 30 wt%. CND-MO, CND-PA, and CND-PB were nitrogen-doped
CNDs; X-ray photoelectron spectroscopy (XPS) revealed nitrogen
atom contents of greater than 5 wt%. The cell viability MTT assays
revealed low cytotoxicity for our six CNDs toward RAW 264.7 cells at
a loading of 2000 pg mL ™" and toward HacaT, MCF-7, and HT-29
cells at 500 ug mL ™", making them potentially useful as bio-
medicinal nanocarriers and for bioimaging.

2. Materials and methods
2.1 Preparation of six types of CND

CND-Bamboo I and CND-Bamboo II, CND-Wood, CND-MO,
and CND-PA and CND-PB were prepared from bamboo,
wood, Mahonia oiwakensis Hayata, and pineapple precursors,
respectively. Bamboo I was calcined in a stainless-steel
autoclave at 1100 °C for 96 h, forming a black material. The
carbonized Bamboo II and carbonized Wood were purchased
from Shun-Yi Chemicals (Taiwan). The Mahonia oiwakensis
Hayata stem and root and the pineapple root were dried
through exposure to sunlight. The carbonized bamboo,
carbonized wood, and dry natural MO herb and pineapple
were ground into powders. For CND-Bamboo I, CND-Wood,
and CND-Bamboo II, the powder (5 g) was placed in
a beaker and treated with deionized water (100 mL). Each
mixture was stirred thoroughly and adjusted to pH 12.00 with
1 M NaOH. The CNDs of the carbonized bamboo and
carbonized wood were extracted into the aqueous phase at
80 °C for 2 h. For CND-MO, CND-PA, and CND-PB, the CNDs
from the MO natural herb and pineapple source were treated
hydrothermally at 120 °C under 1.2 kg ecm > for 3 h; each
resulting mixture was centrifuged (6000 rpm, 30 min) and
then the supernatant was filtered through a 0.22 pm
membrane to remove any solid residues. The filtered aqueous
CND solutions were then subjected to dialysis through
a membrane having a molecular weight cut-off of 3500 g
mol ! to remove small-molecule impurities, providing CND-
MO, CND-PA, and CND-PB; each CND solution was concen-
trated and dried in a vacuum oven to obtain the yield of the
CND powder.

2.2 Characterization of CNDs

Fluorescence spectra were recorded using a LS-50B lumines-
cence spectrometer (PerkinElmer). UV-Vis spectra were recor-
ded using an UV-1700 spectrophotometer (Shimadzu). High-
resolution transmission electron microscopy (HRTEM) was
performed using a JEOL-2010 microscope (Japan) operated at an
acceleration voltage of 200 kV. X-ray diffraction (XRD) was per-
formed using a Bruker D8 Discover with Cu Ka radiation, at 40
kv and 40 mA. Fourier transform infrared (FTIR) spectra were
recorded using an IRAffinity-1S spectrometer (Shimadzu). XPS
was performed using a PHI 5000 VersaProbe (ULVAC-PHI); the
X-ray source was Al Ka excitation. Bioimaging was preformed
using a Leica TCS SP8 X confocal spectral microscope imaging
system and a white-light laser.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Quantum yields (QYs) were estimated from the absorption
and fluorescence spectra of the CNDs, according to the relative
fluorescence QY equation:**?

Penp = Ps(Ienp/ L) (0! 77st)2

where @cnp is the QY of the CND, @y is the QY of the standard, I
is the slope of the plot of the integrated fluorescence intensity
with respect to absorbance, and 7 is the refractive index of the
solvent. The standard was quinine sulfate in 0.1 M H,SOy; its QY
was 54%.

d-Spacings were calculated according to Bragg's law:

nA = 2d sin()

where 7 is a positive integer, 4 is the incident wavelength of the
X-rays (A = 1.5418 A), and 6 is the diffraction angle.

2.3 Cytotoxicity of CNDs

The cytotoxicities of the six CNDs toward RAW264.7, HacaT,
MCF-7, and HT-29 cells were evaluated using MTT assays.
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HacaT, MCF-7, and HT-29 cells were seeded at 5000 cells per
well in 96-well plates and cultured in fresh Dulbecco's modified
Eagle's medium (DMEM) containing 10% fetal bovine sera (FBS)
and 1% antibiotic at 37 °C with 5.0% CO,. Each CND stock
solution was prepared at a concentration of 25 mg mL ' in
phosphate-buffered saline (PBS) and filtered through a 0.22 um
membrane. Various concentrations of the CND solutions were
prepared in PBS and added to DMEM. The HacaT and MCF-7
cells were treated with various concentrations of the CND
solutions for 48 h. The HT-29 cells were also treated with the
CND solutions for 48 h. The MTT stock solution (5 mg mL ")
was added at 20 pL per well and reacted for 2—-4 h; the super-
natant was discarded and DMSO (200 puL) was added. Detection
was performed using a SpectraMax® M2e instrument at ODs.

Commercial Ag NPs (NanoAg) were purchased as a 5000 ppm
stock solution from Ching-Tai Resins chemical company. The in
vitro cell viability activities of the CNDs and NanoAg were
determined using MTT assays. RAW264.7 cells (5 x 10" cells per
well) were seeded in 96-well plates and incubated for 24 h. The
cells were treated with the CNDs and NanoAg at various

CND-Bamboo I, CND-Wood and CND-Bamboo II

Carbarized Bamboo I Caroonized Wood  Carbonized Bamboo I
Hydrothermal
\ p
HO,
\ N | N,
N-CND

BambooI ~ Wood Ba.mboo o

Fig. 1

CND-MO, CND-PA and CND-PB

H,0 BambooI Wood BambooIl MO

(a) Schematic representation of the preparation of six types of CNDs from different raw natural plants. (b) and (c) Photographs of solutions

of CNDs exposed to (b) daylight and (c) UV light; from left to right: CND-Bamboo |, CND-Wood, CND-Bamboo II, CND-MO, CND-PA, and CND-

PB in deionized water.
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concentrations (0, 15.6, 62.5, 250, 500, 1000, and 2000 pg mL )
for 24 h. The medium was replaced with a medium containing
0.5 mg mL~" of MTT solution and then the mixture was incu-
bated at 37 °C for 4 h. After the end of the MTT reaction, the
supernatant was discarded and DMSO (200 pL) was added.
Detection was performed using a SpectraMax® M2e instrument
at ODsyo. The cell viability was calculated and compared with
that of the control group.

2.4 In vitro nitric oxide (NO) production of the CNDs and
NanoAg

The mouse macrophage RAW264.7 cell line was cultured in
DMEM containing 10% FBS, penicillin and streptomycin (100 U
mL "), and 4 mM r-glutamine (100 U mL™"). The cells were
cultured in a humidified incubator under 5% CO, at 37 °C.

RAW264.7 cells (5 x 10 cells per well) were seeded in 96-well
plates and incubated for 24 h. The cells were treated with the
CNDs and NanoAg at various concentrations (0, 15.6, 62.5, 250,
500, 1000, and 2000 pg mL’l), and with a positive control of
lipopolysaccharides (LPS, 100 ng mL "), for 24 h. For the NO
assay, the supernatant was collected from the cell culture and
mixed with an equal volume of Griess reagent (1% sulphanila-
mide, 0.1% naphthylethylenediamine dihydrochloride, 5%
phosphoric acid) and the absorbance measured at ODs;, using
the SpectraMax® M2e instrument.

2.5 Cell imaging

HacaT and MCF-7 cells were seeded (1 x 10° cells per well) in
a 6-well plate and cultured in fresh DMEM containing 10% FBS
and 1% antibiotic at 37 °C under 5.0% CO, for 24 h. The
concentrations of the CND-Bamboo I and CND-MO stock solu-
tions were each 25 mg mL ™" in PBS; the solutions were filtered
through a 0.22 ym membrane. The HacaT and MCF-7 cells were
treated with CND-Bamboo I and CND-MO for 6 h; the concen-
trations of CND-Bamboo I and CND-MO were each 500 pg mL ™"
in the medium. HacaT and MCF-7 cells were seeded (5 x 10°
cells per well) in a 6-well plate in fresh DMEM at 37 °C under
5.0% CO, for 24 h. The HacaT and MCF-7 cells were treated with
CND-Bamboo I and CND-MO for 24 h; the concentrations of
CND-Bamboo I and CND-MO were each 500 pug mL ™' in the
medium.

3. Results and discussion

For the preparation of our CNDs, we used natural plants as
renewable carbon sources and subjected them to carbonization
or hydrothermal processes to construct the carbon nano-
structures. Our CND-Bamboo I was obtained through calcina-
tion of bamboo at 1100 °C and subsequent extraction into
water. We purchased CND-Wood and CND-Bamboo II from
Shun-Yi Chemicals (Taiwan); they had also been subjected to
calcination, but we could be more certain of the conditions for
the preparation of CND-Bamboo 1.° The optimized pH for the
preparation of the CNDs from the calcined bamboo and wood
was adjusted with 1 M NaOH from the original pH 10 to 12. The
CNDs from CND-MO, CND-PA, and CND-PB were obtained
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under hydrothermal conditions at 120 °C in an autoclave for
3 h. When performing the hydrothermal method at high
temperature and pressure for various periods of time, we found
that the QYs were greatest after 3 h. The pH of the solutions of
these carbonized precursors was adjusted to pH 12 to increase
the yields of the CNDs (i.e., by allowing effective separation from
the precursor by deprotonating the oxygen-containing func-
tional groups).®® Performing the hydrothermal process at pH 12
not only allowed effective separation of the product but also
allowed NaOH to function as a catalyst.** The CND purification
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Fig. 2 PL (black line) and UV-Vis absorption (red line) spectra, HRTEM
images, and XRD patterns of (a) CND-Bamboo |, (b) CND-Wood, (c)
CND-Bamboo I, (d) CND-MO, (e) CND-PA, and (f) CND-PB.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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process consisted of filtration and dialysis. Filtration through
a membrane removed any insoluble particles that formed in the
reaction, while dialysis removed small-molecule impurities.
Finally, the dialyzed solution of CNDs was dried in a vacuum
oven to provide a CND powder. The yields of CND-Bamboo I,
CND-Wood, CND-Bamboo II, CND-MO, CND-PA, and CND-PB
were 2.27, 2.01, 2.91, 17.64, 9.36, and 22.47%, respectively.
Our CNDs displayed fluorescence when exciting their aqueous
solutions at 365 nm (Fig. 1).

We recorded PL spectra to measure the fluorescence of the
CNDs derived from the carbonized bamboo, carbonized wood,
natural herb, and pineapple. After exciting our CNDs at various
wavelengths, we selected an excitation wavelength that provided
an emission of relatively high intensity. The spectra of CND-
Bamboo I, CND-Wood, and CND-Bamboo II were recorded
with excitation at a wavelength of 310 nm (Fig. 2a-c); those of
the CNDs of MO and the pineapples were obtained with exci-
tation at 390 and 330 nm, respectively (Fig. 2d—f). The solutions
of CND-Bamboo I, CND-Wood, and CND-Bamboo II provided
emission wavelengths of 420, 425, and 425 nm, respectively; the
emission wavelengths of CND-MO, CND-PA, and CND-PB were
465, 420, and 390 nm, respectively (Fig. 2d-f). The UV-Vis
absorption spectra of CND-Bamboo I, CND-Wood, and CND-
Bamboo II featured a signal at a wavelength from 200 to
300 nm for the w-7* transitions of their C=C bonds (Fig. 2a-
c).*** A long wavelength tail extending to the visible region,
ascribed to the n—m* transitions of C=0 bonds, appeared in the
spectrum of CND-Bamboo I1.>*” The spectra of CND-MO, CND-
PA, and CND-PB featured signals for the w-m* transitions of
their C=C bonds at 200-300 nm; the n-7* transitions of their
C=0 or amine groups appeared at 300-400 nm (Fig. 2d-f).**°
The QYs of the CNDs were calculated from their UV-Vis
absorption and fluorescence spectra. The UV-Vis absorptions
were measured at 310 nm for CND-Bamboo I, CND-Wood, and
CND-Bamboo II, 390 nm for CND-MO, and 330 nm for CND-PA
and CND-PB; these were the excitation wavelengths that
provided relatively high emission intensities. From the UV-Vis
absorption and fluorescence spectra, we calculated the QYs of

Table 1 Properties of CNDs prepared from various source materials
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CND-Bamboo I, CND-Wood, CND-Bamboo II, CND-MO, CND-
PA, and CND-PB to be 9.63, 12.34, 0.90, 10.86, 0.35, and
0.71%, respectively (Table 1).

Fig. 2a-f also display the XRD patterns, HRTEM-analyzed
lattices, and particle sizes of the six types of CNDs. The
signals in the XRD patterns of the precursors of CND-Bamboo I,
CND-Wood, and CND-Bamboo II were divided mainly into two
peaks, located at values of 26 of 23 and 43°. XRD revealed that
the characteristic peaks of CND-Bamboo I, CND-Wood, and
CND-Bamboo II, obtained after extracting the carbonized
precursors, appeared at 30° (Fig. 2a—c). Placing these values of
26 for CND-Bamboo I, CND-Wood, and CND-Bamboo II into the
Bragg equation gave d-spacings of 3.0 A. The XRD patterns of
CND-Bamboo I, CND-Wood, and CND-Bamboo II also featured
broad peaks that corresponded to the (002) planes of graphite;
the typical (002) plane appears near 26.5°, suggesting that CND-
Bamboo I, CND-Wood, and CND-Bamboo II were CNDs of high
oxygen content.**> The carbonized wood was, however,
incompletely carbonized, because its XRD peak was disordered
and non-broad.”® The carbonized Bamboo I was calcined in
a stainless-steel autoclave at 1100 °C for 96 h; CND-Bamboo I
was present in the coordinated CNDs, characterized by a broad
peak and an ordered lattice in the XRD and HRTEM analyses,
respectively.>»** The carbonized wood and carbonized Bamboo
II were purchased as commercial materials; their calcination
conditions were less well defined, and these CNDs provided
more disordered spectra. The collocation of the HRTEM images
revealed different planes for CND-Bamboo I, corresponding to
the (002) plane of graphite, and for CND-Wood and CND-
Bamboo II, corresponding to the (100) plane of graphitic
carbon; the average lattice spacings were 3.0, 2.0, and 2.0 A,
respectively (Fig. 2a-c).***” The particle sizes of CND-Bamboo I,
CND-Wood, and CND-Bamboo II were approximately 3-4, 3-4,
and 4-5 nm, respectively.

Fig. 2d-f present the XRD patterns of CND-MO, CND-PA, and
CND-PB, respectively; they revealed signals at values of 26 of 22,
20, and 20°, respectively, giving d-spacings of 4.0, 4.4, and 4.4 A,
respectively, corresponding to the (002) plane of graphite.>**°

Atomic composition?

PL QY? Particle size® (%)
Name Source Yield (%) Ex? (nm) Em (nm) (%) (nm) C o N
Carbonized, water-extracted at 80 °C, 2 h, pH 12
CND-Bamboo I Bamboo 2.27 310 420 9.63 4.0 £0.3 52.8 47.2 <0.1
CND-Wood Wood 2.01 310 425 12.34 3.7+ 0.4 52.4 47.6 <0.1
CND-Bamboo 11 Bamboo 2.91 310 425 0.90 4.4 £ 0.7 66.0 34.0 <0.1
Hydrothermal, 120 °C, 3 h, pH 12
CND-MO Mahonia oiwakensis Hayata 17.64 390 465 10.86 3.5+0.9 66.9 28.0 5.1
CND-PA Pineapple 9.36 330 420 0.35 2.7+ 0.3 67.2 25.9 6.9
CND-PB Pineapple 22.47 330 390 0.71 3.3+0.8 63.7 24.0 12.3

“ Determined through fluorescence spectroscopy, using excitation wavelengths that provided relatively high intensity emissions. ? Calculated from
UV-Vis absorption and integrated fluorescence spectra, according to the equation of relative fluorescence QY. ¢ Determined through dynamic light

scattering of average particle size. ¢ Determined through XPS analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) CND-Bamboo |, CND-Wood, and CND-Bamboo Il and (b) CND-MO, CND-PA, and CND-PB.

The patterns of the precursors of CND-MO, CND-PA, and CND-
PB suggested cellulose structures with values of 26 between 10
and 30°.°~*> The HRTEM images of CND-MO and CND-PB
revealed, however, lattice spacings of 2.0 and 2.1 A, respec-
tively, corresponding to the (100) plane of graphene.®* The
HRTEM image of CND-PA revealed spacings of 2.7 and 3.0 A,

corresponding to the (020) and (002) planes of graphitic
carbon.**** The particle sizes of CND-MO, CND-PA, and CND-PB
were approximately 4-5, 6-7, and 3-4 nm, respectively.

The FTIR spectra of CND-Bamboo I, CND-Wood, and CND-
Bamboo II featured signals for O-H stretching, C=C stretch-
ing, C=0 stretching, C-H bending, and C-O-C stretching at
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spectra; (c), (f) and (i) O 1s spectra.
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3300-3400, 1633-1657, 1573-1593, 1390-1425, and 1013 cm ™,
respectively (Fig. 3a).>*” The FTIR spectra of CND-PA and CND-
PB displayed signals for O-H stretching, C-H stretching, C=0
stretching, N-H deformation, C-N stretching, C-O stretching,
and C-O-C stretching at 3414-3419, 2910-2935, 1647, 1558-
1570, 1408-1417, 1153, and 1024 cm ', respectively
(Fig. 3b).*77° The FTIR spectrum of CND-MO featured signals
for O-H stretching, C-H stretching, C=O0O stretching/N-H
deformation, C-N stretching, and C-O-C stretching at 3385,
2854-2926, 1595, 1409, and 1055 cm ', respectively
(Fig. 3Db).c=¢787071 Moreover, in the FTIR spectra of our CND
samples, especially for CND-Wood, we observed signals for CO,
at 2300 cm ™', presumably due to their porosity leading to the
absorption of CO, from the air. Thus, after the carbonization
processes, the FTIR spectra of CND-Bamboo I, CND-Wood, and
CND-Bamboo II revealed that they had similar oxygen atom
functionalities. In contrast, the FTIR spectra of CND-MO, CND-
PA, and CND-PB revealed both nitrogen and oxygen atoms
functionalities, because their precursor plants contained both
nitrogen and oxygen atoms.

We performed further XPS analyses of the CNDs to charac-
terize their chemical structures. Fig. 4a reveals that CND-
Bamboo I contained carbon (52.8%) and oxygen (47.2%)
atoms. Fig. 4b displays the C 1s binding energies, revealing
signals for C-C/C=C (284.5 eV), C-O (285.2 eV), C=0 (288.2
eV), and O=C-OH (289.0 eV) species. Fig. 4c displays the O 1s
binding energies, revealing C=0 (530.8 eV) and C-OH/C-O

View Article Online
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(531.8 eV) functionalities. The elements present in CND-Wood
were carbon (52.4%) and oxygen (47.6%); its C 1s bindings
energies revealed the presence of C-C/C=C (284.7 eV), C-O
(285.0 eV), C=0 (288.1 eV), and O=C-OH (288.9 €V) units, and
its O 1s binding energies suggested C=0 (530.7 eV) and C-OH/
C-0 (531.5 eV) moieties (Fig. 4d-f). The XPS spectrum of CND-
Bamboo I revealed that it contained carbon (66.0%) and oxygen
(34.0%) atoms (Fig. 4g). Fig. 4h reveals C 1s binding energies for
C-C/C=C (284.7 eV), C-O (285.2 eV), and C=0/0=C-OH
(288.6 eV) groups; Fig. 4i reveals O 1s binding energies for C=0
(530.9 eV) and C-OH/C-O (532.0 eV) units. The high percent-
ages of carbon and oxygen atoms in these materials demon-
strate that the carbonized bamboo and carbonized wood were
highly oxidized. The functional groups revealed by this XPS data
are consistent with those suggested by the FTIR spectra.

The XPS survey spectrum of CND-MO revealed the presence
of carbon (66.9%), oxygen (28.0%), and nitrogen (5.1%) atoms;
the C 1s binding energies revealed C-C/C=C (284.8 eV), C-N
(285.8 eV), C-O (286.4 eV), and C=0/C=N (288.0 eV) func-
tionalities; the N 1s binding energies revealed the presence of
C=N (399.2 eV), C-N/NH, (399.7 eV), N-(C); (400.3 eV), and
N-H (401.5 eV) units, and the O 1s binding energies suggested
C=0 (531.5 eV) and C-O (532.5 eV) moieties (Fig. 5a-d). Thus,
CND-MO possessed various amino units, especially secondary
amino groups. The XPS survey spectrum of CND-PA revealed the
presence of carbon (67.2%), oxygen (25.9%), and nitrogen
(6.9%) atoms; that of CND-PB revealed carbon (63.7%), oxygen
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Fig.5 XPS patterns of (a)—(d) CND-MO, (e)—(h) CND-PA, and (i)—(l) CND-PB: (a), (e) and (i) survey spectra; (b), (f) and (j) C 1s binding energies; (c),

(9) and (k) N 1s binding energies; (d), (h) and (1) O 1s binding energies.
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treated with the CNDs and NanoAg, determined through NO assays.

(24.0%), and nitrogen (12.3%) atoms (Fig. 5e and i). We suspect
that the precursor pineapples were grown in different regions,
thereby producing different percentages of nitrogen atoms. As
displayed in Fig. 5f and j, the C 1s binding energies in the XPS
patterns of CND-PA and CND-PB revealed the presence of C-C/
C=C (284.6 and 284.7 V), C-N (285.8 V), C-O (286.2 and 286.5
eV), and C=0/C=N (288.0 and 287.6 eV) functionalities; their N
1s binding energies suggested C-N/NH, (399.8 eV) and N-(C);
(400.3 eV) groups (Fig. 5g and k); in Fig. 5h and 1, the O 1s
binding energies imply C=0 (531.5 eV) and C-O (532.5 and
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(a) Cell viability of RAW264.7 cells treated with CNDs and NanoAg for 24 h, evaluated through MTT assays. (b) NO production of the cells

532.7 eV) moieties. Thus, CND-PA and CND-PB possessed
primary and tertiary amino units, with a higher intensity of the
primary amino groups. Moreover, we also used XPS to analyze
the compositions of the carbon, nitrogen, and oxygen atoms of
the carbon precursors. The precursors of Bamboo I, Wood, and
Bamboo II possessed nitrogen atom contents of less than 0.3%,
whereas the precursors of MO, PA, and PB had values in the
range from 2.7 to 4.7%. Based on the nitrogen atom contents of
their precursors, our six types of CNDs containing high oxygen
atom contents could be divided into two groups, with and
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Fig. 7 Viabilities of (a) HacaT, (b) MCF-7, and (c) HT-29 cells after treatment with the series of CNDs for 48 h.
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without nitrogen atom doping, depending on their various
sources and treatment processes.

Table 1 summarizes the yields, QYs, optical properties,
particle sizes, and atomic compositions of the CNDs. Briefly, the
carbonized CNDs contained carbon and oxygen atoms, but the
hydrothermally treated CNDs contained carbon, oxygen, and
nitrogen atoms. The particle sizes of the carbonized and
hydrothermally treated CNDs were approximately 3-5 nm, as
determined using both dynamic light scattering and HRTEM.
The QYs (calculated from the fluorescence properties and UV-
Vis absorption spectra) were greater for CND-Bamboo I, CND-
Wood, and CND-MO than they were for the other CNDs.

CND-Bamboo I, CND-Wood, CND-Bamboo II, CND-MO,
CND-PA, and CND-PB displayed non-cytotoxicity toward
treated RAW264.7 cells at 2000 ng mL; in contrast, NanoAg
displayed cytotoxicity at a concentration of 62.5 pg mL ™", with
a cell viability of only 20% (Fig. 6a). LPS is a known endotoxin
and a component of the cell wall of Gram-negative bacteria; it is
widely used as a kind of activator for macrophages.”” We per-
formed an NO assay with LPS-treated RAW264.7 cells to ensure
the formation of activated cells; we used them as our positive
control. Our NO assays revealed whether the CNDs alone could
produce inflammation, relative to the CNDs combined with
LPS. CND-Bamboo I, CND-Wood, CND-Bamboo II, and CND-
MO did not significantly increase the concentration of NO at
a concentration of 500 ug mL™ ', but CND-PA and CND-PB
increased the concentration of NO upon increasing the
concentration of the CNDs. Concentrations of CND-Bamboo I
and CND-Bamboo II of 1000 and 2000 pg mL™', respectively,
did, however, increase the concentration of NO. CND-PA and
CND-PB at 500 pg mL ™" induced the RAW264.7 cells to produce
NO at concentrations above 30 pM. In contrast, NanoAg was
cytotoxic toward the RAW264.7 cells at 62.5 pg mL; NO appeared
when the concentration of NanoAg was as low as 15.6 ug mL ™",
but the concentration of NO did not increase significantly upon
increasing its concentration thereafter (Fig. 6b). Increasing the
concentration of CND-PA or CND-PB caused an increase in the
amount of NO because these CNDs featured many primary
amino groups in their structures and, therefore, may have
induced inflammation.” NanoAg presumably exhibits cytotox-
icity because it induces the generation of ROS that can damage
cells. Moreover, Paul et al. revealed that AgNP-treated RAW264.7
cells displayed a cell viability of 33.99% at 70 pg mL~*.7

We examined the series of CNDs through MTT assays with
various cell lines; a cell viability of greater than 80% suggested
that the CNDs possessed good biocompatibility and low cyto-
toxicity.””® Treatment of HacaT cells with CND-Bamboo I, CND-
Wood, CND-Bamboo II, and CND-PA revealed low cytotoxicity at
1000 pg mL; CND-MO and CND-PB displayed low cytotoxicity at
500 pg mL ‘. Notably, however, the CND-MO- and CND-PB-
treated HacaT cells revealed cytotoxicity at 1000 and 2000 ng
mL~", respectively, while CND-Bamboo I, CND-Wood, CND-
Bamboo II, and CND-PA resulted in cytotoxicity at 2000 pg
mL " (Fig. 7a). Fig. 7b and c reveal that CND-Bamboo I, CND-
Wood, and CND-Bamboo II exhibited low cytotoxicity toward
MCF-7 cells at 2000 pg mL; indeed, proliferation occurred at
this concentration, presumably because the hydrophilic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Confocal microscopy images of HacaT cells, untreated and
treated with (a) and (b) CND-Bamboo | and (c) and (d) CND-MO for (a)
and (c) 6 and (b) and (d) 24 h.
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functional groups and high oxygen atom content of the CNDs
promoted cell adhesion in the hydrophilic environment.”” The
CND-MO-treated MCF-7 cells revealed cytotoxicity at 1000 pg
mL; for CND-PA and CND-PB, cytotoxicity appeared at
a concentration of 2000 pg mL ™. The series of CNDs displayed
low cytotoxicity toward HT-29 cells at a concentration of 500 ug
mL ™", but their cell viabilities varied upon treatment at 1000
and 2000 pg mL~'. CND-Wood and CND-PB displayed low
cytotoxicity at 2000 ug mL~"', whereas CND-Bamboo I, CND-
Bamboo II, and CND-MO were cytotoxic at this concentration.
In contrast, CND-PA induced cell proliferation at 1000 and 2000
ng mL~* (Fig. 7b). CND-MO featured secondary amino groups
(e.g., carbamate structures) that may have caused it to be stable
toward the inhibition of MCF-7 and HT-29 cells.”® CND-PA and
CND-PB contained primary and tertiary amino groups; we
suspect that CND-PA caused the proliferation of HT-29 because
its many tertiary amino groups provided positive charge,
recalling that hydrophilic functional groups promote cell
proliferation.”®" Our CNDs of high oxygen atom content were
less cytotoxic than our nitrogen-doped CNDs. Moreover, we
treated the RAW 264.7 cells for 24 h and HacaT cells for 48 h to
evaluate whether the six types of CNDs could induce toxicity
within a short period of time when combined with drugs, and,
therefore, whether these materials could be applied to wound
dressing.** When the MCF-7 and HT-29 cells were treated for
48 h, our six types of CNDs displayed low toxicity at a concen-
tration of 500 g mL ™", suggesting that they could be applied as
nanocarriers.®* In summary, the safe concentration of the six
types of CNDs toward RAW264.7 cells was 2000 ug mL; toward
HacaT, MCF-7, and HT-29 cells it was 500 pg mL™".

We used confocal microscopy to observe the behavior of our
CNDs toward HacaT and MCF-7 cells. We selected these cells for
bioimaging because CND-Bamboo I and CND-MO led to
proliferation and inhibition, respectively, at high concentra-
tions. Moreover, CND-Bamboo I and CND-MO exhibited more
complete characteristics, including greater fluorescence, when
compared with our other CNDs; note that CND-Bamboo I and
CND-MO are high-oxygen-content CNDs without and with
nitrogen-doping, respectively. For the HacaT cells, CND-
Bamboo I underwent excitation at 488 nm and displayed
emission between 500 and 550 nm; CND-MO underwent exci-
tation at 488 nm, with emission at 500-550 nm. For the MCF-7
cells, CND-Bamboo I underwent excitation at 488 nm, with
emission between 500 and 550 nm; CND-MO underwent exci-
tation at 488 nm, with emission at 500-550 nm. The confocal
images revealed that the fluorescence was located inside the
cells when the HacaT cells were treated with CND-Bamboo I for
6 h; after 24 h, the treated HacaT cells displayed less fluores-
cence, presumably because of chemical degradation or exocy-
tosis (Fig. 8a and b).** CND-MO displayed less fluorescence
when the HacaT cells had been treated for 6 h; after 24 h,
however, the CND-MO-treated HacaT cells displayed greater
fluorescence from within (Fig. 8c and d). Thus, our high-oxygen-
content CNDs without and with nitrogen-doping exhibited
different behavior when treating normal cells for different
periods of time. The confocal images revealed that the control
groups of MCF-7 cells exhibited autofluorescence.®® CND-
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Fig. 9 Confocal microscopy images of MCF-7 cells, untreated and
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and (c) 6 and (b) and (d) 24 h.
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Bamboo I was located on the cell membrane after treating the
MCEF-7 cells for 6 h, but it was located within the cells after 24 h
(Fig. 9a and b). The confocal images revealed that CND-Bamboo
I, with its high oxygen content and hydrophilic functional
groups, attached to the cell membrane; thus, it was possible to
promote the cell adhesion in a hydrophilic environment. The
CND-MO-treated MCF-7 cells displayed fluorescence inside the
cells after 6 and 24 h (Fig. 9c and d). Notably, for imaging of the
MCEF-7 cells after 24 h, CND-MO was excited at 543 nm, with
emission between 555 and 620 nm, because excitation at
488 nm resulted in non-fluorescence (Fig. 9d).

4. Conclusion

We have prepared CNDs from natural plants and agricultural
waste through eco-friendly and rapid carbonization and
hydrothermal processes. Our carbon sources were bamboo,
wood, a natural herb, and pineapple. Our six types of CNDs
displayed fluorescence and possessed nanoscale dimensions;
they could be divided into two groups - of high oxygen content
with and without nitrogen-doping - that displayed different
biological activities at high concentration. The safe concentra-
tion of the six types of CNDs toward RAW264.7 cells, at which
they displayed non-cytotoxicity, was 2000 pg mL; they displayed
low cytotoxicity toward HacaT, MCF-7, and HT-29 cells at 500 pg
mL . Confocal microscopy images revealed the fluorescence of
CND-Bamboo I and CND-MO when mixed with HacaT and MCF-
7 cells.
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