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Implementing visual detection of cancer cells has the potential to contribute greatly to basic biological
research; early diagnosis of cancer is still a challenging issue. In this work, we designed and fabricated
folic acid-conjugated fluorescent carbon dots (FA-CDs) for targeted imaging of cancer cells. The green
fluorescent CDs were prepared by a facile hydrothermal treatment of dandelion as the carbon source
and ethanediamine (EDA). The surfaces of the CDs possessed active amino groups for further covalent
conjugation with FA. The uptake of FA-CDs into HepG-2 cells occurs via receptor-mediated
endocytosis; this was confirmed by a comparative experiment using FR-negative (FR—) PC-12 cells as
revealed by confocal laser scanning microscopy. Intracellular experiments demonstrated that the
FA-CDs could accurately recognize positive FR (FR++/FR+) cancer cells in different cell mixtures of
MCF-7/HepG-2 cells and HepG-2/PC-12 cells and could distinctly indicate the expression level of FR on
the membranes of the cancer cells. The FA-CDs show excellent biocompatibility and low toxicity and
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1 Introduction

Implementing the visual detection of cancer cells may
contribute greatly to basic biological research and early diag-
nosis of cancer. The combination of fluorescence spectroscopy
with confocal laser scanning microscopy provides an effective
analytical tool for biomolecule detection, non-invasive single-
cell analysis and biomedical imaging™* due to its high sensi-
tivity and spatiotemporal resolution.** Fluorescence imaging
can visualize the expression and activity of specific molecules as
well as cells and biological processes that influence tumour
behaviour and/or response to therapeutic drugs.’ In recent
years, numerous cancer biomarkers have provided tremendous
opportunities for improving the management of cancer patients
by enhancing the efficiency of detection and the efficacy of
treatment.® For visualizing cancer biomarkers, targeting
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ligands, including transferrin,” folic acid (FA),* and peptides,®
are generally coupled with fluorescent nanoparticles that bind
to the corresponding biomarker that is overexpressed on cancer
cells.

Among targeting ligands, folic acid (FA), a low-molecular-
weight vitamin, plays an essential role in cell survival and
binds with high affinity (K4: 0.1-1 nmol L") to the folate
receptor (FR), a membrane-anchored protein that is a cancer
biomarker.'®" Meanwhile, FR levels are high in specific
malignant tumours of epithelial origin compared to normal
cells, including ovarian, endometrial, kidney and breast, and
are positively associated with tumour stage and grade.'»'
Moreover, FA, folate analogues, or folate complex can specifi-
cally bind with FRs on the surface of cancer cell membranes and
then enter into cells via receptor-mediated endocytosis with
non-immunogenicity.'*** Due to its different levels of expres-
sion between cancer and normal cells, it is possible to distin-
guish cancer cells by means of detecting the expression level of
FR. As a consequence, FA may serve as a promising ligand for
specific FR detection and cancer diagnosis.

Recently, numerous studies have investigated nanomaterials
for bio-sensing, biological imaging and diagnostics applica-
tions. To date, commonly used nanomaterials include gold
nanoparticles,' silver nanoclusters,"” magnetic nanoparticles*®
and quantum dots.”** Among the applications of nano-
materials, grafting nanomaterials with FA for targeted fluores-
cence imaging of cancer cells has attracted much attention.

RSC Adv., 2017, 7, 42159-42167 | 42159


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra07002k&domain=pdf&date_stamp=2017-08-29
http://orcid.org/0000-0003-4791-4048
http://orcid.org/0000-0002-6291-8357
http://orcid.org/0000-0003-2880-5444
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07002k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007067

Open Access Article. Published on 30 August 2017. Downloaded on 4/17/2026 2:00:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

The matrix-materials provide a platform for visual detection in
the prognosis of cancer. However, some of these materials are
expensive, involve complicated preparation methods or have
potentially toxic effects; furthermore, multi-functionalization
steps for covalent conjugation of folic acid on fluorescent
nanomaterials may negatively affect the fluorescence intensity
of the nanomaterials and/or the suspension stability of the
particulate system.”* Thus, the development of cost-effective,
readily fabricated and non-cytotoxic nanomaterials for targeted
fluorescence imaging of cancer cells is highly desirable.

Fluorescent carbon dots (CDs) are excellent fluorescent
carbon nanomaterials that have attracted much attention
because of their fascinating photoluminescence properties,
excellent photostability, and remarkable biocompatibility.**>®
Ma et al.*® firstly developed fluorescent CDs covalently conju-
gated with folic acid to target human cervical carcinoma cells.
This research opened a new route for targeted fluorescence
imaging of cancer cells. Ouyang et al.*’ designed a turn-on
fluorescence probe using folic acid to functionalize fluores-
cent CDs by hydrogen-bond interactions for targeted imaging of
cancer cells in different cell mixtures with a negligible fluores-
cence background. Zhang et al.*® embellished blue fluorescent
CDs with folic acid through electrostatic interactions for effec-
tive targeted imaging of FR-positive HeLa and HepG-2 cancer
cells. Recently, Kushwaha et al.** demonstrated the dual tar-
geting ability of a fluorescence nanoprobe using fluorescent
CDs covalently conjugated with folic acid; these CDs displayed
excellent MCF-7 breast cancer cell cytoplasm and nucleus tar-
geting performance. To our knowledge, the quantum yields of
current folate receptor-targeted fluorescent CDs are less than
10%. The development of targeted fluorescence CDs with facile
preparation and good luminescence behaviour remains
a challenge.

Herein, we first synthesized CDs from a natural product as
a carbon source and successfully developed the fabrication of
folate receptor-targeted green fluorescent CDs conjugated with
folic acid on their surfaces for specific anchoring to the nucleus
of MCF-7 cancer cells and the cytoplasm of HepG-2 cancer cells,
respectively. The green fluorescent CDs with free -NH, groups
were first obtained by carbonization of the natural carbon
source dandelion and the nitrogen source ethylenediamine
(EDA) via a one-step hydrothermal process. The green

A W+
hydrothermal HoN L NH,
i CD:
HNTT2 SN
j.! 2 HoN NH,

R
Dandelion

COOH HN

B NN % N
ey 0 N, EDC/NHS A 0
Ne I, NHO&—N)\/\COOH + adomsT NZJ: /ijH ¢-N
N H ? : N H
H.

NH

View Article Online

Paper

fluorescent CDs exhibited a high fluorescent quantum yield of
13.9%, and their surfaces possessed active amino groups
without requiring further functionalization for covalent conju-
gation with FA (FA-CDs) (Scheme 1). Notably, the FA-CDs show
excellent stability, biocompatibility, and non-immunogenicity;
thus, it is possible to efficiently differentiate FR-positive (FR+)
HepG-2 cells from normal cells and distinctly indicate the
expression level of FR on the cancer cytomembrane. The FA-CDs
not only possess targeting ability for the cytoplasm and nucleus
of cancer cells but also possess excellent photostability for
fluorescence imaging. Furthermore, the FA-CDs may have great
potential as an effective tool for cancer cell recognition, in
addition to cancer detection, diagnosis, and individualized
treatment.

2 Experimental
2.1 Materials and apparatus

1,2-Ethylenediamine (EDA) was obtained from Aldrich Reagents
Company (Milwaukee, WI, U.S.A.). N-Hydroxysuccinimide
(NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC), folic acid, Na,HPO,, NaH,PO,, KCl, H3;PO,,
NaOH and NaCl were obtained from Aladdin Reagents
Company (China, Shanghai). Dulbecco's modified Eagle's
medium (DMEM) was purchased from Thermo Fisher Biolog-
ical and Chemical Products (Beijing, China). Dimethyl sulfoxide
(DMSO) and fetal bovine serum (FBS) were purchased from
Hangzhou Sijiqing Biological Engineering Materials Co., Ltd
(China). Trypsin was purchased from Sino-American Biotechnology
Company. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from Solarbio (Beijing, China). PC-
12, HepG-2 and MCF-7 cells were provided by the Gene Engi-
neering Center of Shanxi University. All the chemicals used were of
analytical reagent grade or above without further purification, and
double-distilled water (=18.2 MQ cm@25 °C) from a Millipore
Milli-Q system was used throughout. Dandelion (leaf), as shown in
Scheme 1, was used as the reaction precursor.

Transmission electron microscopy (TEM) was performed
using a JEM-2100 instrument (JEOL Ltd., Japan) at an acceler-
ating voltage of 200 kV. The UV-vis and photoluminescence
spectra were acquired on a UV-3010 spectrophotometer (Hita-
chi, Japan) and an F-4500 fluorescence spectrophotometer
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Scheme1l Schematic of (A) the synthesis of the carbon dots from dandelion and EDA, and (B) the covalent conjugation of folic acid to the green

fluorescent carbon dots.
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(Hitachi, Japan), respectively. The elemental analysis was
carried out on an Elementar Analysensysteme vario EL cube
elemental analyzer (Hanau, Germany). Analyses were performed
in triplicate, and the average values were obtained. Fourier
transform infrared spectra (FTIR) were recorded on a Bruker
Tensor II FTIR spectrometer (Bremen, Germany). The X-ray
photoelectron spectra (XPS) were acquired on an AXIS ULTRA
DLD X-ray photoelectron spectrometer (Kratos, Tokyo, Japan)
with Al Ka radiation operating at 1486.6 eV. The spectra were
processed with Case XPS v.2.3.12 software using a peak-fitting
routine with symmetrical Gaussian-Lorentzian functions. The
zeta potential was recorded on a Zetasizer Nano ZS90 (Malvern,
Worcestershire, U.K.). Fluorescence images were acquired on
a ZEISS LSM 880 confocal laser scanning microscope (CLSM). A
FE20 pH meter (Mettler Toledo, Switzerland) was used to adjust
pH values. Fluorescence quantum yield (F) was determined
using Rhodamine 6G (QY = 95% in ethanol in the emission
range of 480 to 560 nm) as a standard.

2.2 Synthesis of green fluorescent CDs

The green fluorescent CDs were synthesized by one-pot hydro-
thermal protocol carbonization using the natural carbon source
dandelion and the nitrogen source EDA. Firstly, 2.5 g of
dandelion leaf, 1 mL EDA and 10 mL ultra-pure water were
placed in a stainless steel autoclave with a PTFE liner (25 mL)
and then heated at 200 °C for 6 h. After the reaction, the vessel
was cooled naturally to obtain a red-brown solution containing
dandelion leaf, which demonstrated the generation of water-
soluble CDs. After separation of the dandelion leaf, large
particles or precipitates in the solution were removed through
filtering and centrifugation (10 000 rpm, 10 min, 4 °C). The
aqueous solution of CDs was further purified through a dialysis
membrane (MWCO 1000 Da) for 24 h in ultra-pure water.
Finally, the resulting aqueous solution was collected and freeze-
dried to obtain the CDs in powder form, which were then stored
at 4 °C.

2.3 Fabrication of folate receptor-targeted FA-CDs

The FA-CDs were fabricated by covalent conjugation of the free
amino groups on the CDs with the carboxylic groups of FA.*° To
assemble the FA and CDs, firstly, free FA (20 mg) was sufficiently
dissolved in 8 mL 50 mM PBS buffer (pH 7.4) to develop a clear
yellow solution. Next, 4 mL aqueous solution of EDC (0.0260 g)
and NHS (0.0156 g) was added to the solution of FA. The mixture
was treated by agitation at room temperature overnight and
then mixed with 2 mL CDs (22 mg mL™ ). The reaction was
maintained under the same conditions for 24 h; then, the
solution was dialysed (MWCO 1000 Da) against distilled water
for 1 day to remove excess FA or salt. The final product of
FA-CDs powder was collected by lyophilization.

2.4 Stability of CDs and FA-CDs

The CDs or FA-CDs were added to PBS buffer with different pH
values to obtain solutions with different pH values. Then, the
effects of common cations on the fluorescence of the FA-CDs
were determined by testing NaCl (50 mM), KCl (50 mM),

This journal is © The Royal Society of Chemistry 2017
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MgCl, (2.5 mM), and CaCl, (0.5 mM). For cell imaging, the
effects of common cellular substances, including ascorbic acid
(10 mM), glucose (10 mM), urea (10 mM), reduced glutathione
(1 mM), cysteine (1 mM), glycine (1 mM), alanine (1 mM),
vitamin B1 (1 mM), human serum albumin (100 nM) and bovine
serum albumin (100 nM), on the fluorescence stabilities of the
CDs and FA-CDs were respectively investigated.

2.5 Cell viability assay

The cell viabilities of CDs and FA-CDs for HepG-2 cells were
evaluated by a standard MTT assay. Briefly, HepG-2 cells were
first plated on a Costar® 96-well cell culture cluster and cultured
at 37 °C with 5.0% CO, in air for 3 h to adhere the cells onto the
surface. The wells without cells and treatment with FA-CDs were
taken as controls. The medium was then exchanged with 200 pL
of fresh DMEM supplemented with 10% FBS containing FA-CDs
with varied concentrations (0 to 1000 ug mL ') at 37 °C for 24 h.
At least six parallel samples were created in each group. Cells
not treated with FA-CDs were taken as controls. After adding
20 pL of the 5.0 mg mL~' MTT reagent to every well, the cells
were further incubated for 4 h. The supernatant was discarded,
and 150 pL of DMSO was added to each well to dissolve the
formed formazan. The resulting mixture was shaken for ca.
10 min at room temperature. The optical density (OD) of the
mixture was measured at 490 nm using a SunRise microplate
reader (Tecan Austria GmbH, Grodig, Austria). The cell viability
was estimated as:

Cell viability (%) = (ODreatea/ODcontron) X 100%

where OD¢ontrol aNd ODpeateq Were obtained in the absence and
presence of FA-CDs, respectively. As above, the cell viabilities of
the CDs at varied concentrations of 0 to 200 pg mL ™" for HepG-2
cells were obtained.

2.6 Cell targeting imaging

The cellular imaging of the FA-CDs was performed using
confocal laser scanning microscopy (CLSM). First, HepG-2,
MCF-7 and PC-12 cells were seeded into a 35 mm dish with
a 20 mm glass bottom for confocal imaging at a density of 1 x
10° cells per dish in 1.0 mL of DMEM with 10% serum. For
fluorescence imaging and to determine the expression level of
folate receptors for different cells, HepG-2, MCF-7 and PC-12
cells were first incubated for 20 h in 1.0 mL of DMEM with
10% serum; the medium was then removed and substituted
with 1.0 mL fresh DMEM with 10% serum medium containing
FA-CDs (1.0 mg mL™"). After incubation at 37 °C for 4 h, the cells
were washed thrice with ice-cold PBS (pH 7.4). To demonstrate
the folate receptor-mediated uptake, contrast experiments were
implemented where the cells were incubated with only excess
FA (1 mg mL™") for 4 h. Meanwhile, the other cell cultures were
pre-treated with excess FA (1 mg mL ") for 1 h before FA-CDs
treatment. For fluorescence targeted imaging, cell mixtures of
MCF-7 cells with PC-12 and HepG-2 cells, respectively, were
each incubated with near-equal concentrations of about 105
cells per mL. After co-culturing for 12 h, the cell mixture was

RSC Adv., 2017, 7, 42159-42167 | 42161
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then incubated with FA-CDs (1 mg mL ") for 4 h at 37 °C,
respectively. Finally, the cells were observed and the fluorescent
images were recorded with a LSM880 instrument.

2.7 Quantum yield (QY) measurements

Rhodamine 6G (QY = 95% in ethanol in the emission range of
480 to 560 nm) was used as the standard.* The QYs of the CDs
(in water) were determined by plotting the integrated photo-
luminescence (PL) intensity against the absorbance value (less
than 0.10 at the excitation wavelength) using the equation ¢ =
@5t X (Ast/Is)(I/A)(n/ng)?, where ¢ and the subscript “st” are the
QYs of the testing sample and the referenced standard,
respectively, I is the integrated emission intensity of the testing
sample, 7n is the refractive index (1.33 for water and 1.36 for
ethanol), and A is the absorbance value.

3 Results and discussion
3.1 Characterization of green fluorescent CDs

The fluorescent CDs were obtained by one-step hydrothermal
treatment of the natural carbon source dandelion and the
nitrogen source EDA, and their surfaces contained effective
amino groups due to the EDA (Scheme 1A). The size and
morphology of the CDs were determined by transmission elec-
tron microscopy (TEM) (Fig. 1). TEM observation clearly
confirmed that the CDs were successfully obtained; they dis-
played a spherical morphology, good dispersity without
apparent aggregation, and an average size of 3.5 nm.
Furthermore, to research the elements, chemical bonds, and
surface groups of the as-synthesized CDs, elemental analysis, X-
ray photoelectron spectroscopy (XPS) (Fig. 2) and Fourier
transform infrared (FTIR) spectroscopy (Fig. 3) were carried out.
The elemental analysis showed that the as-synthesized CDs
were mainly constituted of C 37.44, H 7.67, N 15.91 wt%, and O
(calculated) 38.98 wt%. The XPS survey spectrum (Fig. 2A)
manifested the existence of C, N, and O in the CDs,** corre-
sponding to the elemental analysis. The high-resolution C 1s
XPS spectrum of CDs is presented in Fig. 2B. The typical peaks
at 284.6, 285.3 and 287.8 eV were attributed to C-C/C=C, C-
OH/C-0-C and C=0 bonds, respectively.****** Fig. 2C and 3D
display the high resolution XPS spectra of N 1s and O 1s; these
confirm that C-N, N-H, C-O-C/C-OH, and C=0 bonds are

Fig. 1 TEM images of the as-synthesized CDs (with size distribution,
inset).
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Fig. 2 (A) XPS survey spectrum, (B) C 1s spectrum, (C) N 1s spectrum
and (D) O 1s spectrum of the CDs. The original bands of C 1s, N 1s, and
O 1s could be split into a few new peaks according to the binding
energies of the potential functional groups using XPSPeak 4.1
software.
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Fig. 3 Fourier transform infrared (FTIR) spectrum of the CDs.

present in the CDs, which suggests the presence of -OH,
—-COOH and -NH, groups on the surface of the CDs.***** FTIR
spectroscopy was used to identify the functional groups on the
surface of the CDs. As shown in Fig. 3, the characteristic
absorption peaks of the CDs appeared at approximately
3386 cm ™' (O-H and N-H stretching vibrations),?* 2930 and
2875 ecm ' (C-H stretching vibration), 1646 cm ' (C=O
stretching vibration), 1563 cm ' (N-H bending vibration),
1068 cm™ " (C-N stretching vibration),** and 1411 cm ™' (C=C
stretching vibration). The presence of -NH, and C-N further
indicates that abundant -NH, groups remained on the surface
of the CDs even after hydrothermal carbonization. The analyt-
ical results of XPS and FTIR indicate that the as-synthesized CDs
possess effective -NH, groups without requiring further chem-
ical modification.

The UV-vis and fluorescence spectra of the CDs were inves-
tigated. The UV-vis spectrum depicts a maximum absorption
peak at 276 nm, which was attributed to the n-7* transition of
C=0 and the m-7t* transition of C=C (Fig. 4A).*” As shown in
Fig. 4A and C, strong green photoluminescence in water can be

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Optical spectra of the fluorescent CDs. (A) UV-vis absorption (Abs), emission (Em, Aex, = 396 nm), and excitation (EX, Aem = 512 Nm) spectra
of CDs in aqueous solution. Inset: photographs of the CDs in aqueous solution under (B) visible light and (C) 365 nm ultraviolet light. (D)
Fluorescence emission spectra (with gradually longer excitation wavelengths from 340 nm to 460 nm in 20 nm increments) of the CDs.

observed for the CDs, with an optimal emission peak at 512 nm.
The full width at half-maximum is 96 nm,*** suggesting
a relatively small size distribution of the CDs; this is consistent
with the TEM data. The insets in Fig. 4B and C display photo-
graphs of the CDs obtained under visible and UV light (365 nm),
respectively. To further investigate their optical properties, the
fluorescence spectra of the CDs were recorded at gradually
increasing excitation wavelengths in 20 nm increments
(Fig. 4D). A gradual red shift, altered fluorescence intensity with
increasing excitation wavelength, and two emission peaks (less
than 400 nm) can be observed; this can be explained by the
“edge red-shift effect” and a dependence on the excitation
wavelength. In addition, the fluorescent CDs gave two peak
emissions (i.e., 480 nm and 512 nm) when excited at wave-
lengths lower than 380 nm. At these low excitation wavelengths,
the energy was strong enough to excite two types of chromophores
for emission. Meanwhile, at high excitation wavelengths (400 to
460 nm), the energy decreased and was no longer able to excite the
chromophores with 360 nm maximum excitation, resulting in
a single-peak emission at 512 nm (green fluorescence).” For
reference, the quantum yield (QY) of the as-synthesized CDs using
Rhodamine 6G was measured to be 13.9%.%

3.2 Conjugating folic acid to CDs

The amino groups on the CDs were covalently conjugated with
the carboxyl groups of FA through a classical cross-linking

2.5

reaction (Scheme 1B).** As shown in Fig. 5A, the resulting FA-
CDs exhibited characteristic absorption peaks of FA at 283 nm
and 346 nm,*" indicating the successful functionalization of FA
onto the surface of the CDs. The folic acid in FA-CDs was
quantified by the contrast method by measuring its character-
istic absorption at 283 nm. We determined that the amount
of folic acid conjugated onto the CDs was approximately
464 pg mg~ . In addition, the successful functionalization of FA
onto the surface of the CDs was supported by the FTIR spectra
(Fig. 5B) and the TEM (Fig. 6A) and zeta potential measure-
ments (Fig. 6B).*>™* The FTIR spectra of pure folic acid revealed
the characteristic absorption peak at 1694 cm ', which corre-
sponds to C=0 stretching from ~-COOH, 1640 cm™ ", indicating
C=0O0 stretching from -CONH,, and 1607, 1516, 1485 cm ',
which correspond to the phenyl and pterin rings.** The FA-CDs
showed not only the characteristic peaks of the CDs themselves
but also peaks at 1694 cm™' (C=0), 1606 and 1511 cm ™’
(phenyl and pterin rings) indicative of FA, supporting the
successful conjugation of FA to the CDs.*>*® Moreover, the N-H
bending vibration peak disappeared from the FTIR spectrum of
the CDs. Importantly, the characteristic absorption peak at
1607 cm ™' of the phenyl skeleton in the FA-CDs FTIR spectrum
had a wider peak width, which is due to the coupling reaction of
amide 1. In the FTIR spectrum of the FA-CDs, bands were also
observed at 1396 cm ™" and 1178 cm ™' (C-O-C stretching); these
may be due to the formation of acid anhydride bonds between
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Fig.6 (A) TEM image of the FA-CDs. (B) Zeta potential distributions of
the CDs (top) and FA-CDs (down).

FA and the CDs. These results show that the folic acid molecules
were successfully bonded to the surface of the CDs. Further-
more, the conjugated FA-CDs were mostly between 5 and 8 nm
in diameter, while the CDs were between 2 and 5 nm. Mean-
while, the zeta potentials of the CDs and FA-CDs were deter-
mined to be —22.4 + 0.90 and —15.0 = 0.30 mV (pH 7.4),
respectively, suggesting the loss of the carboxylic acid groups
upon surface passivation.”” This indicates that successful
conjugation of FA was achieved on the CDs. To further confirm
that the product FA-CDs was not a mechanical mixture, the
excess FA was removed by dialysis until the outside solution of
the dialysis membrane did not give any characteristic signal
of FA.

3.3 Photostabilities of CDs and FA-CDs

It is well known that photoluminescence (PL) stability is
important for the application of fluorescent carbon nano-
materials.*” After 6 months of storage at 4 °C, the fluorescence
intensity of the carbon dots remained at 99%, revealing the
excellent dispersibility and strong PL of the CDs (Fig. S1, ESIT).
Moreover, the CDs show exceptional photostability, and the PL
intensity remained almost constant under continuous irradia-
tion at 360 nm with a Xe lamp for 60 min (Fig. S2, ESIt). The
fluorescence stability is comparable to or even better than that
of most available reported carbon dots (Table S2, ESIT); thus,
our carbon dots are a good option for use in bioimaging
applications. Meanwhile, under the same experimental condi-
tions, the fluorescent CDs conjugated with folic acid also exert
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excellent photostability, even better than that of the fluorescent
CDs. The effects of pH and common cellular cations on the PL
stability of the CDs and FA-CDs were further examined. As
shown in Fig. 7A, deprotonation of amino groups occurred on
the surface of the CDs with increasing pH, and a “protective
shell” with negative charge was formed gradually on the surface
of CDs with lower non-radiative recombination rates.*®* This
gave rise to an increase in the PL intensity of the CDs. However,
when the pH was greater than 5.0, deprotonation of amino
groups on the surface of the CDs occurred, and a uniform
“protective shell” was formed. The observed PL intensity
remained almost constant. For the folic acid-conjugated fluo-
rescent CDs, the effect of pH on the PL intensity was basically
constant in the pH range from 4.0 to 9.0. As shown in Fig. 7B,
common cations (Na*, K*, Ca**, Mg®*) did not give rise to radical
changes in the PL intensity of the FA-CDs; the error was less
than 10%. In addition, the effects of common cellular
substances on the fluorescence CDs and FA-CDs were investi-
gated; these substances exhibited no considerable interference
(error < 10%) (Fig. S3, ESIt). These results revealed that not only
the fluorescent CDs but also the FA-CDs are quite stable; thus,
they are promising for biological applications.>

3.4 Uptake of FA-CDs into HepG-2 cells by folate receptor
mediation

The fluorescent FA-CDs were investigated for imaging FR+
HepG-2 cancer cells***® by confocal laser scanning microscopy
(CLSM). The background fluorescence and auto-fluorescence
from the HepG-2 cells did not affect the cell imaging (Fig. 9A
and B) at an excitation wavelength of 405 nm, and the cells
incubated with FA-CDs (1000 pg mL™", 4 h, 37 °C) displayed
bright green fluorescence emission (Fig. 9D). Meanwhile, the
cells did not show bright fluorescence on the nucleus; however,
they did show bright fluorescence on the membrane and in the
cytoplasm (Fig. 9D). In addition, irregular fluorescence bright
spots were observed in the cytoplasm due to irregular distri-
bution of FR, FA-CDs or both in cells. These results indicated
that FR is mainly present in the cancer cell membrane and can
effectively deliver the CDs functionalized with the ligand FA into
the cells via receptor-mediated endocytosis.'* More importantly,
the standard MTT assay showed that the cell viability was above
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(A) Effects of pH within the normal physiological range on the fluorescence of CDs and FA-CDs (Aex/em = 396/512 nm). (B) PL spectra of

FA-CDs in the presence of different metal ions with concentrations of 2.5 mM Mg?*, 0.5 mM Ca?*, and 50 mM Na* and K*.
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80% after 24 h incubation with the CDs and was above 85%
after 24 h incubation with the FA-CDs even at the highest
concentrations (1000 pg mL ") (Fig. 8), demonstrating that the
FA-CDs have low cytotoxicity and good biocompatibility.

As shown in Scheme 2, the uptake of FA-CDs into the cancer
cells by receptor-mediated endocytosis shows green fluores-
cence, which may be ascribed to specific binding of the FA-CDs
to the folate receptors of the cancer cells. To better understand
the specific adsorption of folic acid-conjugated carbon dots on
the cell surface, we performed competition experiments to
compare the fluorescence imaging behavior of FA-CDs incu-
bated with cells. On the one hand, we compared to the fluo-
rescence imaging behavior of FA-CDs incubated with and
without pre-treated cancer cells using free FA. Some HepG-2
cells were incubated with FA-CDs for 4 h at 37 °C, while other
HepG-2 cells were pre-treated with free FA (1 mg mL ") for 1 h
and then incubated with FA-CDs under identical conditions. It
was observed that the untreated cells displayed bright green
fluorescence (Fig. 9C) compared to the pre-treated cells (Fig. 9D)

140+
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80+
60 -
40+
20+

= CDs
== FA-CDs

Cell Viability (%)

10/50 25/150 50/300 100/600 200/100
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Fig. 8 Viability of CDs and FA-CDs in HepG-2 cells after incubation
with CDs and FA-CDs for 24 hours (the viability of the cells without
CDs or FA-CDs is defined as 100%), respectively. The results are the
mean + SD of five separate measurements.

FA-CDs pretreated
with FA

Excess FA

Fig. 9 Fluorescence images of HepG-2 cells under different condi-
tions. (A) HepG-2 cells (control). (B) HepG-2 cells incubated with
excess FA at 37 °C for 4 h (another control). (C) HepG-2 cells pre-
treated at 37 °C for 1 h with excess FA and then incubated with FA-CDs
(1 mg mL™Y) at 37 °C for 4 h. (D) HepG-2 cells incubated with FA-CDs
(1 mg mL™Y at 37 °C for 4 h. Bright field images of (E—H) for the
corresponding samples were recorded. Scale bar, 20 pm.
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Scheme 2 Schematic of the fluorescent FA-CDs for imaging FR+
cancer cells.

throughout the cytomembrane, which is closely located around
the cytoplasm. This observation indicates that the FA-CDs have
effectively enhanced accumulation in cancer cells, which may
be attributed to the specific binding between FA and the folate
receptors on the surface of the cancer cells. On the other hand,
a comparison of the fluorescence imaging behavior of the FA-
CDs incubated with a non-cancerous cell line (PC-12 cells)
and cancer cells (HepG-2 cells) was also carried out to further
understand the specific adsorption of folic acid-conjugated
carbon dots on the cell surfaces (Fig. 10). It was found that
the PC-12 cells (Fig. 10A) did not express FR and displayed very
weak fluorescence compared to HepG-2 cells (Fig. 10D) incu-
bated with FA-CDs. The weak fluorescence is likely related to
non-specific binding of FA to the folate receptors of the extra-
cellular surface of the non-cancerous cells because FR expres-
sion mainly occurs in cancer cell membranes. On the basis of

Bright field

Merge

HepG-2 PC-12

MCF-7

Fig. 10 Comparison of fluorescence images for different cell samples
in the presence of FA-CDs (1 mg mL™Y). The (A) PC-12, (D) HepG-2,
and (G) MCF-7 cells incubated for 4 h with FA-CDs at 37 °C, respec-
tively. The images of (B, E, and H) bright field, and (C, F, and ) the
overlay for the corresponding samples were recorded. Scale bar,
20 pm.
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the above results, the uptake of FA-CDs in cancer cells appears
to be due to specific binding to folate receptors on the surface of
the cells.

3.5 Cell targeting imaging performance of FA-CDs

To understand the effects of FA on targeting ability, FA-CDs
(1 mg mL™") were incubated with PC-12, HepG-2, and MCF-7
cells® for 4 h, respectively, followed by fluorescence micros-
copy imaging (Fig. 10). The results showed that MCF-7 cells
(Fig. 10G) exhibited much stronger fluorescence than HepG-2
cells (Fig. 10D) and simultaneously displayed green fluores-
cence on the nucleus, while PC-12 cells (Fig. 10A) showed very
little fluorescence. This implies that the observed fluorescence
in MCF-7 and HepG-2 cells was indeed generated by the FA-CDs,
further supporting the receptor-mediated endocytosis of the
FA-CDs. These results also indicate that the FA-CDs may serve as
a potential tool for characterizing the different FR-expressing
abilities of various types of cancer cells.

The feasibility of FA-CDs to distinguish FR-positive cancer
cells in a cell mixture with normal cells was evaluated by co-
culturing model cell mixtures of MCF-7 respectively with
HepG-2 and PC-12 cells.”® First, the model cell mixtures were
prepared by co-culturing MCF-7 cells respectively with HepG-2
and PC-12 cells in identical culture dishes for 12 h. Then, the
cell mixtures were incubated with FA-CDs for 4 h and subjected
to fluorescence imaging analysis. As shown in Fig. 11, the MCF-
7 cells generated brighter green fluorescence than the HepG-2
cells, while the PC-12 cells displayed almost no fluorescent
signal. The difference in fluorescent signals was obviously
consistent with the fact that MCF-7 cells overexpress FR (FR++)
and HepG-2 cells highly express FR (FR+) while PC-12 cells lack
FR (FR-), therefore demonstrating the capacity of the FA-CDs to
identify FR-positive cancer cells in cell mixtures with normal
cells. These results confirm that the designed FA-CDs system is

Bright field

Merge

HepG-2 + MCF-7

HepG-2 + PC-12

Fig. 11 Fluorescence images of different cell mixture samples. (A) A
cell mixture of HepG-2 and MCF-7 cells after incubation for 4 h with
FA-CDs (1 mg mL™). (D) HepG-2 and PC-12 cells incubated with FA-
CDs (1 mg mL™Y) at 37 °C for 4 h. Bright field images (B and E) and (C
and F) overlays for the corresponding samples were recorded. In the
images (B and E), the white arrows indicate HepG-2 and PC-12 cells,
respectively. Scale bar, 20 pm.
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applicable to the simple differentiation of FR++ cancerous cells
from FR+ cancerous cells and from FR— normal cells.

3.6 Comparison of the performance of folate receptor-
targeted fluorescent CDs

We further compared the as-prepared folic acid conjugated-
fluorescent CDs with those currently reported (Table S1, ESIT).
Among these folic acid conjugated-fluorescent CD systems, the
fluorescent CDs had complex preparation methods, poor lumi-
nescence behaviour, or both. Obviously, the QYs of the reported
folate receptor-targeted fluorescent CDs are less than 10%. In our
work, the as-prepared green fluorescent CDs were prepared by
a one-pot method using the natural product dandelion as the
carbon source. Good luminescence behaviour and high QYs were
demonstrated compared to the reported systems. In addition, the
constructed FA-CDs exhibited excellent targeting imaging
performance for simple differentiation of FR++ cancerous cells
from FR+ cancerous cells and from FR— normal cells. Overall, the
performance of the prepared CDs-based assay is comparable to or
even better than those reported in the literature.

4 Conclusions

In summary, folate receptor-targeted green fluorescent CDs were
prepared via covalent conjugation of folic acid on the surface of
CDs for specific anchoring to the nucleus of MCF-7 cancer cells
and the cytoplasm of HepG-2 cancer cells, respectively. The
receptor-mediated endocytosis, expression level of FR, and
target recognition of cancer cells of the fluorescent FA-CDs were
clearly demonstrated by contrast and comparative experiments
with MCF-7, HepG-2, and PC-12 cells involving confocal laser
scanning microscopy imaging. The highlights of this system are
the use of the natural product dandelion as the carbon source,
the facile synthesis of green fluorescent CDs with high quantum
yield (13.9%), and the covalent conjugation of FA-CDs for
differentiating cancer cells from normal cells. Moreover, the FA-
CDs demonstrate not only targeting of cancer cells in the cyto-
plasm and nucleus but also excellent photostability for fluores-
cence imaging; this may provide an effective tool for cancer
detection and prognosis as well as individualized treatment.
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