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Imaging Cancer Cells Expressing the Folate Receptor with
Carbon Dots Produced from Folic Acid
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Development of new imaging tools for cancer cells in vitro
and in vitro is important for advancing cancer research, eluci-
dating drug effects upon cancer cells, and studying cellular
processes. We showed that fluorescent carbon dots (C-dots)
synthesized from folic acid can serve as an effective vehicle for
imaging cancer cells expressing the folate receptor on their
surface. The C-dots, synthesized through a simple one-step
process from folic acid as the carbon source, exhibited selectiv-
ity towards cancer cells displaying the folate receptor, making

Introduction

Specific staining of cancer cells is an important goal in cancer
research, as it enables direct investigation of cell biology,
varied cellular processes, and the effects of therapeutic treat-
ments."! Intensive efforts have been directed towards develop-
ment of chemical compounds that would target and selective-
ly label cancer cells.? Fluorescent dyes, in particular, have
been widely used as vehicles for cell labeling.** Fluorescent
semiconductor nanoparticles (often termed quantum dots),
have also been extensively used in recent years for cell label-
ing.”) Quantum dots, however, comprise cell-toxic elements
(such as cadmium and arsenic) in many instances and usually
require functionalization designed to make the particles bio-
compatible.”

Another notable challenge for employing fluorescent dyes
and nanoparticles for cell labeling is to accomplish cell specific-
ity. Means for cell targeting have generally focused on modifi-
cation of the fluorescent markers with recognition elements
and ligands designed to bind on cell-surface receptors.” The
folate receptor, in particular, overexpressed on the surface of
different types of cancer cells,”*" has been employed as a dock-
ing site for both therapeutic agents and fluorescent dyes.”'”
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such cells easily distinguishable in fluorescence microscopy
imaging. Biophysical measurements and competition experi-
ments both confirmed the specific targeting and enhanced
uptake of C-dots by the folate receptor-expressing cells. The
folic acid-derived C-dots were not cytotoxic, and their use in
bioimaging applications could aid biological studies of cancer
cells, identification of agonists/antagonists, and cancer diag-
nostics.

Folate (or its acid form, folic acid) is essential for all cell func-
tioning, and this metabolite is found in high levels in many
cancer cells. Accordingly, folic acid was conjugated to varied
dyes and fluorescent nanoparticles and used for imaging of
cancer cells.”"""¥ However, the construction of folic acid-cou-
pled labels often involves demanding synthetic processes that
often exhibit low reaction yields.

Carbon dots (C-dots) constitute newly discovered fluores-
cent nanoparticles exhibiting great promise as bioimaging
agents. C-dots are quasi-spherical nanoscale (<10 nm) parti-
cles"™ and have attracted significant research interest due to
their unique structural and photophysical properties and appli-
cations in nano-biotechnology."™ C-dots are particularly advan-
tageous for biological applications, as they are biocompatible
and potentially less cytotoxic than semiconductor quantum
dots. Moreover, C-dots are chemically stable and display broad
excitation/emission spectral ranges and low photobleaching,
which are favorable characteristics for bioimaging applica-
tions.'"®"”" A particularly attracting property of C-dots has been
the observation that they can be produced from a wide variety
of carbon sources, providing the means to modulate their
structural properties."®*” We have recently synthesized C-dots
that are covalently linked to hydrocarbon chains and demon-
strated their use for cell imaging applications.™ ' C-dots were
previously coupled to folic acid and employed as conduits for
cell labeling;"*'® however, as indicated above, such synthetic
schemes are chemically elaborate.

Here, we present a simple strategy for construction of fluo-
rescent C-dots that target cancer cells through the use of folic
acid as the carbon source in C-dot synthesis. The C-dots were
synthesized in a simple single-step process without conjugat-
ing folic acid with the prepared C-dots, as pursued in previous
studies."? We showed that the folic acid-derived C-dots could
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selectively stain folate receptor-expressing cancer cells by tar-
geting the folate receptors on the cell surfaces. Indeed, quanti-
tative analysis confirmed the direct relationship between the
extent of cell labeling and the abundance of folate receptors.
We demonstrated that the newly designed C-dots could facili-
tate identification of agonists/antagonists for the folate recep-
tor, thus aiding the development of new cancer therapeutics.

Results and Discussion
Synthesis and characterization

The C-dots were prepared by a simple one-step synthetic
route in which folic acid was mixed with NaOH and heated to
90°C to induce carbonization (Figure 1A). Synthesis was car-
ried out under basic conditions, as folic acid is sparingly solu-
ble at acidic pH levels. During the carbonization process, the
reaction mixture changed color from pale yellow to brown and
eventually to dark brown, indicating the formation of carbon
dots. Statistical analysis of particle sizes extracted from trans-
mission electron microscopy (TEM) data in Figure 1B indicated
that the synthesized C-dots exhibited a narrow size distribution
at approximately 3.5+0.6 nm. A high-resolution TEM (HR-TEM)
image (Figure 1C) underscored the crystalline graphitic organi-
zation of the C-dots, displaying an in-plane lattice spacing of
0.215 nm, corresponding to the [110] planes of graphite.”®
Raman scattering data corroborated the presence of graphitic
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carbon as the most prominent component of the C-dots (Fig-
ure S1 in the Supporting Information).

The spectroscopic data in Figure 1E and F further illuminate
the C-dots’ structural and photophysical properties. The ultra-
violet-visible absorption spectrum of the C-dots (after separa-
tion from the reaction mixture and removal of unreacted sub-
stances) features a strong peak around 280 nm, corresponding
to the m—m* transition of the aromatic sp? carbons within the
C-dots’ core. Importantly, the shoulder at approximately
360 nm was ascribed to folic acid residues that were not car-
bonized and displayed upon the C-dots’ surface." The excita-
tion-dependent emission spectra in Figure 1F indicate that,
unlike most C-dot systems reported thus far, the emission peak
remained at a constant wavelength of ~450 nm and did not
shift upon excitation at different wavelengths. The absence of
excitation-dependent emission shifts, depicted in Figure 1F,
might be attributed to a relative uniformity of surface function-
alization, resulting in narrow distribution of surface energy
states.””3” Figure 1F also shows that the highest luminescence
intensity was recorded upon excitation at 365 nm; a fluorescent
quantum yield of 9% was calculated with respect to quinine
sulfate as a standard. The excitation-dependent emission spec-
tra were independent of the solution pH (Figure S2).

X-ray photoelectron spectroscopy (XPS) analysis (Figure 2) il-
luminated the different functional groups displayed upon the
C-dots’ surface. Corroborating the reaction Scheme in Fig-
ure 1A, the raw XPS data (Figure 2A) depicted peaks corre-
sponding to carbon, nitrogen, and oxygen. The
carbon 1S spectrum in Figure 2B showed peaks at
284.8 and 287.4 eV, corresponding to C=C and C-OH
groups, respectively”™ In the case of nitrogen,
a peak at 399.3 eV for C-N and/or C=N groups was
recorded, and another signal at 400.2 eV correspond-
ed to the N-O group (Figure 2C). The oxygen 1S
spectrum in Figure 2D revealed a peak at 531.2 eV,
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attributed to the C=0 group, and at 532.2 eV for
O=C-OH and/or C-OH groups (Figure 2D). Fourier-
transform infrared (FTIR) analysis similarly showed
the presence of different carbon-bonded, nitrogen-
bonded, and oxygen-bonded units arising from the
synthesis pathway utilizing folic acid as the reagent
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Figure 1. Carbon dot synthesis from folic acid and characterization. A) Scheme depicting
one-step synthesis of the C-dots. B) Transmission electron microscopy (TEM) imaging of
the C-dots. C) High-resolution TEM (HR-TEM) image of a C-dot showing the [110] crystal-

line graphitic planes. D) Histogram depicting the size distribution of the C-dots, extracted

from the TEM experiment. E) Ultraviolet-visible (UV/Vis) absorption spectrum of the C-
dots in aqueous solution. F) Emission spectra recorded under different excitation wave-
lengths; the inset shows a digital image of the C-dot solution illuminated by a UV lamp.
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for C-dot formation (Figure S3).

The colloidal stability of the synthesized C-dots
under physiological conditions was assessed. The re-
sults (Figure S2) indicated that the C-dots were stable
for weeks without undergoing precipitation and deg-
radation. Luminescence analysis pointed to very low
photobleaching (Figure S4). These properties under-
score the potential for using folic acid-derived C-dots
in biological studies.

Cell imaging

The objective of this study was to achieve specific
microscopic imaging of cells displaying the folate re-
ceptor through incubation with newly designed C-
dots, synthesized from folic acid as the carbon source

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. X-ray photoelectron spectroscopy (XPS) of the C-dots. A) XPS raw data showing the carbon, nitrogen, and oxygen elemental signatures. B) Deconvo-
luted C 1s spectrum. C) Deconvoluted N 1s spectrum. D) Deconvoluted O 1s spectrum.

(Figure 1A). Figures 3 and 4 show the results of fluorescence
confocal microscopy experiments demonstrating application of
the C-dots for selective imaging of cancer cells, depending
upon the extent of folate receptor expression. The experiments
depicted in Figure 3 examine the fluorescence labeling of rep-
resentative cell lines exhibiting different degrees of folate re-
ceptor expression, following incubation with the folic acid-de-
rived C-dots. Indeed, the fluorescence microscopy data in Fig-
ure 3 A underscore the remarkable cell selectivity of the C-dots.
Specifically, HeLa and SKOV3 cells, which overexpress the
folate receptor,”™ displayed the most pronounced fluores-
cence intensity, consistent with surface binding and uptake of
the C-dots by the cells (Figure 3 A, top). HepG2 and MCF7 cells,
on the other hand, were fluorescently labeled to a lesser
degree (Figure 3A, middle), and these cell lines exhibit
medium or low folate receptor expression.®*" Notably, CHO
and A549 cells, which are deficient in folate receptor expres-
sion on their surface,®3? were scarcely fluorescently labeled
following incubation with the C-dots (Figure 3 A, bottom).

The emission intensity plot in Figure 3B, which was calculat-
ed from the confocal cell images in Figure 3A, provided
a quantitative measure for imaging specificity by the C-dots.
As apparent in Figure 3B, the order of recorded fluorescence
intensity indeed reflects the relative expression of the folate re-
ceptor by the cells, providing evidence that cell imaging is re-
lated to specific binding to the cells by the folic acid-derived
C-dots. A quantitative analysis in which C-dot fluorescence was
recorded following cell lysis (Figure S5 A) gave rise to similar re-
sults, demonstrating a direct relationship between cell uptake
of the fluorescent C-dots and the degree of folate receptor ex-
pression upon the cell surface.

To further confirm that the selective cell labeling apparent in
Figure 3 was indeed directly related to production of the C-
dots from folic acid, we also examined cell labeling by using
C-dots that were prepared from different carbon sources
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(Figure 4). Specifically, when we incubated Hela cells with C-
dots prepared from a 6-O-(0-O'-di-lauroyl-tartaryl)-p-glucose
precursor™ or from arginine, significantly lower fluorescence
intensities were observed in the confocal microscopy images
(Figure 4B and C), which were also reflected in the correspond-
ing emission intensity plot (Figure 4D). Similar results were ob-
tained in the quantitative analysis by cell lysis (Figure S5). The
lower fluorescence signals in Figure 4B and C were not related
to variations in the quantum yield (The C-dots prepared from
arginine and 6-O-(0-O'-di-lauroyl-tartaryl)-p-glucose precursor
were found to exhibit quantum yields of 21 and 4.7 %, respec-
tively) but are rather indicative of lesser cell uptake of C-dots
that were not prepared from folic acid. The fluorescence mi-
croscopy images in Figure 4A-C and the corresponding statis-
tical analysis in Figure 4D clearly show that folate residues con-
stitute the essential factor for cell targeting and uptake of the
C-dots.

Figure 5 presents the results of a competition assay in which
free folic acid was co-added to the cell medium. The data in
Figure 5 nicely demonstrate the use of the C-dot labeling
assay for evaluation of potential agonists/antagonists directed
to the folate receptor. Specifically, the bar graph depicts the
fluorescence intensity (1.,=365nm; A.,=450nm) recorded
when Hela cells were first incubated with different concentra-
tions of free folic acid, prior to addition of the folic acid-de-
rived C-dots. Indeed, Figure 5 shows a pronounced inverse cor-
relation between the extent of fluorescence emission signal
and the concentration of free folic acid, that is, less staining of
the Hela cells with the C-dots was observed when higher con-
centrations of free folic acid were added.

A similar trend was apparent when a lower concentration of
C-dots was used (Figure S6), or when the free folic acid and C-
dots were mixed prior to addition to the cells (Figure S7). Im-
portantly, no inhibition of cell staining was apparent when the
cells were pre-incubated with glucose instead of folic acid (Fig-
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Figure 3. C-dots used for fluorescence microscopic imaging of cells expressing the folate receptor to different degrees. A) Confocal fluorescence microscopy
images of different fix cells incubated with the folic-acid derived C-dots for 6 h. Left images correspond to fluorescence microscopy (A., =405 nm, A.,, =445/
460 nm), and right images correspond to bright-field images of the cells. Scale bar: 10 um. B) Emission intensity plot calculated through summation of the

fluorescence intensity associated with the cells.
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Figure 4. Cell labeling by using different types of C-dots. Confocal microscopy of fixed HeLa cells incubated with C-dots prepared from A) folic acid, B) argi-
nine, and C) 6-0-(0-O'-di-lauroyl-tartaryl)-p-glucose precursor (A.,=405 nm, A.,,=445/460 nm). The bright field images are shown at right. Scale bar: 10 um.

D) Emission intensity plot calculated from the confocal microscopy images.
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Figure 5. Folic acid competition assay. Fluorescence emission intensity

(Aex =365 nm, 1., =450 nm), recorded following incubation of the folic acid-
derived C-dots with Hela cells in media containing different concentrations
of free folic acid. *p < 0.05, ***p < 0.001

ure S8), confirming that blocking of the folate receptor by free
folic acid was the underlying reason for the reduction in fluo-
rescence signals outlined in Figure 5.

An important advantage of C-dots over other cell staining
substances currently in use (such as inorganic quantum dots)
is their biocompatibility and low cytotoxicity. To assess the
effect of the folic acid-derived C-dots upon cell viability, we
carried out an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay (Figure 6). The results of the MTT
assay indicated that the C-dots exhibited low toxicity up to
a substantial concentration (1.2 mgmL™). It should be noted
that a much lower C-dots concentration of around 0.2 mgmL™
was required for the cell imaging experiments depicted in Fig-
ures 3 and 4.
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Figure 6. Cell viability in the presence of the C-dots. MTT cytotoxicity assay
results. *p < 0.05 vs. the control (no carbon dots), **p <0.01 vs. the control
(no carbon dots)

Conclusions

Selective imaging of cancer cells expressing the folate receptor
on their surface was achieved by C-dots prepared from folic
acid as the carbon source. The C-dots were synthesized in
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a simple single-step process without conjugation of free folic
acid; spectroscopic data confirmed the display of folic acid res-
idues on their surface. Fluorescence microscopy and quantita-
tive analyses demonstrated that the folic acid-derived C-dots
effectively targeted cells expressing the folate receptor on
their surface, thereby providing a means for selective micro-
scopic imaging of cancer cells. Competition experiments fur-
ther indicated potential use of the C-dot assay for assessing
the activity of folate receptor agonists and antagonists. Of par-
ticular importance is that the folic acid-derived C-dots were
not cytotoxic; this opens avenues for cancer cell imaging and
analysis.

Experimental Section

Materials: Folic acid, dialysis tubing (benzoylated, MWCO~
2000 Da), RPMI-1640 folate free media, and methylthiazolyldiphe-
nyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich,
and sodium hydroxide was purchased from Frutarom (Haifa, Israel).
Fluoroshield solution was purchased from Immunobioscience (Mu-
kilteo, WA).

Synthesis of carbon dots: Folic acid (100 mg ) was mixed with
water (5mL), and sodium hydroxide solution (400 uL, 20 m) was
added to the folic acid solution. The whole solution was then
heated at ~80-90°C for 1.5 h. The resulting solution color was
changed from light yellow to brown, indicating formation of
carbon dots. The solution was dialyzed against water by using a
dialysis membrane for purification of resulting carbon dots and re-
moval of unreacted reagents.

Quantum yield measurement: The QYs of the samples were mea-
sured by using quinine sulfate as the reference (QY=58% at A=
340 nm)." The formula used for QY measurement is as follows:

(PLarea/OD)Sm ~ 77__3,m

(QY)sm = (QY)st (PLaea/OD)s 775,

in which Sm indicates the sample, St indicates the standard, # is
the refractive index of the solvent, PL,., indicates the fluorescence
area, and OD indicates the absorbance value.

Analytical methods: High-resolution transmission electron micros-
copy (HRTEM) samples were prepared by putting a drop of a nano-
particle solution on a graphene-coated copper grid and observing
with a 200 kV JEOL JEM-2100F microscope. UV/visible absorption
spectra of carbon dots in aqueous solutions were measured on
a JASCO V-550 UV/visible spectrophotometer. Fluorescence emis-
sion spectra were recorded on a FL920 spectrofluorimeter and
a Varioskan plate reader. X-ray photoelectron spectroscopy (XPS) of
dried carbon dots was performed on an X-ray photoelectron spec-
trometer ESCALAB 250 ultrahigh vacuum (1x107° bar) apparatus
with an Aly, X-ray source and a monochromator. The X-ray beam
size was 500 um, survey spectra were recorded with pass energy
(PE) 150 eV, and high-energy resolution spectra were recorded
with PE 20 eV. The XPS results were processed with the AVANTGE
program.

Cell experiments: Cells were plated in 24-well tissue culture plates
on glass coverslips. After 24 h, a carbon dots solution (ca. 60 uL;
2.5mgmL™") at pH 7 was added to each well, and the cells were
incubated for 6 h. The cells were subsequently washed with phos-
phate-buffered saline (PBS; 3x) times to completely remove un-
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bound C-dots, fixed with 2.5% formaldehyde solution, followed by
washing with PBS, and the cover slip was mounted on glass slides
by using Fluoroshield solution.

For quantitative comparison analysis of cellular uptake of C-dots in
different cell lines, cells were cultured in 24-well plates overnight.
Then, 200 uL (2.5 mgmL™") samples were incubated for 6 h. Cells
were washed carefully to remove excess sample. Cells were then
treated with lysis buffer for 10 min to disrupt cell membranes and
free the C-dots. Finally, emission spectra were measured.

For the competition assay of cellular uptake of C-dots in Hela cells
in the presence of different amount of folic acid in the cell culture
medium, we cultured cells in RPMI medium containing varying
amounts of folic acid (1-110mgL™") for 24 h, then cells were
seeded in 24-well plates overnight, and measurements were per-
formed as done previously with different concentrations of C-dots.

For the glucose competition experiment, cells were cultured in
RPMI medium with varying concentrations of free glucose (7-
ZOgL") for 24 h and seeded in 24-well plates overnight, then
measured by following the same procedure with a fixed concentra-
tion of C-dots.

For cytotoxicity studies, cells were incubated in 96-well plates with
different concentrations of samples for 24 h. The cells were subse-
quently washed with PBS, followed by incubation with MTT solu-
tion for 1 h. The crystals were dissolved in DMSO, and absorbance
was measured at 560 nm. The optical density was related to cell vi-
ability by assuming 100% viability for the control sample without
C-dots.

Statistical analysis: All experiments were performed in triplicate,
and the outcomes of one representative data set are reported. The
data are presented as the mean+SD. Statistical differences in the
studied parameters between the samples were analyzed by using
ANOVA with the Tukey-Kramer post-test using Prism 5 software
(GraphPad Software Inc.). P values less than 0.05 were considered
significant.
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