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Abstract

Herein, dual-emission carbon dots (CDs) were facilely prepared, CDs have a narrow size distribution, and the mean particle
size is about 3.5 nm. CDs exhibit good water dispersibility and can emit intense green fluorescence under 365 nm UV light
in an aqueous solution, which can be stable in different conditions. CDs used as ultrabright fluorescent probes for highly
sensitive self-monitoring of pH on account of ratio of dual fluorescence intensities (/335 nm/Is,, nm) against the pH vari-
ation from 2.5 to 12.0. The CDs exhibit cell permeable properties and a distinct pH-sensitive/excitation-independent PL
emission feature, yielding significantly an optical probe for intracellular pH sensing and multicolor imaging of live HeLa
and MDA-MB-231 cells with micron lateral resolution. Besides, MTT assay revealed the cell viability did not change upon

treatment with CDs probe during 36 h.

Keywords Ratiometric - Carbon dots - pH sensing - In vitro/in vivo cellular barcoding - HeLLa and MDA-MB-231 cell

bioimaging

Introduction

Carbon dots (CDs) as an important class of zero-dimensional
photoluminescence (PL) nanomaterials in carbon family
comprise a strongly fluorescent, non-toxic, non-blinking,
oxygenous carbon nanoparticles and have been the subject
of extensive research over the past decade with great analyti-
cal and bioanalytical potential [1-7]. On account of inherent
advantages such as low cost, reduced toxicity, and excellent
biocompatibility [5—8], number of researches based on CDs
usance drastically increased. In the context of analytical
chemistry, by controlling the functionalization step a specific
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chemical reactivity of the nanoparticle allows it to act as
a chemical sensor [8, 9]. Instance, CDs in most literatures
just have blue fluorescence, which substantially limit their
applications and developments owing to the general blue
autofluorescence of biological substrate and photo-damage
of biotic organization under UV excitation light [10]. By
contrary, green and red emissive CDs are advantageous
for their applications, especially in the biomedical fields,
which show low tissues damage in organizations [11]. Con-
ventional fluorescent strategies principally were based on
measuring the absolute increase or decrease in the intensity
changes of a solely responsive signal which was readily per-
turbed by numerous experimental conditions, including [12,
13] environment (such as temperature and pH), the influence
of the sample concentration, equipment effects (like pho-
tobleaching and background light), and other factors.

Surprisingly, on account of self-calibration capability,
ratiometric fluorescent measurement [14—17] is able to can-
cel out environmental fluctuations and provides an intrinsic
rectification for external interference, specially terminat-
ing fluctuations of the excitation light intensity by calcu-
lating emission intensity ratio at two different wavelengths
[15-19].

Recently, optical tracking of pH, especially, using fluo-
rescence probes has been the subject of extensive research
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[20-26] over the other methodologies due to high sensitiv-
ity, intrinsic selectivity and the distinct capacity for rapid,
real-time monitoring advantages of fluorescence probes
[24-34]. Furthermore, pH monitoring inside living cells is
very important for investigating physiological and pathologi-
cal processes, because intracellular pH has an influential role
in many essential biological processes; specially it is vital in
early cancer theranostic [33—41].

Herein, in continuation of our recent study for synthe-
sis and applications of carbon dots for sensing/biosensing
of various biomarkers and bioimaging of different cells [2,
42-44], we report successful preparation of a dual PL emis-
sion CDs. The proposed CDs were synthesized based on
hydrothermal reaction at 60 °C using hydroquinone, eth-
ylenediamine and ammonium as precursors. The resulting
CDs show not only fluorescence emissions at two dominant
locations under different excitation wavelengths, but also
two emission peaks under a single excitation wavelength are
observed. Interestingly, these two emission peaks respond to
pH changes relatively with opposite tendency, which enables
the prepared CDs to be a potential ratiometric probe for pH
sensing without the necessity to integrate with other fluores-
cent dyes. This ratiometric fluorescent pH-probe was able to
cancel out environmental fluctuations by tracking emission
intensity ratio at two distinct wavelengths, being robust and
stable enough for detection of pH. We examined the feasibil-
ity of using excitation-independent PL. CDs to construct a
ratiometric fluorescence assay for HeLa and MDA-MB-231
cell multicolor imaging in both in vitro and in vivo cellular
imaging.

Experimental
Materials

All chemicals are from commercial sources and are of ana-
lytical grade. Chemicals including ammonium oxalate, hyd-
roquinone, and ethylenediamine were obtained from Sigma-
Aldrich without further purifications. The dialysis membrane
with molecular weight cutoff (MWCO) 1 kDa was acquired
from Fisher Scientific. Reagents for cell culture, Dulbecco’s
Modified Eagle Medium (DMEM), Minimum Essential
Medium Eagle (MEM) and fetal calf serum were purchased
from Life Technologies Holding Pte Ltd. Acetone, metha-
nol, Ethanol and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) were acquired from Sinopharm
Chemical Reagent Co., Ltd.

Apparatus

Optical absorption and emission measurements were taken
on stirred CDs solutions. Optical absorption spectra were
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measured with a Varian Cary 5000 UV-Vis—NIR absorption
spectrometer, Agilent Technologies, USA. Fluorescent emis-
sion and excitation spectra were measured on a Varian Cary
Eclipse Fluorescence Spectrophotometer, Agilent, USA,
at ambient conditions. Fourier transform infrared (FTIR)
spectra were obtained on a Bruker Tensor 27 spectrometer
(Bruker, Karlsruhe, Germany) using KBr pellets prepared
from the samples. Transmission electron microscopy (TEM)
and high-resolution TEM (HR-TEM) observations were per-
formed on a Tecnai F20 microscope. X-ray photoelectron
spectroscopy (XPS) was performed on an Thermo Scien-
tific ESCALAB 250 spectrograph with Al/Ka as the source.
Binding energy calibration was based on Cls at 284.6 Ev.
All pH measurements were taken with a basic pH meter
PB-10 (Sartorius Scientific Instruments Co., Ltd., Beijing,
China). The absorbance for 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was carried
out using a Tecan’s Infinite M200 microplate reader at wave-
length of 490 nm.

Synthesis of CDs

In a typical experiment, 0.5 g of hydroquinone and 0.5 g
of ammonium oxalate were added to 10 mL of water and
rapidly dissolved to form clean homogeneous solution and
then 500 pL ethylenediamine droplets were added to the
solution under vigorous stirring for 3.0 h (a pale yellow saf-
fron colored solution). Then 1.0 mL H,SO, was added to
the solution after being heated at a 60 °C for another 7.0 h.
The mixture was then transferred into a 50 mL Teflon-lined
autoclave. After being heated at a 180 °C for 12 h, the auto-
clave was cooled down to room temperature naturally. The
room-temperature-cooled CDs solution was collected from
supernatant by extracting the large dots over centrifugation.
Consequently, the small carbogenic nanoparticles were
acquired after being purified by dialyzing against deionized
water via a dialysis membrane for 24 h to pull out the extra
precursors. The suspension seemed homogeneous saffron
and was freeze-dried until powder and reserved in the dark
for more characterization and usage. The influence of carbon
source precursor and various parameter affecting the CDs PL
properties is investigated as follow.

Optimization of CDs synthesis condition

A series of isomers including small oxygenous aromatic ben-
zenediol (catechol (0-C¢HgO,), resorcinol (m-C¢HgO,) and
hydroquinone (p-C4H4O,), respectively) were selected as the
carbon precursor for the fabrication of CDs. The hydrother-
mal-assisted method is a comparably easier way to perform,
if assisted with specialized reaction precursors in advance.
As reported in earlier studies, sulfuric acid was used as
dehydrator in the hydrothermal heating reaction. In order
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to find the efficient volume of H,SO, (0.25 mL, 0.5 mL,
0.75 mL, 1.0 mL and 1.5 mL) were added into a solution
of 0.5 g of benzenediol isomers in 10 mL H,O. Between
different H,SO, volumes, 1.0 mL resulted high-quality fluo-
rescent CDs. Then the small carbogenic nanoparticles were
obtained after being purified by dialyzing against deionized
water through a dialysis membrane for 24 h to remove the
excess precursors. After hydrothermal-assisted heating, the
color of the mixture solution turned to yellow saffron or dark
green (under UV illumination), indicating the formation of
CDs [31]. Some other acids like nitric acid, phosphoric acid
and hydrochloric acid were also tried as the catalyst instead
of sulfuric acid. Considering the optical characteristics in
term of emission wavelength position, the same fluorescent
product was only observed in the one with phosphoric acid.
But, He quantum yield of product using phosphoric acid
(12%) as catalyst was not as much as that using sulfuric acid
(29%). Then, the effect of reaction time on the preparation of
CDs was investigated. For simple mixing reaction of precur-
sors at 60 °C 10 h and more showed the same results, so 10 h
used in continue. All of the produced CDs that showed two
distinct and excitation-independent emission characteristics
PL spectra for benzenediol series are different in peak posi-
tion and shape despite a little, detailed information listed in
Table S1. After dialysis of the resultant synthesis solution,
the output of p-CDs (hydroquinone--derived CDs) was used
for characteristics and analysis.

Cell cultures

HeLa and MDA-MB-231 cells were cultured in cell cul-
ture flasks containing Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum, 100 U mL™! penicillin,
100 pg mL~! streptomycin, and 100 U mL~! L-glutamine.
Culture flasks were maintained in a humidified incubator at
37 °C with 5% CO,. When at confluence, HeLa and MDA-
MB-231 cells were enzymatically dispersed using trypsin-
ethylenediamine tetra acetic acid (EDTA) and then plated on
the different polymer substrates at a concentration of 20 000
cells cm~2. Cells were fixed for 20 min at room temperature
in 4% paraformaldehyde and 4% sucrose in 0.12 M sodium
phosphate buffer, pH 7.4.

Cytotoxicity investigation of CDs

Before pH monitoring experiments, we evaluated the cyto-
toxicity of CDs by performing the (MTT) assay on the HeLa
cells after 12, 24, and 48 h of incubation with and without
the CDs. HeLa cells were seeded in a 96-well plate that
contained Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, invitro-
gen). The cells were cultured first for 24 h in a humidified
atmosphere containing 5% CO, at 37 °C. Then, different

concentrations of the CDs solution were added into each
well, followed by incubation for 24 h. PBS buffer was used to
wash samples three times and then every cell well received
fresh culture medium containing 20 uL MTT (5 mg mL ™),
followed by an additional 4-h incubation period. The cul-
ture medium was then removed, and the obtained mixtures
were dissolved in 100 pL. DMSO and shaken for 10 min. A
Microplate Reader Model was used to measure the optical
density (OD) of the mixture at 450 nm.

Fluorescence measurement and bioimaging of HelLa
and MDA-MB-231 cells

To investigate the pH-sensitive behavior of CDs, 20 pL of
the freshly prepared CDs solution (0.05 mg mL™!, 5 mL)
was diluted by 5 mL double distilled water, and PL was
measured. HCI (2 M) or NaOH (2 M) was used to adjust the
pH of the resultant CD aqueous solution; then, the fluores-
cence spectra of the mixture were recorded after equilibrated
mixed solution for 5 min through vibrating. 300 uL quartz
cell with a 1 cm of optical length was employed for the fluo-
rescence measurement under the excitation of 310 nm. The
titration curve of ratiometric signals (R =1334/154,) versus pH
values was plotted. In order to evaluate the reversibility of
the resultant CDs, the solution pH was assorted between
4.0 and 11.0 in a cyclic mode, and the intensity ratios were
calculated.

HeLa cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) cell culture medium containing 10% fetal
bovine serum, penicillin (100 U mL™"), and streptomycin
(100 mg mL~") under a humidified atmosphere with 5%
CO, at 37 °C. For the pH bioimaging, cells were plated into
96-well plate at 37 °C for 1 day. After they washed with
PBS (0.1 M, pH 7.4), for in vitro HeLa bioimaging, the cells
were fixed with 4% paraformaldehyde at room temperature
for 10 min. Afterward, formaldehyde was removed and the
cells were again washed with PBS and allowed to incubate
with 10 pL of CDs solution with distinct pH for 20 min.
Thereafter, the adhered cells were washed thrice with PBS
to remove the CDs that were not taken up into the cells. The
multicolor imaging of nanosensor loaded cells was simul-
taneously collected from blue channel (FITC), green chan-
nel (the oxidation product of HE), and red channel (SiO2@
QD) in the wavelength ranges of 510-570, 600-670, and
730-800 nm, respectively.

For live HeLL.a and MDA-MB-231 cells, they were seeded
at a density of 1x 10* cells per well into 96-well microti-
ter plates, and grown in high glucose Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fetal bovine serum,
80 pg mL~! streptomycin, and 80 U mL™! penicillin. After
being incubated at 37 °C under 5% CO, for 24 h, the cul-
ture media was replaced with fresh one containing the CDs
(0.05 mg mL~") and further cultivated for 30 min. Three
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replicate experiments were performed for each value. The
applicability of proposed CDs for in vitro ratiometric sens-
ing was investigated by internalizing carbon dots into HeLa
cells and their PL monitoring as a function of the intracel-
lular pH using confocal fluorescence microscopy.

Results and discussion
Physicochemical characterization

The preparation of CDs was conducted in aqueous solution
medium,; first, polymer-like CDs were formed; then, they
converted to carbonized CDs with high photoluminescent
activity. As it is obvious from Fig. 1a, CDs are in spherical
shape with an average size of ~ 3.5 nm (Fig. la, inset) and
the particle size distribution is in the range of 2.0-6.0 nm
(Fig. 1a, Inset). Furthermore, the selected area electron-dif-
fraction (SAED) result (Fig. 1b) corresponded to the high
crystallinity and displayed a ring pattern. Furthermore, we
demonstrated the significant impact of such fluorophores
nanostructures on the optical properties of CDs and revealed
their footprint by studying the excitation-independent emis-
sion characteristics and the trends in CDs 2D PL plots. Par-
ticularly, the emission spectra of an aqueous solution of the
CDs are featured of Aex independent fluorescence (Fig. 1c¢),

Fig.1 a HR-TEM image of

the CDs and the particles size
distribution histogram (inset). b
The selected area electron-dif-
fraction (SAED) result pattern,
¢, d PL spectra and 2D fluores-
cent matrix scan of CDs in H,O
and acetonitrile solvents

Persentage (%)

Fl. In.

showing dual, narrow, and nearly symmetric peaks at 336
and 540 nm with the maximum intensity at Aex 270 and
excitation of 430 nm for 540 nm emission. This highlights
that the emission in CDs arises from two emission centers,
(1) the surface groups localized in CDs surface are domi-
nant (second emission band at 540 nm), (2) while the core
ascribed emission (336 nm) in encapsulated structure with
lower intensity. The optimum emissive center of CD sam-
ple remains at 336 and 540 nm under 310 nm excitation. In
order to investigate the origin of fluorescence in CDs and
confirm the luminescent center of CDs, specified 2D fluores-
cent matrix scan was performed (Fig. 1c, d) in aqueous and
acetonitrile as solvents with different polarities.

As it is clear from Fig. lc, d, dual emissions of CDs are
related with an identical phenomenon. Based on the 2D
fluorescent map, a symmetric ellipse area of core which is
encapsulated in matrix region produces the first emission.
The second fluorescent center at 540 nm with an emission
tail into longer wavelength is assigned to the intrinsic energy
level of N-related defect state between surface bands [33];
this phenomenon was observed in acetonitrile as other inves-
tigated solvents.

The FTIR spectroscopy of synthesized CDs confirmed the
presence of the oxygen-containing groups (O-H, -COO-,
C-0, C=0, epoxy), C—H, C=C along with the nitrogen-
containing, heteroatom-bound N—H and N-C groups in the
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surface state and chemical framework of the CDs (Figure
S1A). Detailed information was reported in ESI. Figure S1B
shows the absorption, excitation and PL emission spectra of
CDs. The main absorption peak centered at 243 and 282 nm
with highest energy level (sp? carbogenic network) is well
fitted with z—z* transitions of the graphitic “core state”
[34-37]. The second and third absorption band centered at
341 nm (n—7* transition of carbonyl groups) is assigned to
n—x* transition arising from edge transition of CDs. The
“edge band” of CDs was reported in most cases before,
which refers to those atoms at the edge within the crystal-
lized carbon core, especially in some blue emitting CDs
[37]. The third broad absorption band arises from 453 nm
and extends to longer wavelength composed of a group of
low energy absorption tail bands. It is considered as the
“surface band” of CDs due to the adherence of functional
groups to the edge [34]. Likewise, the emission spectrum
can be mainly divided into two areas. At the same time, the
first fluorescent center of CD comes out when the excita-
tion descends to ~300 nm, corresponding to z7—z* transition
from core state in CD. Figure S1C shows the normalized
PL spectra for CDs, as it is obvious the PL centers are exci-
tation independent. Thus, the existence of multiple fluo-
rescent centers in PL plot starts giving rise to a possibility
of multi-excitation options for the acquisition of expected

luminescence. The CDs can be tentatively considered to be
composed of dual-emission centers, one which covering UV
region and the other localized in visible region. In the X-ray
photoelectron spectroscopy survey (Fig. 2a—d) of the CDs
observed three peaks at 284.0, 401.0 and 533 eV are con-
sidered as the Cls, N1s and Ols binding peak, respectively
[38]. Detailed information was reported in ESI.

Optical properties of CDs and their application
in ratiometric pH sensing

The excitation-independent green emission PL property
makes CDs product very potent in fabricating sensing sys-
tems with a wide range of applications. The PL properties
should be calibrated, so we first investigate the sensitivity
and robustness of the CDs solution products toward pH
variations. Fluorescent spectra of CDs with two emission
wavelengths at different pHs were recorded under 310 nm
excitation wavelength. Changes in intensity (/335 nm//s,, nm)
can serve as ratiometric probes for microenvironment moni-
toring of the pHs levels with high sensitivity (Fig. 2e, f).

In contrast to most of the reported nanomaterial-based
ratiometric pH sensors which count on the coupling of
additional dyes, these CD-based ratiometric probes were
free from labels. However, it may be deducing that the
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Fig.2 Entire XPS scanning spectrum of the CDs. Survey scan (a),
the high-resolution C 1s (b), N 1s (c¢), and O 1s (d) XPS spectra.
PL spectra of the CDs in aqueous solution as a function of pH (e)

290 355 420 485 550 615 680
Wavelength (nm)

290 355 420 485 550 615 680
Wavelength (nm)

from 2.5 to 7.5 and (f) from 8.0 to 12.0 (insets of e and f) are total
PL changes for CDs versus pHs values upon titration with HCI and
NaOH from 2.5 to 7.5 and 8.0 to 12.0, respectively, at lex=310 nm
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emission in UV region is probably not from CDs but from
the molecular precursors; to clarify the origin of this emis-
sion, we investigate the emission of precursors; the results
showed that there is no PL emission for dihydroxybenzenes
and showed that CDs with dual emission formed through
a thermal reaction. Also, purification of CDs by dialyzing
against deionized water through a dialysis membrane was
conducted for 24 h to remove any molecular species such as
the molecular precursors and molecular intermediate during
the synthesis. Also, the PL spectra of molecular precursors
screened for comparison to explore the distinct origin for
UV-emission.

Both of the emissions at 336 and 540 nm were appeared
when CDs excited at 310 nm. These dual emissions were
pH sensitive, and then we applied this novel kind of
label-free CDs for intracellular ratiometric fluorescence

pH sensing. Furthermore, the PL emission of CDs nano-
probe at whole interval divided into two distinct regions as
illustrated in Fig. 2e, f. The emission peak position (336,
and 540 nm) remained almost unchanged; however, the
PL intensities are found to be significantly altered with
pH. The distinct PL emission of CDs nanoprobe at distinct
analytical pH includes 3.5, 6.5 and 10.5 represented in
Figure S2A. Figure S2B illustrates the ratiometric total
PL changes for CDs versus pH values from 2.5 to 12.0
at lex =310 nm. Furthermore, the colorimetric profile of
CDs solution at five distinct pHs under UV illumination
is shown in Figure S2C. The clear and well mature PL
emission for produced CDs was observed in UV region for
all benzenediol isomers showed CDs with dual emissions
formed successfully (Fig. 3).
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The effects of temperature, photoradiation
and ionic strengths on PL stability of CDs

The long-term stability of the CDs solution was investigated
with pH titration of the sample after 4 months of shelf time.
The data show no evident aging effect on the CDs pH sen-
sitivity. So, due to high stability of CDs in polar environ-
ment, their ability for ratiometric pH sensing was evaluated.
The fluorescence intensities of the as-prepared CDs toward
extreme pH, temperature, high ionic strengths in solution
and illumination with a Xe lamp were measured (Figure S3
(A, B, C). The PL intensity of CDs was almost unchanged
under continuous excitation of at least 30 min with a Xe
lamp or being kept for 4 months at room temperature, which
demonstrates the excellent photostability of these CDs (Fig-
ure S3-A). The influence of different ionic strengths on the
PL intensity of CDs was evaluated in NaCl solution with
varying concentrations from O to 1.0 M. As shown in Fig-
ure S3-B, the high stability of the CDs even under extreme
ionic-strength conditions to use these CDs in salt solutions
such as buffers will be beneficial.

The effect of temperature on the PL properties of CDs
was also investigated in aqueous solution from 5 to 50 °C
(Figure S3-C). The temperature-induced PL quenching

Fig.4 Colorimetric profile of
CDs solution at distinct pH at
normal condition (a) and under
UV (b) illumination (365 nm). ¢
Growth inhibition assay (MTT)
toward HeLa cells incubated
with CDs (for low doses (1)

0.1 mg mL™"), medium (2),
(0.25 mg mL™"), and high (3)
doses (0.5 mg mL™") at different
time intervals. d Reversible
normalized PL ratio (F33¢/Fs4)
changes of the CDs between

pH 4.0 and pH 11.0 when pH
varied with HCl and NaOH
solutions repeatedly
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results were suggested to be highly related to the enhanced
nonradiative relaxation. More details reported in Sl file. In
Fig. 4a, B the digital photograph of CDs solution in normal
light and under UV illumination shows this color changes
more clearly. To investigate the pH-sensitive behavior of
the prepared CDs, the solution pH was assorted between
4.0 and 11.0 in a cyclic mode and the intensity ratios were
determined. The CDs also displayed excellent reversibility
and photostability during pH change, indicating robustness
and sensitivity of these CDs against extreme pH fluctua-
tions (Fig. 4c), due to stability and inherent characteristic
of fast protonation/deprotonation process of CDs as fluo-
rescent probe. Meanwhile, the color of the CDs aqueous
solution along with pH variations shows drastic changes,
it is darkened in strong acidic pH, and then showed light
yellow saffron color in middle pH; then by increasing the
pH to basic region the light yellow saffron turned to yel-
low brown gradually. The pH dependent properties may
be attributed to aggregation of the synthesized CDs by
their surrounding carboxyl groups at lower pH, resulting
in the fluorescence quenching for surface-related emission
band. This phenomenon also confirms that the hydrophilic
carboxyl groups are present on the surface of N-doped
CDs. Also this phenomenon may confirm the reversibility
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of formed aggregations. The high pH sensitivity in PL
properties of the CDs implies their surface state would
be mostly responsible for their PL emission. As shown in
Scheme 1a, based on FRET phenomenon for two active PL
centers as donor (core) and acceptor (surface groups), the
more probable mechanism may originate from protona-
tion/deprotonation reactions of surface functional groups.
The reason for this differential sensitivity may lie in the
fact that the CDs are known to contain multiple emissive
states that may respond differently toward different envi-
ronmental conditions, which is pH change in this case.
The presence of ionisable surface functional groups, like
—COOH, —OH and —-NH, as shown by FTIR, can generate
surface states that may give rise to pH-sensitive emission
wavelengths. The z-conjugated electron level governs the
excitation [45, 46] wavelength of CDs, while the emission
wavelength is affected by the vibration relaxation from sur-
face functional groups [45, 46]. The remarkable effect of
pH on the PL intensity in such a broad pH range indicates
partly the overpowering presence of easily ionized -NH,
and —COOH groups compared to C=0 and-OH groups
of CDs resulted in surface charge change due to protona-
tion—deprotonation. We found this result very interesting,

Scheme 1 The scheme shows
the underlying possible emis-
sion mechanism in dual PL
center CDs

though the exact mechanism of this pH sensitivity is apart
from the outlook of this article and presently under study.

MTT assay

For further biological application, we first evaluated CDs
cytotoxicity toward HeLa cells using a standard MTT col-
orimetric assay. These cell lines incubated with the CDs at a
higher dosage of 0.5 mg mL ™! than that used for bioimaging
in live cells, for 12, 24 and 48 h, showed cellular viabilities
(was more than 95% below 0.01 mg mL~" and more than
85% even at a high concentration of 0.4 mg mL™" of CDs)
(Fig. 4d), demonstrating that the CDs are low toxic for live
cells.

Cellular imaging and biosensing of pH in fixed
and living cells

In order to probing the reactivity of the CD-based nano-
probes in a cell system, we explore the intracellular pH
measurement on nigericin (used for homogenizing the
intracellular pH and culture medium)-treated HeLa and
MDA-MB-231 cells. Then, to explore the intracellular pH

(g}
Excitation

Core absorption
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sensing capabilities of the as-synthesized CDs, we incubated
live MDA-MB-231 and HeLa cells with CDs for 30 min
followed by a washing step and observed the internaliza-
tion of the CDs. For fixed cells, by titrating the PBS with
NaOH or HCl solutions (0.1 M) the pH was changed. Then,
15 min after titration solution addition, the images of the
cells have been obtained under identical excitation and col-
lection conditions. The obtained changes for Iy,o/Lycc, and
Iyue/1eq» indicate progressive dimming, the blue PL of CDs,
and their interactions with the cell membrane, according to
standard calibration curve for cell-free system. The fluores-
cence images of the HeLa cells stained with CDs overlaid
with their respective bright field are shown in Fig. 5a. In
comparison of fixation methods toward living cell imaging,
fixation has advantages such as protection of morphology
and tissues from bio-degradation; there are some disadvan-
tages as fixation will break off some chemical process inside
the cell and alter chemical environment regarding that in
living sample. In Figs. 5b and 6a, we show confocal images
of a living HeLa and MDA-MB-231 cell stained with CDs
15 min after the exposure to a 3.0x 10~® mM nigericin solu-
tion, to homogenize the surrounding medium using the HY/
K*, overlaid with the respective bright-field pictures. The
cells were observed to have a remarkable strong intracellu-
lar blue, green and red fluorescence emission when imaged
under different channels, indicating that the CDs were read-
ily taken up by the cells (Figs. 5b, 6a).

Ratiometric responses to pH

According to the color changes in cell images, the general
trends of the average intracellular pH upon increment of pHs
values, in agreement with its expected for two different cell
lines, show the progressive enhancement of the green and
red emission with exposure pHs, while the PL of cores did
not change or diminish by elevating the pHs values.

This suggests that a ratiometric sensor can be constructed
using both blue and green fluorescence as reporting sig-
nal. As depicted in Figs. 5b and 6a, the bright-field imag-
ing reflects the state of cells survival and further confirms
that the prepared CDs display good biocompatibility. The
obtained images in Fig. 6a clearly show a high-contrast fluo-
rescence image of CDs distributed around cytoplasm. Fig-
ure 6a also shows that the fluorescence signals are from the
perinuclear regions of the cytosol, indicating that the CDs
can label both the cell membrane and the nucleus of MDA-
MB-231 cells. The different channel fluorescence intensi-
ties showed that the CDs can work in the physiological and
extreme acidic and basic pH conditions. For confirming
the importance of CDs pH response, the PL ratio curves of
(Lgreen/Tpue) @and (Leg/ly1ye) versus pH of MDA-MB-231 cells
were recorded (Fig. 6b, c), using RGB Color Picker soft-
ware (installed on HTC camera cellphone). The images were

Bright field

Blue channel Green channel | Red channel Yellow channel | Overlay

Bright field Blue channel Overlay Red Channel Overlay

Fig.5 a Confocal images of fixed Hela cells stained with CDs
(2.5 pgmL7™"y at increasing pHs collected under 4 excitations, overlay
of confocal images and bright-field images. The scale bar is 25 pm
for all panels. b Confocal fluorescence images of living HeLa cells
incubating with 0.05 mg mL~' CDs in the presence of nigericin at
different pHs value. Scale bar represents 25 pm. The fluorescence
images of first, second, and third column were collected in blue
channel (430—490 nm, lex=365 nm), green channel (500-550 nm,
Aex =405 nm), and red channel (650-700 nm, Aex =635 nm)

collected using the blue, green and red detector channels
of the confocal microscope (Fig. 6b, c). These sets of data
show the progressive emergence of the green and red lumi-
nescence by increasing pH (pH interval from 2.0 to 12.0), in
agreement with the sensing behavior observed in the ensem-
ble measurements. The color ratio of emitting spots in differ-
ent pHs values was measured and plotted versus pH changes
which yielded a linear graph. The fluorescence intensity was
quantified for each image using Color Picker software. As
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Fig.6 a Confocal fluorescence
images of living MDA-

MB-231 cells incubating with
0.05 mg mL™! CDs in the
presence of nigericin at different
PHs value. Scale bar repre-
sents 25 pm. The fluorescence
images of first, second, and
third column were collected

in blue channel (430—490 nm,
Aex=365 nm), green channel
(500-550 nm, Aex =405 nm),
and red channel (650-700 nm,
Aex =635 nm). b, ¢ Calibra-

tion curve of intracellular pH
sensing by using CDs probe for
MDA-MB-231 cells in term of
ratio of PL emission intensity
(Igreen/Iblue) and (Ired/Iblue) versus
pH. The data are expressed as
the mean + SD of three separate
measurements
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illustrated in Fig. 6b, the average fluorescence intensity ratio
of I .4/l 1,e» increased with the increasing pH values.

Conclusion

In summary, a simple method for synthesis of CDs with
unique optical properties and its application as probe for rati-
ometric sensing of pH was developed. The dual fluorescence
intensities (I35, nm/Is,, nm) changed during pH changing
from 2.5 to 12.0. Furthermore, the biocompatibility and
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highly brightness of the CDs are inherent advantages of rati-
ometric sensing. The proposed CDs used not only as feasible
probe for pH sensing ratiometrically, but also they can be
used in bioimaging. Since the proposed pH sensor features
favorable photostability and low cytotoxicity in broad pH
detection range (ca. 2.5-12), it can be used for long-term
visualization of pH dynamic changes in living cells. The
intracellular pH sensing has been demonstrated through con-
focal measurements on fixed and living HelLa and MDA-
MB-231 cells in controlled pH conditions. We expect that
the outstanding brightness, little or no toxicity and emission
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characteristics of CDs probes, will greatly simplify detection
of pH with low-cost portable fluorescence detection instru-
ments, which is of highest importance for early detection of
diseases in point of care diagnostics.
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