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imaging and therapyf
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In this study, carbon dots synthesized from bamboo leaf cellulose were used simultaneously as a staining
agent and for doxorubicin delivery to target cancer cells. Owing to their nontoxic properties, the
production of carbon dots from bamboo leaves is a green approach involving optimized application of
bamboo tree waste. For multifunctional applications, the carbon dots were modified with 4-
carboxybenzylboronic acid and doxorubicin to improve target specificity and drug delivery to Hela
tumor cells. The resulting modified carbon dots were characterized using different analytical techniques,
which showed that they were biocompatible, nontoxic, and highly stable over a wide range of pH values
and at high ionic strengths. Furthermore, in vitro confocal microscopy studies demonstrated their blue
fluorescence and cellular pathway for entering Hela cells via folate receptor-mediated endocytosis. Cell
viability data and flow cytometry results also confirmed the selective uptake of the carbon dots by Hela
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Introduction

The development of ecofriendly and nontoxic nanomaterials
has been rapid following extensive investigations into nano-
technology in the last two decades.’” The versatile and attrac-
tive properties of nanomaterials are the main factors promoting
their study, especially in the medical field. To date, the
biomedical utilization of nanomaterial has resulted in
achievements in detection and the treatment of diseases
resulting from tumors,**® viruses,” and bacteria.'®"* Emerging
carbon-based nanomaterials are of much research interest
owing to toxicity issues in the medical application of nano-
particles. Several carbon-based nanomaterials, such as carbon
nanotubes,’” nanodiamonds,** carbon nanofibers,"* and carbon
dots," have recently been introduced and pursued for medical
use owing to their green approach, low toxicity, environmental
friendliness, and biocompatibility.

Among these carbon-based materials, carbon dots (CDs), or
graphene quantum dots, have recently been discovered. CDs
have received attention owing to their additional luminescent

“Department of Chemistry, Universitas Airlangga, Surabaya 61115, Indonesia. E-mail:
m.zakki fahmi@fst.unair.ac.id

*Department of Physiology, Department of Medical Biochemistry, Faculty of Medicine,
Universitas Airlangga, Surabaya 60131, Indonesia

‘Department of Chemistry, Faculty of Natural Science, Sepuluh Nopember Institute of
Technology, Keputih, Sukolilo, Surabaya 60111, Indonesia

“Menzies Health Institute Queensland, School of Medical Science, Griffith University,
Southport, Queensland, Australia

t Electronic supplementary information (ESI) available: Reaction mechanism of
CD and ICs, cytotoxicity. See DOI: 10.1039/c8ra07944g

38376 | RSC Adv., 2018, 8, 38376-38383

cells, which significantly enhanced cell cytotoxicity.

properties, which are comparable to those of quantum dots,"
and specific hydrophobic sites that allow simultaneously
improved diagnostics and therapy.”” In the pursuit of synthetic
methods for preparing carbon dots, using both bottom-up and
top-down approaches,'® many carbon sources have been applied,
including citric acid,® carbohydrate and glucose,*** amino acid,*
grass,”® acetic acid,” protein,* egg,”® and fruit waste.”* The
synthetic methods and reactants used have been found to
influence the properties of the resulting carbon dots.

Despite extensive study, the development of effective and
efficient methods for synthesizing carbon dots remains chal-
lenging. Investigations into using commercial or unused mate-
rials as carbon dot precursors have received interest owing to the
potential advantages of the resulting carbon dots. Organic waste
material can be considered an alternative material. There are
many sources of natural organic materials, including plant
leaves, among which waste bamboo leaves are produced in
abundance and underutilized. Several reports have confirmed
the antioxidant,*® antimicrobial, and antibacterial activities of
bamboo leaves.** Furthermore, the potential application of
bamboo leaves as precursors of carbon dots used as the base
material for copper ion detection has been reported.* However,
the application of carbon dots from waste bamboo leaves in both
tumor detection and therapy has yet to be reported.

Using nanomaterials for tumor labelling and therapy has
been proposed to overcome the problems of complicated
syntheses, expensive precursors, and emission losses, which are
the major factors preventing the specific targeting of tumor cells
instead of normal cells. In this study, improvements in the
synthesis of carbon dots from waste bamboo leaves and their

This journal is © The Royal Society of Chemistry 2018
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modification to obtain specific targeting of HeLa tumor cells are
reported. The abundance of folate receptors overexpressed on
the surface of HeLa tumor cells motivated our selection of tar-
geting agent CBBA (4-carboxybenzylboronic acid) for attach-
ment to the synthesized carbon dots. Furthermore, tumor drug
doxorubicin was attached to carbon dots to afford a drug
delivery ability. In addition to characterization, stability,
toxicity, and in vitro assays of HeLa tumor cells taken up on this
material were performed to confirm that these multifunctional
carbon dots can be used for tumor detection and therapy.

Experimental section
Materials

Bamboo leaves from Gigantochloa apus were collected near Air-
langga University, Indonesia. Sodium hydroxide, sodium hypo-
chlorite (NaOCl), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDCI, 97%), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 97.5%), 4-dimethylamino-
pyridine (DMAP, 98%), doxorubicin (Dox, 98%), and 4-carbox-
ybenzylboronic acid (CBBA, 98%) were purchased from Sigma
Aldrich (Milwaukee, WI, USA). Citric acid was purchased from
Bratachem Co. Ltd. (Jakarta, Indonesia). All chemicals were used
directly without further purification.

Synthesis of carbon dots

Bamboo leaves, as the carbon dot (CD) precursor, were first
cleaned and dried at 120 °C for 2 h. The dried leaves were sliced
to give 2 kg of sliced leaves and then refluxed with 1 M NaOH (10
mL) at 60 °C for 4 h. After rinsing with DI water, the leaves were
further immersed in NaOCl solution (10 mL, 5% (v/v)) for
bleaching. The obtained cellulose was precipitated by centri-
fugation at 2000 rpm for 15 min and pyrolyzed at 250 °C for
30 min in a furnace. The resulting CDs stacked at the reactor
wall were dissolved in 0.5 M NaOH and filtered through
a syringe (0.22 um) to remove larger particles. The CDs were
then dialyzed using a cellulose dialysis bag (MWCO, 1000 Da)
for 24 h to separate smaller particles and unreacted reagent.
The obtained CDs were used in the next step.

Attaching CBBA to CD(CBBA-CD) and Dox loading

The attachment of CBBA onto CDs was achieved using the
DMAP/EDCI mechanism. CBBA (13.3 mg) was dissolved in DI
water (10 mL) and EDCI (23.7 mg) was added under stirring to
afford a homogenous solution. Meanwhile, to a solution of CDs
(5 mL, 0.5 mg mL ") was added DMAP, followed by treatment
using an ultrasonic probe (JY-9211DN, Ningbo Scientz
Biotechnology, Co. Ltd., China) operated at 20 Hz and 130 W
power for 2 min to accelerate DMAP dissolution. The two
solutions were mixed at pH 6 using a magnetic stirrer for 24 h.
The resulting mixture was then dialyzed using a cellulose
membrane (MWCO, 1000 Da) for 24 h to remove unreacted
substrates and byproducts. This dialyzed solution was used for
further experiments.

Tumor drug Dox was loaded onto CBBA-CDs by adding Dox
(about 5 mg) to CBBA-CD solution (15 mL) with stirring for 24 h.
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Unconjugated Dox was separated from Dox-loaded CBBA-CDs
(Dox/CBBA-CDs) by dialysis for 24 h using similar conditions
to the previous dialysis process. The amount of Dox stacked on
CBBA-CD was further assessed by its absorption at 482 nm
compared with the standard concentration. The loading effi-
ciency and loading amount were measured using eqn (1) and

(2).
Percentage of loading efficiency (%)
mass of Dox on CBBA-CD

- mass of Dox in feed x 100
1)

Percentage of loading amount (%)

_ mass of Dox on CBBA-CD < 100
o mass of CBBA-CD
(2)

Dox release pattern

The pattern of Dox release was assessed by dialyzing Dox/CBBA-
CDs using a cellulose membrane (MWCO, 1000 Da) immersed
in an outer PBS aqueous solution. Aliquots (about 1 mL) of the
PBS solution were removed at certain times, while the volume of
the PBS buffer was kept at 50 mL. The Dox concentration
released into the outer solution was measured by tracking Dox
absorbance and corrected using eqn (3):

v i—t
Cl =Ct+ — Ct 3
> (3)

where Ct' is the corrected concentration at time ¢, Ct is the
apparent concentration at time ¢, v is the volume of aliquots
taken, and V is the total buffer volume. The effect of pH on Dox
release was investigated by adjusting the pH value of the outer
solution to 5.0, 7.4, and 9.0.

Cell culture

For culturing human cervical (HeLa) tumor cells, Eagle's
minimum essential medium (containing 1.5 g L™ sodium
bicarbonate) supplemented with 1% r-glutamine, 1% antibiotic
antimycotic formulation, 1% non-essential amino acid, 1%
sodium pyruvate, and 10% fetal bovine serum was used as
medium. The cells were then stored in a humidified 5% CO,
incubator maintained at 37 °C.

Cytotoxicity assessment

Cell viability was quantified using an MTT assay in HeLa tumor
cells. HeLa cells previously cultured in Eagle's minimum essen-
tial medium, as described above, were placed in 12-well plate
(25 000 cells per well) for 24 h. After washing with phosphate-
buffered saline (PBS, UniRegion Biotech, Taiwan), the prolifer-
ated cells were further washed with PBS and incubated with
adjusted samples for 24 h. After washing the plate twice with PBS,
MTT reagent (1 mL, 500 mg mL~ ") was added and incubated for

RSC Adv., 2018, 8, 38376-38383 | 38377
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4 h. To dissolve formazan crystals, dimethyl sulfoxide (1 mL) was
added to each well and the absorbance of the crystals was
measured at 570 nm using an Elisa reader (Biotech Powerwave
XS). The absorbance intensity was related to the amount of for-
mazan and was proportional to the number of live cells.

Confocal imaging observation

The HeLa cells were first seeded in a 6-well plate in culturing
medium (2 mL) and cultured for 24 h. After incubating with
sample (300 pL) for 60 min, the cells were washed three times
with PBS solution and then fixed with 70% alcohol for 10 min.
Fluorescence images of HeLa cells were acquired using a Leica
TCS SP2 inverted confocal microscope (Leica Microsystems)
equipped with a 63 x 1.32 NA oil immersion objective. Confocal
images were obtained by illuminating the samples with inline
Ar (488 nm) and He-Ne (503-680 nm and 588 nm) lasers.

Flow cytometry analysis

Approx. 3 x 10° cells were individually cultured in a cell flask
with medium (5 mL) for 24 h. The medium was then replaced
with fresh medium (5 mL) containing different concentrations
of samples, with PBS-treated cells used as control. After incu-
bating for 1 h, the treated cells were rinsed with PBS, trypsi-
nized, centrifuged, and suspended in binding buffer. The cells
were then stained with Annexin V-FITC (5 pL) for 15 min,
washed with binding buffer, and stained with propidium iodide
(10 pL). The samples were analyzed on a Guava easyCyte Flow
Cytometer equipped with an argon laser (488 nm).

Characterization

High resolution-transmission electron microscopy (HR-TEM)
images were obtained on a Philips Tecnai G2 F20 microscope
(Philips, Holland) and assigned using energy-dispersive X-ray
spectroscopy (EDS) at 200 kV. Powder X-ray diffraction (XRD)
patterns were obtained using a Rigaku 18 kW rotating anode
source X-ray diffractometer with Cu K, line radiation (A = 1.54
[i). UV-Vis absorption spectra were measured using a JASCO V-
670 spectrometer. PL spectra were measured using a Perki-
nElmer LS 55 spectrofluorometer equipped with a 20 kW xenon
lamp. Atomic force microscopy'” images were acquired using
a scanning probe AFM5500M instrument (Hitachi Co., Japan) at
ambient temperature. Raman analysis was performed using
a MRS-320 Raman Instrument system (Horiba Ltd., Japan).

Statistical analysis

Statistical analysis, including the cytotoxic concentration
causing a 50% decrease in cell viability (CCs,), was performed
using dose-response mode on the nonlinear fitting curve in
Origin software (version 8.0724, OriginLab Inc., Northampton,
MA). All data were obtained in triplicate, and means were
compared using a paired-sample ¢-test.
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Results and discussion
CD preparation

CDs were synthesized by pyrolyzing cellulose in bamboo leaves,
as shown in Scheme 1. Several treatments, including the addi-
tion NaOH and NaOCI solutions, were performed to collect
cellulose from lignin and bleach the collected cellulose,
respectively. Extraction was conducted for 2 h until the NaOH
changed color to black and the bamboo leaf color faded. The
extraction process aimed to degrade lignin in bamboo leaves,
because lignin compounds can interfere with the synthesis of
carbon dots obtained as the result of the pyrolysis of cellulose in
bamboo leaves. The collected cellulose was then heated to
250 °C. This process allowed carbonation of cellulose, which
both reconstructed and combined the polysaccharides, result-
ing in a graphene oxide structure. As shown in previous studies,
incomplete carbonation will drive cellulose to form CDs.*"?>
CD formation was first confirmed by XRD. The crystallinity of
the CDs was confirmed by a certain peak observed in the 26
range diffractogram 20-25°. The XRD results for CDs synthe-
sized at 300 °C are shown in Fig. 1. The signal of crystalline CDs

<o

Extraction EDCI/DMAP PH

Pyrolysis CBBA + Dox

Dox-CBBA-CD

Bamboo Leaves

Scheme 1 Synthesis and modification of bamboo leaf-based carbon
dots.

Intensity (a.u)

JCPDF 50-0926

10 20 30 40 50 60
20 (Degree)

Fig.1 XRD pattern of CDs.
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was observed at 22.7° Prasannan et al. reported that crystalline
CDs were observed at a 26 value of 22.7°.>¢ The XRD results also
indicated the size of the crystalline CDs, with the 26 position at
22.7° corresponding to an FWHM value of about 604 948, which
was converted to a carbon nanoparticle size of about 0.24 nm
using the Scherrer equation.

Furthermore, optical analysis of the prepared CDs by UV-Vis
spectrophotometry (Fig. 2a) showed a shoulder peak at 360 nm,
attributed to the particular exciton of CDs. As supported by our
previous report, this indicated CD formation in the carbonation
process.” CD luminescence was characterized by PL spectros-
copy (Fig. 2a). By varying the temperature of pyrolysis, the CD
emissions showed insignificant luminescence emission at
wavelengths of around 425-475 nm. These differences showed
the graphene-like structure of CDs prepared from the carbon-
ization of bamboo leaves. The difference in the maximum
emission peak was around 5 nm. Zhu et al. reported that CD
emission in the range 425-475 nm confirmed a CD size of below
5 nm, which emitted blue luminescence.?*?

The AFM results (Fig. 2b) indicated that the size of CDs from
bamboo leaves averaged 2 nm, with some CDs having sizes of
over 4 nm. High-magnification HR-TEM (Fig. 2c) systematically
showed the carbon structures, confirming the formation of
a graphene-like structure in the CDs. Furthermore, Raman
spectra (Fig. 2d) showed the G-band peak of CDs at 1582 cm ™ *
and a D-band peak at 1332 cm™?, attributed to the vibration of
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sp>-hybridized and sp*-hybridized carbon atoms at the edge of
the crystal, respectively. This peak supported that the CDs formed
a graphene-like crystal structure. Furthermore, a higher D-band
intensity supported the formation of more amorphous phase at
the terminal end of the carbon plane, which was responsible for
the water solubility of the CDs rather than the CD emission.

Conjugation of CBBA onto CDs (CBBA-CDs)

CDs were modified with CBBA to afford CD that specifically
target tumor cells. Previous research has shown that boronic
acids have a high affinity for cis-diol moieties in sialic acid,
which generally exists on the membrane of tumor cells.*
Therefore, CBBA can specifically guide CDs to tumor cells.
However, the addition of CBBA to the CDs required a specific
catalyst, namely the Steglich catalyst. This catalyst was used for
esterification between carboxylic acid groups in CBBA and
alcohol groups in the CDs. The mechanism of the Steglich
reaction is shown in Fig. S1 (ESIT). In this esterification reac-
tion, EDCI acts as a cross-linker, making the reaction irrevers-
ible. To evaluate the change in CD size before and after CBBA
modification, AFM images of CBBA-CDs and their size distri-
butions were measured, as shown in Fig. S2 (ESIT). The histo-
gram data showed an insignificant increase in the size
distribution of CBBA-CDs, with average sizes of about 2.5 nm.

Carbon dots
Cellulose

)
@
> D
2
@
=

T T T
1200 1400 1600 1800
Raman Shift (cm-)

(a) UV-Vis spectra of CDs. Inset: PL spectra at varied temperatures, namely 200 °C (red), 250 °C (green), 300 °C (blue), 350 °C (pink),

400 °C (brown). (b) AFM images of CDs in vertical and diagonal views. (c) HR-TEM images of CDs with high magnification image on adjusted
square. (d) Raman spectra of CDs and raw cellulose. Inset: Photograph of CDs compared with water under UV lamp (365 nm).
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This showed that modification with CBBA maintained the
original CD size.

FTIR was also used to assess the presence of CBBA on the
CDs (Fig. 3). For CBBA-CDs, boron dihydroxy (O-B-O) bond
vibrations were observed at 1266 cm ™" (asymmetric stretching),
1215 cm ™' (deformation), and 507 cm™" (bending vibration),
along with a B-O-H stretching band at 1083 cm™ ' Other
bands at 745 and 670 cm™ " were attributed to bending vibra-
tions of B-O-H.*® Furthermore, pristine CDs also showed bands
at 713, 874, and 1083 cm ™!, which were attributed to vibrations
of C-H aromatic groups.

Loading of Dox onto CBBA-CDs (Dox/CBBA-CDs)

As-prepared CBBA-CDs were physically conjugated with tumor
cell drug Doxorubicin (Dox) using the procedure described in
Scheme 1 to determine the Dox delivery ability of the CDs. In
this procedure, Dox was loaded onto CBBA-CDs through elec-
trostatic interactions. As reported previously, Dox can stack on
graphene-like structures through m-m interactions among
benzene structures.® Therefore, DOX exhibited a high affinity
for negatively charged BSA (isoelectric point, pH = 5.4).

To investigate the Dox delivery potential of the CDs, we
evaluated the cellular uptake of CDs on HeLa tumor cells using
confocal laser scanning microscopy (CLSM). CLSM is a powerful
method for observing the internalization of CDs, CBBA-CDs,
and Dox/CBBA-CDs into HeLa tumor cells (Fig. 4). Significant
green fluorescence was observed from CBBA-CDs on the cyto-
plasm of HeLa tumor cells after 1 h of incubation. Compared
with CDs, which did not show green emission (Fig. 4a), the
existence of green fluorescence confirmed that CDs were readily
taken up by the cells via endocytosis (Fig. 4b). These findings
also showed that boronic acids were good targeting agents for
CDs onto tumor cells. Furthermore, Dox delivery was success-
fully achieved using CBBA-CDs, with red fluorescence, the
characteristic emission of Dox, observed in the nuclei of cells
treated with Dox/CBBA-CDs. Dox operates as a tumor drug by
disturbing the DNA helix structure in the cell nucleus.

(@) (b) (c)

Transmittance (%)

(i)
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Therefore, the appearance of red fluorescence in the cell
nucleus after incubation with Dox confirmed that the drug had
been successfully delivered to the target.

Cytotoxicity assessment of CDs was conducted using an MTT
assay. After incubation for 24 h, the MTT results (Fig. 5) showed
excellent cell viability (over 80%) for both CDs and CBBA-CDs.
This strongly suggested that CDs and CBBA-CDs had low
toxicity, even when the CD concentration was increased to 400
ug mL ™', However, toxicity was observed after loading Dox onto
the CDs (Dox/CBBA-CDs). Starting at a low concentration (10 pg
mL "), Dox decreased the cell viability. Furthermore, half-
maximal inhibitory concentration (ICs,) values were deter-
mined using dose-response graphs obtained after treating
HeLa cells with free Dox and Dox/CBBA-CDs (Fig. S3, ESIf).
Analysis showed that free Dox resulted in lower ICs, values
(52.3 mg mL™") than Dox/CBBA-CDs (68.2 mg mL "). This
suggested that CBBA-CDs successfully achieved delivery of Dox
to the target cells.

Further in vitro assessments of the obtained CDs were directed
toward measuring the characteristic emission on HeLa cells via
flow cytometry analysis. This method can detect the fluorescence
of materials accumulated on microorganisms, such as HeLa
cells. The graph in Fig. 6 shows the intensity of green fluores-
cence in cells treated with CDs and CBBA-CDs after incubation
for 1 h. Compared with untreated cells and CD-treated cells as
control, the fluorescence of cells treated with CBBA-CDs was
significantly higher. These data were supported by the previous
CLSM results, which indicated that CBBA worked well to deliver
CDs specifically to HeLa cells. The formation of tetravalent
complexes between the boronic acid sites and cis-diols in sialic
acid on the outer cell membrane was key to the insertion of CDs
into the cell cytoplasm. Further flow cytometry analysis was
focused on improving the cytotoxicity of CDs by assessing the
number of apoptotic cells affected by CDs (Fig. 7a-d). In this
study, Annexin V-FITC and propidium iodide were used as the kit
package for detecting apoptosis and necrosis, respectively.

Annexin has a high affinity for phosphatidylserine expressed
on the outer membrane once cell apoptosis has occurred and

()

1400 1200 1000

800 600

Wavenumber (cm’)

Fig. 3 FTIR spectra of CD (red line) and CBBA-CD (blue line). (a) to (f) refer to existence of CBBA site and (g) to (i) refer to CD vibration.
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CD+Dox

Fig. 4 CLSM images of (a) CDs, (b) CBBA-CDs, and (c) Dox/CBBA-CDs after incubation for 1 h with Hela cells at 37 °C. Scale bars represent 24
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Fig.5 Cellviability study through MTT assay of Hela cells after 24 h of
treatment with CDs (blue), CBBA-CDs (yellow), and Dox/CBBA-CDs
(red). Al MTT data are shown as means + SD (n = 3).

green fluorescence emerging from connected FITC. In contrast,
propidium iodide, which shows red fluorescence, conjugates to
cell DNA during necrosis. The flow cytometry quadrant data of
untreated cells (Fig. 7a) was established as the control, in which

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Flow cytometry data representing fluorescence distribution of
untreated cells (purple area), CD-treated cells (orange area), and
CBBA-CD-treated cells (green area).

all cells existed in quadrant 1 (Annexin, negative; PI, negative).
The addition of CDs onto cell did not have a toxic effect upon
living cells, while the absence of CDs on the cell cytoplasm
resulted in the cell performing like the control cells or untreated
cells; therefore, almost all cells were in quadrant 1 (Fig. 7b).
Furthermore, the presence of CBBA on CDs resulted in some
cells (23.5%) undergoing necrosis in quadrant 3 (Annexin,
negative; PI, positive), which is a form of uncontrolled or
pathological death cell and cannot be claimed as proof of CD

RSC Adv., 2018, 8, 38376-38383 | 38381
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Fig. 7 Apoptosis data of Hela cells (a) before and (b—d) after 1 h of incubation with (b) CDs, (c) CBBA-CDs, and (d) Dox/CBBA-CDs.

toxicity (Fig. 7c). In contrast, cells treated with Dox/CBBA-CDs
showed 14.1% early apoptosis (Annexin, positive; PI, negative)
and 19% late apoptosis (Annexin, positive; PI, positive).
Apoptosis is a programmed form of cell death, caused in this
case by Dox damaging DNA formation in the cell (Fig. 7d). This
findings demonstrated that CBBA-CDs and Dox can successfully
deliver drugs and kill the targeted cell, respectively.

Conclusions

We have demonstrated the application of cellulose from
bamboo leaves as a raw material for the synthesis of CDs for
imaging and drug delivery. The resulting CDs were nontoxic,
biocompatible, and exhibited a graphene-like structure that
accommodated tumor drug Dox. This method was used to
construct multifunctional nanoparticle for imaging and drug
delivery by conjugation of CBBA and Dox onto the CDs,
respectively. CBBA acts as a targeting agent and stabilizes the
CDs. An efficient method for preparing CDs valuable against
tumor cells was achieved by conjugation with Dox. Cytotoxicity
investigations via MTT and flow cytometry showed the toxic
effects of this type of nanomaterial after binding with Dox. The
design of modified CDs can hopefully motivate the future
development of novel approaches for preparing multi-purpose
nanomaterials.
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