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One-step microwave synthesis of red-emissive
carbon dots for cell imaging in extreme acidity and
light emitting diodesT
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Ahmed Mohammed Ali Abdulkhaleq, Jie Zhang™ and Xibin Zhou (2 *

Red emissive carbon dots (R-CDs) have received great attention in biological fields due to their deep tissue
penetrability, great bioimaging capability, low interference from auto-fluorescence, and potential for
optoelectronic applications. Herein, excitation-independent, highly acid-sensitive R-CDs were
successfully obtained via one-step microwave treatment of o-phenylenediamine (o-PD) and phosphoric
acid and carefully purified by column chromatography. The relationship between the fluorescence
emission and surface groups of the R-CDs was studied in detail using XPS, NMR, and fluorescence
spectroscopy, and the different mechanisms of action of the R-CDs and acid in H,O and ethanol were
determined. The excellent anti-interference ability and biocompatibility of the R-CDs were confirmed,
and the probes were successfully used for imaging A549 and Escherichia coli (E. coli) cells in extreme
acidity. Finally, based on their relatively high quantum yield and long wavelength emission, the
application potential of the R-CDs in the fabrication of red light-emitting diodes (LEDs) was investigated.

1. Introduction

Fluorescent carbon dots (CDs), an emerging carbon-based
fluorescent material, have attracted continuous attention.
Owing to their superior properties of high photostability, easy
surface functionalization, good biocompatibility, low toxicity,
and facile synthesis, CDs have good application prospects in
various fields, including chemical sensing, medical diagnosis,
drug delivery, bio-imaging, catalysis, and optoelectronic
devices."® There are a variety of approaches to prepare CDs,
such as hydrothermal, solvothermal, ultrasound treatment, and
microwave methods. With the advantages of simple equipment,
short reaction time, and low cost, the microwave route has
attracted increasing interest for synthesizing CDs.*™

However, most CDs emit blue or green light with shorter
wavelengths;'*** red- and near-infrared (NIR)-emissive CDs,
which are essential for biomedical applications and optoelec-
tronic device fabrication, are scarce. To date, some strategies
toward red- or NIR-emissive CDs have been developed. For
instance, Gao et al. reported a one-pot hydrothermal method to
synthesize red-emissive CDs, which were successfully used in
bioimaging and biosensing.™ Liu et al. prepared red-emissive
B, N, S-co-doped carbon dots that showed an emission peak at
600 nm with a quantum yield (QY) of 5.44% via a hydrothermal
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treatment."” Huang et al. obtained red CDs with strong fluo-
rescence emission at 615 nm using a solvothermal method.*®
These CDs had a time-consuming formation process and low
quantum yield, which restrict their further application. There-
fore, it is still a great challenge to prepare red-emissive CDs (R-
CDs) with simple operation, short reaction time, and high yield.

pH is well known to be an important physiological parameter
in biological processes, and pH homeostasis plays a crucial role
in maintaining the normal morphology and function of living
organisms.””'* Abnormal pH values are often associated with
common diseases including cancer*>® and Alzheimer's
disease,* among others. Furthermore, the average extracellular
pH of some tumor cells is slightly lower than that of normal
tissue cells.”” The measurement of pH variation in living cells is
of great significance for better understanding cellular functions
as well as for providing crucial assistance for the early diagnosis
of many diseases.**** Thus, various methods and techniques for
intracellular pH sensing have been developed, and in particular,
CD-based fluorometry has attracted attention in pH measure-
ment owing to its advantages of high selectivity, rapid response,
operational simplicity, and non-invasiveness.>***

Recently, R-CD-based fluorescent pH probes have been
developed for the accurate measurement of pH for bio-analysis
invitro and in vivo. Guo et al. prepared red-emissive lithium-ion-
functionalized CDs that showed high optical sensitivity within
the pH range of 1.0-4.5 and were applied to pH sensing.”” Sun
et al. developed red-emitting CDs with an NIR fluorescence peak
of up to 620 nm via microwave synthesis using p-phenylenedi-
amine as the carbon source. The CDs have a pH-dependent
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response that covers the pH range from 5.0 to 10.0 and were
used to image pH values and ferric ions in Escherichia coli (E.
coli).?® Ye et al. fabricated a two-photon (emission peaks at 640/
690 nm) fluorescent pH probe that exhibited a pH-sensitive
response in the range of 1.0-9.0 and was applied to the
imaging and biosensing of pH variation in living cells, tissues
and zebrafish.” Most of the known fluorescent pH probes that
have been exploited are suitable for responding to near-neutral
or weak acidic conditions in biological systems. There are
relatively few fluorescent probes for detecting pH in strongly
acidic conditions (pH < 4). Generally, it is difficult for the
majority of living organisms to survive in extreme acid condi-
tions. However, there are a large number of microorganisms
including acidophiles and Helicobacter pylori that can live in
such difficult conditions.?***' Moreover, some common enteric
pathogens such as E. coli and Salmonella species have evolved to
adapt to the highly acidic environments of human and animal
stomachs, and produce life-threatening infections.** Addition-
ally, in some eukaryotic cells, acidic organelles and vesicles play
key roles in secretory and endocytic pathways. Maintaining an
acidic pH within these individual organelles and vesicles is
critical; otherwise, they may lose function, leading to diseases.*®
From a medical treatment and diagnosis point of view, it is
necessary and meaningful to develop novel fluorescent probes
for monitoring the intracellular pH in extremely acidic
conditions.

Recently, the preparation of CDs using o-phenylenediamine
(0-PD) as a carbon source has attracted the attention of many
researchers;**** 0-PD can not only dope the CDs with nitrogen
atoms to improve their optical properties but also modify the
CD surface with amino groups, enabling CDs to detect pH,
identify substances, etc.**** However, to the best of our knowl-
edge, there have been no reports on the direct microwave-
method preparation of R-CDs using o-PD as a carbon source
to detect extremely low pH values by fluorescence
enhancement.

In this work, we employed o-PD as the carbon source to
synthesize NIR-emissive CDs directly using a facile microwave
method (Scheme 1). The as-prepared R-CDs showed excitation-
independent emission peaks in different solvents. The effect of
acidity on the R-CDs was investigated in detail. The obtained R-
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Scheme 1 Synthetic scheme for R-CDs and their applications.
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CDs selectively, visually and accurately detected pH in condi-
tions of extreme acidity. Their response mechanism is dis-
cussed. In view of their outstanding optical properties, the R-
CDs can be successfully applied to cellular imaging at
extremely acid pH in vitro and to constructing red light-emitting
diodes (LEDs).

2. Experimental

2.1 Reagents and materials

Dimethyl sulfoxide (DMSO), o-phenylenediamine (o-PD), 2,3-
diaminophenazine (DAP), trifluoroacetic acid (TFA), N,N-dime-
thylformamide (DMF), triethylamine (TEA), various inorganic
salts, amino acids and glucose were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Phosphoric acid
(HsPO,), sulfuric acid (H,SO,), acetonitrile, ethyl acetate,
acetone, acetic acid and ethanol were obtained from Tianjin
Heowns Biochemical Technology Co., Ltd. RPMI-1640 culture
medium, fetal bovine serum (FBS), and the antibiotic agents
were purchased from Hangzhou Sijiging Bioengineering Mate-
rials Co., Ltd. Trypsin (0.25%) solution and Dulbecco's phos-
phate buffered saline (PBS) were purchased from Hyclone
Biochemical Products Co., Ltd. A549 cancer cells were
purchased from the Shanghai Cell Bank of Chinese Academy of
Science (Shanghai, China). Escherichia coli (E. coli) ATCC 25922
was a gift from the First Affiliated Hospital of Jinzhou Medical
University. All reagents used in this work were obtained from
commercial suppliers and used without further purification.
Deionized (DI) water was used throughout all the experiments.

2.2 Instruments

Fourier transform infrared (FT-IR) spectra were obtained using
an IRAffinity-1 (Japan). UV-vis absorption spectra were recorded
on a Cary 50 (Varian Company, USA). All fluorescence spectra
were recorded using a Cary 300 fluorescence spectrometer
(Varian Company, USA). The morphology and size of the
prepared R-CDs were determined using transmission electron
microscopy (TEM, Talos F200X, USA FEI). X-ray photoelectron
spectroscopy (XPS) was conducted using a Kratos Axis Ultra DLD
(Kratos, UK). X-ray diffraction patterns were obtained using an
X-ray powder diffractometer (XRD, D-8, Bruker-axs, Germany).
Zeta potential, particle size, and size distribution were
measured using a Zetasizer Nano ZS90 (Malvern, Britain). Time-
correlated single-photon counting (TCSPC) data was obtained
using a Harp 300 system (Picoquant). The absolute quantum
yields were determined with a Fluoromax-4 (HORIBA, USA). 'H-
NMR spectra of the R-CDs were recorded using a nuclear
magnetic resonance (NMR) spectrometer (technologies plus-
400 Mr, Agilent company, USA); the solvents were d®-DMSO
and CD;OD, and the internal standard was tetramethylsilane
(TMS). The high-performance liquid chromatography (HPLC)
device used was a Shimadzu 15C equipped with a UV detector
(flow rate: 1 mL min~', mobile phase: 17% acetonitrile, 83%
0.1% TFA in H,0, column: Agilent XDB-C18, 250 mm X 4.6
mm, 5 um, column temperature: 24 °C, determination wave-
length: 440 nm). A global digital pH meter (FE20K, Mettler-
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Toledo Company, Switzerland) was used to measure the pH
values of the solutions. Cellular fluorescence images were
captured with a Leica TCS SP5 confocal laser scanning
microscope.

2.3 Preparation of R-CDs

The R-CDs were prepared by a microwave method. Briefly,
0.5 mL H,0 was mixed with 0.3 mL phosphoric acid in a beaker.
50 mg of 0-PD was dissolved in the above mixed solvent under
ultrasonication, after which 1.2 mL of phosphoric acid was
added and mixed well. The solution was heated in a microwave
at medium (50%) power for 7 min. The beaker was cooled to
room temperature naturally. Precipitation appeared after the
solution was neutralized with sodium hydroxide solution, and
the crude CD product was then obtained by centrifugation. The
obtained dark blue product was actually a mixture of CDs with
impurities, which could be carefully separated via silica column
chromatography. A mixture of methylene chloride, methanol,
and DMF was used as the eluent. After removing the solvent,
a dark purple solid was obtained.

2.4 Preparation of various solutions and measurements of
spectra

PBS buffer solution (100 mM) and ethanol solutions with
different acidities were prepared. Various metal ions (NaCl, KCl,
AICl,;, Zn(OAC),, FeCl,, FeCl;, MgCl,, CuCl,, CaCl,, AgNO;,
Pb(NOj3),, NaBr, KI, and NaCO;z;, 100 uM) and amino acids
(glutamic acid (Glu), aspartic acid (Asp), arginine (Arg), cysteine
(Cys), p.-homocysteine (Hcy), histidine (His), lysine (Lys), serine
(Ser), tryptophan (Trp), threonine (Thr), phenylalanine (Phe),
and glucose, 100 uM) were prepared in different pH PBS solu-
tions. 20 pL of the R-CD stock solution (1 mg mL™") was added
to the above solution, and the fluorescence and UV-vis spectra
were then measured; each experiment was repeated three times.

2.5 MITT assay and cell imaging

2.5.1 A549 cancer cells. Briefly, A549 cancer cells were
cultured in RPMI 1640 culture medium supplemented with 10%
FBS and 1% penicillin/streptomycin in a humidified CO, incu-
bator at 37 °C. The cells were trypsinized and redispersed on
35 mm culture plates, and 2 mL of the medium was combined
with 1 mL cell suspension. For the MTT assay, the cells were
inoculated on 96 well microplates for 24 h. Subsequently,
different concentrations of R-CDs (0, 1, 5, 10, 20, and 50 pg
mL ") were added to the above cells, which were incubated for
24 h. After removing the medium, 10 uL MTT (5 mg mL™") was
added to each well, and the cells were incubated for 4 h. The
medium containing MTT was removed, and 100 pL DMSO was
added to each microplate. The absorbance of each microplate
was measured at 490 nm using an infinite M200 Pro microplate
spectrophotometer.

For cell imaging, the cells were seeded on six-well plates,
which were placed in an incubator at 37 °C with 5% CO, for
24 h. The medium was removed by gentle rinsing with sterile
PBS (pH 7.4) three times. 10 ug mL ™' R-CD solutions in PBS (pH
2.0, 3.0, and 7.4) were freshly prepared, added to each plate, and
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mixed carefully. After 5 min of incubation, the residual R-CDs
were removed by gentle rinsing with PBS (pH 2.0, 3.0, and 7.4)
three times. The fluorescence images were collected with
a confocal laser scanning microscope red channel.

2.5.2 E. coli cell culture. On the basis of a method reported
in the literature,* E. coli cells were incubated at 37 °C in Luria-
Bertani (LB) culture medium (tryptone 10 g L', yeast extract 5 g
L', and NaCl 10 g L") for 17 h in a table concentrator at
180 rpm. The E. coli cells were then collected by centrifuging the
culture at 5000 rpm for 5 min. The sediment was washed with
sterile water and resuspended in solutions with different pH
values (2.0, 4.0, and 7.4) for 5 min, respectively. The probe R-
CDs dissolved in DMSO were added to every tube to give
a final probe concentration of 10 ug mL~". The E. coli cells were
incubated with the R-CDs in a table concentrator for 30 min.
Subsequently, the E. coli cells were subject to centrifugation and
washing with the buffer of the corresponding pH three times to
remove the residual R-CDs. The E. coli cells were redispersed in
the corresponding buffer, smeared on slides, and observed
using a confocal laser scanning microscope. All the images were
obtained under constant settings.

2.6 Construction of LED devices

In total, 100 mg of polyvinylpyrrolidone (PVP, MW = 10 000)
was dissolved in 10 mL ethanol. Then, 1.5 mg R-CDs was dis-
solved in 1 mL ethanol, and this solution was then added to the
above PVP solution under magnetic stirring. After the solution
was sonicated for 30 min, it was placed in an oven and dried at
40 °C for 24 h. The obtained R-CD/PVP block was ground to
obtain near-infrared luminescent phosphors. The powder was
mixed with commercial silicone (A) and curing agent (B) (A/B =
4/1) and then degassed under vacuum. The gel was then coated
on 382 nm LED chips and cured at 110 °C for 1 h to construct
red LEDs.

3. Results and discussion
3.1 Characterization of R-CDs

The R-CDs were prepared via a microwave method using o-PD as
the raw material by adding H;PO,, and then purified by silica
column chromatography using a mixture of methylene chloride,
methanol, and DMF as the eluent; the yield of purified R-CDs
was 17%. Transmission electron microscopy (TEM) was per-
formed to characterize the synthesized R-CDs. The diameter of
the R-CDs in Fig. 1a was measured using the software Nano
Measurer, and the corresponding size distribution histogram is
shown in Fig. 1b. The results demonstrated that the diameters
of the as-prepared R-CDs ranged from 2.03 to 4.71 nm, with an
average diameter of 2.97 nm. The HRTEM image (inset in
Fig. 1a) clearly exhibited a parallel lattice fringe with a spacing
of 0.31 nm, which was in good agreement with the (002) lattice
plane of graphitic carbon.***” The X-ray diffraction (XRD)
patterns of the R-CDs (Fig. 1c) showed one broad diffraction
peak centered at 26 = 26° and 9 peaks with a high signal/noise
(S/N) ratio. The peak at a 26 value of around 26° was indexed to
the (002) lattice spacing of graphite, indicating that the R-CDs
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Fig. 1 TEM and HRTEM (inset) images (a), particle size distribution graph (b), and XRD pattern (c) of the R-CDs.

have a graphite-like structure.*® The high S/N ratio of the peaks
indicated that the R-CDs had good crystallinity.*>**-** This result
indicated that the spacing between carbon dots was not
random, but presumably determined by ordered stacking or
linking between carbon dots.*® Similar XRD patterns have also
been observed in metal-organic frameworks (MOFs).*>

The surface functional groups of the R-CDs were identified
from the Fourier transform infrared spectroscopy (FT-IR) spec-
trum. As shown in Fig. 2a, the broad absorption bands at 3106-
3480 cm ™' were attributed to the stretching vibrations of O-H
and N-H.* The bands at 1405-1684 cm ™" are the characteristic
absorptions of C=C, C=N, and C=0.** The absorption bands
at 1356-1790 cm ™' correspond to the stretching vibrations of C-
N.** In addition, the stretching vibrations of P=0 are located at
884-1032 cm ™'

To further determine the elemental composition and valence
states of the R-CDs, full-range X-ray photoelectron spectroscopy
(XPS, Fig. 2b) demonstrated the presence of C 1s (285.5 €V), N 1s
(400.3 eV), O 1s (532.4 €V), and P 2p (134.3 eV), respectively.
Additionally, compositional analysis showed the presence of the
elements carbon (66.72%), oxygen (18.53%), nitrogen (10.88%),
and phosphorus (3.86%).

The high-resolution C 1s XPS spectrum in Fig. 2c¢ showed
three peaks located at 284.5, 285.8, and 287.3 eV, which corre-
spond to C=C/C-C (graphitic carbon, 46.93%), C-N (sp® carbon,
36.39%), and C=O (carbonyl carbon, 16.67%), respectively.”®
The N 1s spectrum (Fig. 2d) could be divided into three peaks.
Those at 398.9 and 401.9 eV were assigned to pyridinic N
(20.76%) and graphitic N (36.31%).”” The peak near 400.3 eV is
often assigned to pyrrolic N.*”~*° We thought that the surface of
the R-CDs should also contain amino groups. The XPS spectrum
of the 2,3-diaminophenazine standard was measured (Fig. S17),
and the N 1s spectrum of 2,3-diaminophenazine exhibited two
peaks at 399.2 and 400.2 eV, which could be assigned to
pyridinic N and amino N, respectively. The position of the
amino N peak almost overlapped with the position of pyrrolic N
reported in the literature.®® Thus, we assigned the peak at
400.3 eV in Fig. 2d to pyrrolic N and amino N (52.93%). The O 1s
spectrum (Fig. 2e) contained three peaks at 532.5, 531.4, and
533.3 eV associated with C-O/P=0 (35.11%), C=0 (38.86%), and
C-OH (26.03%) bonds, respectively.®**> The P 2p peaks at 133.8
and 134.8 eV (Fig. 2f) indicated that P mainly existed in the form
of P-O (69.37%) and P-C/P=O0 (30.63%) bonds,** which
confirmed the successful doping of phosphorus in the carbon
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Fig. 2 FT-IR spectra of o-PD and R-CDs (a). XPS survey (b) spectrum of the R-CDs. High-resolution C 1s (c), N 1s (d), O 1s (e) and P 2p (f) XPS

spectra of the R-CDs.
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dots. The results from the XPS data were in good accordance with
those of the FT-IR analysis. All these characterization data and
analyses confirmed the successful incorporation of phosphorus
and nitrogen into the R-CDs and provided convincing evidence of
the exact surface states and composition of the R-CDs.
Moreover, to determine their functional groups and struc-
ture, the R-CDs were investigated using 'H-NMR spectroscopy.
The "H-NMR spectra are shown in Fig. S2.f In the "H-NMR
spectrum of 2,3-diaminophenazine, the signals in the 6.8-
8.0 ppm region were assigned to the hydrogens on the aromatic
ring. The peak at 6.3 (in d°>-DMSO) was attributed to the amino
hydrogen, which was consistent with the data shown in the
literature.** When CD;OD was used as the solvent, the hydrogen
in the amino group could exchange with deuterium ions,
resulting in the disappearance of the peak in the 'H-NMR
spectrum. In the "H-NMR spectrum of the R-CDs, the signals
in the 9.5-10.0 ppm region were assigned to the hydrogen on
the hydroxyl group, which was consistent with the XPS results;
the spectral peaks with chemical shifts between 6.8 and 8.0
could be assigned to hydrogens on aromatic rings, indicating
that the R-CDs contained aromatic ring structures. The peak at
6.5 could be assigned to amino hydrogen, and the disappear-
ance of this peak in the "H-NMR spectrum (in CD;0D) further
indicated the presence of amino N groups in the R-CDs.

3.2 Optical properties of R-CDs and fluorescence response of
R-CDs toward acidity

3.2.1 Optical properties of R-CDs. In the course of our
experiments, we found that the R-CDs showed no fluorescence
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in neutral PBS, but showed bright NIR fluorescence in organic
solvents and in PBS (pH < 3). The effect of acidity on the R-CDs
will be discussed in detail in the next section. The UV-vis
absorption, fluorescence excitation, and emission of the R-
CDs in PBS (pH = 1) and ethanol are shown in Fig. 3a and d,
respectively. The R-CDs had an absorption peak at 285 nm
(Fig. 3a and d), which originated from the inherent state —m*
transition of the aromatic sp” orbitals (C=C) and the defect
state n-m* transition of the oxygen-containing functional
groups C=0.>>**%In the visible region, wide absorption bands
from 500-650 nm and 450-600 nm were observed, which could
be attributed to the n-mt* transitions of the aromatic sp” system
containing C=0 and C=N bonds®® or its large conjugated
structure in the carbon core.* The peak at 450-600 nm (Fig. 3a
and d) was closely fit to the maximum excitation peak, which
indicated that the emission peak at 624 nm in PBS (pH = 1) and
that at 598 nm in ethanol originated from the absorption of
450-600 nm light. These results also indicated that the fluo-
rescence of the R-CDs in solution mainly originated from the
carbon core rather than the surface functional groups,*® which
was consistent with what was reported in the literature.**

The R-CDs exhibited excitation-independent fluorescence
behavior under different excitation wavelengths in PBS (pH = 1)
and ethanol (Fig. 3b and e). Although the fluorescence intensity
varied, the peak position barely changed upon variation of the
excitation wavelength. The maximum emission wavelength of
R-CDs was 624 nm in PBS (pH = 1), while it was 598 nm in
ethanol; thus, the maximum emission wavelength was red-
shifted. The difference in the peak positions of the R-CDs in
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Fig. 3

(@) UV-vis absorption spectrum and optimal excitation and emission spectra of the R-CDs in PBS (pH = 1). (b) Fluorescence emission

spectra of R-CDs in PBS (pH = 1) under different excitation wavelengths. (c) 3D fluorescence spectra of the R-CDs in PBS (pH = 1, left) and in
ethanol (right). (d) UV-vis absorption spectrum and optimal excitation and emission spectra of the R-CDs in ethanol. (e) Fluorescence emission
spectra of the R-CDs in ethanol under different excitation wavelengths. (f) Fluorescence decay curves of the R-CDs (10 pg mL™?) in ethanol,

DMSO, and PBS (pH = 1).
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PBS and ethanol may be attributed to the interaction between
the solvent or protons with R-CDs. It has been reported that
excitation-independence and solvent-dependence indicates that
the emission of CDs is controlled by molecular state.®”””° The
results suggest that the emission of the R-CDs in this work was
controlled by molecular state rather than surface states (Fig. 3a-
e).

To further understand the fluorescence properties of the R-
CDs, their time-resolved fluorescence spectra were measured.
The fluorescence decay curve of the R-CDs was fitted using
a mono-exponential decay with a lifetime of 2.52 ns, 3.37 ns,
and 1.79 ns in ethanol, DMSO, and PBS (pH = 1) (Fig. 3f). Their
relatively low fluorescence lifetimes in ethanol and water could
be attributed to nonradiative transitions caused by hydrogen
bonding between the solvent and R-CDs. Moreover, the absolute
fluorescence quantum yield (QY) of the R-CDs (Fig. S31) was
determined to be 12.4% (in ethanol), 18.9% (in DMSO), and
13.0% (in PBS with pH = 1) under their optimal excitation
wavelength. The QYs of the majority of reported red-emissive
CDs have ranged from 2-8%;”* therefore, the R-CDs in this
work have potential for biological applications.

In addition, the stability of the R-CDs was evaluated in
a high-concentration salt solution and under continuous UV
irradiation. As shown in Fig. S4,1 changing the ionic strength
had no obvious effect on the fluorescence intensity of the R-CDs
when they were dispersed in different concentrations of NaCl
(0-1.0 mol L™"). This finding suggests that the as-synthesized R-
CDs obtained by this method can be used in various salt solu-
tions, such as buffer solutions, as well as their application
potential in biology. After being irradiated with a UV lamp for
30 min, the CDs in PBS (pH = 1) still retained 96% of their
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original fluorescence intensity (Fig. S5T), demonstrating the
excellent stability of the R-CDs.

3.2.2 Fluorescence response of R-CDs toward acidity. The
fluorescence and UV-vis spectra of the R-CDs were different in
different solvents (Fig. 4a and b). For aprotic polar solvents, the
fluorescence and UV-vis spectra were red-shifted with
increasing solvent polarity; the red shifts of the R-CDs in the
protic polar solvent ethanol were the largest. The above results
indicated that hydrogen bonding between the solvent and R-
CDs could be the reason for the red-shift of the fluorescence
and UV-vis spectra. In addition, almost no fluorescence was
observed for the R-CDs in water or in PBS (pH = 7.0). The inset
of Fig. 4b shows that the colors of the solutions were all pinks of
varying intensities under neutral conditions. When TFA was
added to the solvent, or when an acidic solvent such as acetic
acid was used to dissolve the R-CDs (Fig. 4c and d), both the
fluorescence and UV-vis spectra of R-CDs underwent a signifi-
cant red shift. Strong fluorescence also appeared in aqueous
solution as well as in PBS (pH = 1.5). The inset of Fig. 4d shows
that the color of all the solutions turned blue-violet after the
addition of TFA. This indicated that the protons interact
strongly with groups on the surface of the R-CDs. It has been
reported that o-PD can generate phenazine-type compounds
during the synthesis of CDs,**** and that the protonation of the
phenazine groups caused a significant red shift in the fluores-
cence emission.* The XPS and "H-NMR results also confirmed
that the surfaces of the R-CDs contained pyridine nitrogen and
amino groups. We suspected that the R-CDs in this work were
also protonated after the addition of TFA. To investigate this
hypothesis, the zeta potential of the R-CDs was measured before
and after acidification, and the results are shown in Fig. S6.7
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Before and after acidification, the zeta potential was +0.11 mV
and +18.83 mV, respectively, which confirmed that the R-CDs
were indeed protonated after acidification. The changes in the
fluorescence and UV-vis spectra after acidification should be
due to the protonation of the amino, phenazine, and pyridine
groups on the surface of the R-CDs. Fig. 4 also shows that both
the protonated and deprotonated states of R-CDs can exist in
various solvents.

It has been reported that the fluorescence spectrum of red
emissive carbon dots synthesized by o-PD changes under acidic
conditions. The mechanism of fluorescence change was attrib-
uted to protonation or energy level changes. However, the
effects of acid concentration and acid intensity on the UV-vis
and fluorescence spectra in different solvents, especially
organic solvents, have not been investigated in detail. In this
work, the acid-dependent behavior of the R-CDs was investi-
gated in detail to further study the mechanism of the reaction of
R-CDs with acid. The effect of protonation on the UV and
fluorescence spectra of the R-CDs in PBS and ethanol was
investigated (Fig. 5). The UV-vis absorption at 285, 560, and
611 nm (Fig. 5a) and the fluorescence intensity at 630 nm
(Fig. 5¢) gradually increased with decreasing pH in PBS solu-
tion. The inset of Fig. 5a shows the color gradient of the solution
from pink under neutral conditions to blue-violet under acidic
conditions. With increasing concentration of TFA, a new
absorption peak appeared at 625 nm and gradually increased in
the ethanol solution (Fig. 5b). The fluorescence emission peak
at 600 nm decreased with the addition of TFA (Fig. 5d), and
when the concentration of TFA reached 2.7 x 10~* mol L%, the
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emission peak at 600 nm completely disappeared. This may be
attributed to the protonation, which affected the energy tran-
sition pathway of the R-CDs.”” However, the fluorescence
spectra (Fig. 5c and d) exhibited different trends with the
addition of acid, so the effect of protonation on the energy
conversion pathway mechanism of the R-CDs may be different.
This issue will be discussed in detail in Section 3.2.3. Fig. S7t
displays the sigmoidal fitting of the pH-dependent UV-vis
absorbance and fluorescence intensity; the pK, values were
2.55 (Fig. S7at) and 2.72 (Fig. S7ct). Fig. S77 clearly shows that
the R-CDs are very sensitive to pH changes in the range of 1.5-
3.5in PBS, and it also indicates that the R-CDs are very sensitive
to the concentration of TFA in the range of 5 x 10 °-1.5 x
10~* mol L' in ethanol. To facilitate similar work to conduct
a comparative analysis by future researchers, we also have
calculated the “pK,” of the R-CDs in ethanol when TFA was used
as the added acid. In analogy to the method for the calculation
of pH in water, due to the complexity of the ionization of acids
in an organic solvent, we used —log[conc. of TFA] directly
instead of —log[conc. of H'] to calculate the “pK,”, and the
resulting values were 7.71 and 6.34 based on the results shown
in Fig. 5b and d.

We investigated the effect of lower concentrations of acid
(TFA, 0-2.7 x 10~* mol L™") on the UV-vis absorption and
fluorescence spectra of the R-CDs in ethanol (Fig. 5b and d).
Furthermore, to investigate the mechanism of the reaction of
the R-CDs with acid, we investigated the effects of higher
concentrations of TFA and more acidic acids (H,SO,) on the UV-
vis and fluorescence spectra of the R-CDs in ethanol. After the
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Fig. 5 UV-vis and fluorescence emission spectra of the R-CDs (11 ng mL™) in buffer solutions of different pH (a and c) and in ethanol with

different concentrations of TFA (b and d). Aex = 570 nm.
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Contributed to 630 nm emission.
In PBS or H,0, can be activated/enhanced by H* (pH =5 - 1).
In Ethanol, can be activated/enhanced by strong acid(H,SO,, >9.4x10* M).
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Can be quenched by TFA (0 - 2.7x10* M).

Scheme 2 Proposed mechanism of the change in the fluorescence emission of the R-CDs under acidic conditions.

concentration of TFA reached 1.48 x 10~* mol L™}, the UV-vis
and fluorescence spectra of the R-CDs in ethanol did not
change even with further adding TFA to a total concentration of
5.75 x 10°% mol L% when 0-1.12 x 10~ * mol L™ ! H,SO, was
gradually added to an ethanol solution of R-CDs, the trends in
the UV-vis and fluorescence spectra were similar to those
observed when adding TFA (Fig. S8,1 5b and d and S8a-d¥). It is
worth mentioning that in the above processes of adding TFA or
sulfuric acid to the system, the fluorescence emission peak of
the R-CDs at 600 nm was gradually quenched, while the emis-
sion peak at 650 nm was not affected. However, after the
emission peak at 600 nm was quenched, higher concentrations
of H,SO, (>9.38 x 10™* mol L") gradually converted the
emission peak at 650 nm to 630 nm, and it was continuously
enhanced with increasing acidity. Fluorescence experiments
with different excitation wavelengths for the R-CDs in the
presence of H,SO, or TFA were performed, and the results are
shown in Fig. S9.f The results indicate that the fluorescence
emission was excitation independent.

To explain the fluorescence and UV-vis differences of the R-
CDs at higher concentrations of TFA and H,SO, (Fig. S8c and
g1), and to further explore the mechanism of the reaction of the
R-CDs with acid, the experiments described below were
designed and performed.

3.2.3 Discussion of the Reaction mechanism of acid and R-
CDs. The fluorescence spectra of the R-CDs under acid-free
conditions or in the presence of 0.1 mol L' H,SO, or
0.2 mol L' TFA with a changing VH,O/Vethanol solvent ratio
were investigated (Fig. S10a—ct). The R-CDs mainly exhibited
two emission peaks at 600 nm and 650 nm in ethanol under
acid-free conditions (Fig. S10at). The fluorescence intensities at
600 nm and 650 nm gradually decreased with increasing water
content, indicating that water quenched the fluorescence of the
R-CDs under neutral conditions. Under the 0.1 mol L™* H,SO,
(relatively strong acid, pK, = —3) conditions, changing the
ethanol/water ratio only changed the intensity of the fluores-
cence, but the position of the fluorescence emission peak was
almost unchanged (Fig. S10b}). When the acidity of the solution
reached a certain level (e.g., [H,S04] > 9.38 x 10 * mol L™ " in
ethanol or pH < 5 in PBS), in both water/ethanol and PBS, only
the emission peak at 630 nm appeared (Fig. S10b, S8g,T and 5c).
Fig. S10ct shows that only the 650 nm emission peak appeared
in ethanol under the 0.1 mol L™ TFA (relatively weak acid, pK,
= 0.23) conditions, which is consistent with the results shown
in Fig. S8c.t With increasing water content, the emission peak
at 650 nm gradually shifted to 630 nm and its intensity
increased. This may be due to the greater ionization and acidity
of TFA in water, which could further protonate the R-CDs. The

28028 | RSC Adv,, 2022, 12, 28021-28033

transition between 650 and 630 nm is reversible when changing
the ratio of alcohol to water.

Based on the above experimental results, the mechanism of
the reaction of the R-CDs with acid was proposed (Scheme 2).
The surface of the neutral R-CDs may contain both stronger
basic groups and weaker basic groups, corresponding to the
fluorescence emission peaks at 600 nm and 650 nm, respec-
tively, and the fluorescence emission can be quenched by H,O.
The stronger basic groups can be protonated first under slightly
acidic conditions, quenching the 600 nm emission. The weaker
basic groups can only be protonated under stronger acidic
conditions, which converts the 650 nm emission to 630 nm
emission, which exhibits strong fluorescence emission both in
organic solvents and in PBS/H,0. This mechanism can be used
to reasonably explain the different trends in Fig. 5c and d upon
the addition of acid, as well as the different trends (Fig. S8c and
g7) at higher concentrations of TFA and H,SO,4, which are the
issues we raised in the above discussion. Since the fluorescence
at 600 nm is quenched by H,0, only enhancement of the fluo-
rescence emission at 630 nm is shown with the addition of acid
(Fig. 5¢). The fluorescence at 600 nm in ethanol can be gradually
quenched with the addition of acid (Fig. 5d). Since the pK, of
H,S0, (pK, = —3) is stronger than that of TFA (pK, = 0.23), it is
speculated that H,SO, exhibited stronger acidity in ethanol and
can further protonate the weakly basic nitrogen atom in the R-
CDs in the process with the further addition of H,SO, (Fig. S8c
and gt), thereby further changing the UV-vis and fluorescence
spectra of the R-CDs.

Moreover, the following experiment was performed to
investigate the groups with different basicities on the surface of
the R-CDs to support the above mechanism. Different types of
nitrogen atoms have different pK, values (Table S1t). The pK, of
the nitrogen atom varies based on its chemical environment. It
has been reported that o-PD can generate 2,3-dia-
minophenazine and 2-amino-3-hydroxyphenazine during the
synthesis of CDs.**** We speculated that the groups with
different basicity on the surface of the R-CDs may be similar to
2,3-diaminophenazine, such as amino groups, pyrazine groups,
etc. To confirm this, a thin-layer chromatography (TLC) experi-
ment was performed to investigate the products during micro-
wave reaction for 1 min and 4 min (Fig. S117). After the
microwave reaction for 1 min, the product still contained a large
amount of the raw material 0-PD (c1), but only a small amount
of 2,3-diaminophenazine (c2) and a very small amount of R-CDs
were produced. After 4 min of microwave reaction, the 2,3-dia-
minophenazine in the product had disappeared, and the rela-
tive content of the R-CDs had increased. The formation of 2,3-
diaminophenazine was further demonstrated by HPLC; these

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Fluorescence intensities of the R-CDs in PBS (pH = 1.0) and PBS (pH = 5.0) during six cycles of transformation (a). Fluorescence intensities
of the R-CDs in acidic and basic ethanol during six cycles of transformation (b).

results are also shown in Fig. S11.7 The above results indicated
that in the process of synthesizing the R-CDs, 0-PD was first
condensed to generate 2,3-diaminophenazine and other
compounds. As the reaction progressed, 2,3-diaminophenazine
further underwent condensation and generated R-CDs, along
with other by-products. The TLC results were combined with
those of IR, XPS and "H-NMR, which suggested that amino and
pyrazine groups (pyridine nitrogens) existed on the structure of
the R-CDs and afforded different basic groups on the surface of
the R-CDs. We suspect that the “stronger basic groups” may be
amino groups, while the “weaker basic groups” may be pyridine
nitrogens on the surface of the R-CDs. The literature®® suggests
that “the fluorophore products of precursor conversion are
viable determinants of the desired luminescence properties of
carbon dots”. Therefore, the fluorescence response of DAP to
H,SO, or TFA in ethanol was investigated to help in under-
standing the fluorescence response of the R-CDs to acid, and
the results are shown in the Fig. S12.f Fig. S121 shows that the
addition of H,SO, (0-9.63 x 10~% M) and TFA (0-1.57 x 10 ° M)
can quench the fluorescence of DAP at 538 nm, which is similar
to the results for the R-CDs in Fig. 5 and S8.1 Therefore, we
speculate that “the stronger basic groups” of the R-CDs should
be amino groups. The continued addition of H,SO, (9.63 x 10~8
M-3.32 x 10> M) or TFA (1.57 x 10" °-1.57 x 10~* M) to the
DAP ethanol solution had little effect on the change in fluo-
rescence. This may be due to the gap between the basicity of the
normal amino group (pK, ~4.5) and the phenazine group (pK,
~0.6). When the concentration of H,SO, reached 3.32 x 10°M
or that of TFA reached 1.57 x 10~* M, the fluorescence of the
DAP solution began to undergo a second-stage quenching,
probably due to the phenazine group starting to be protonated
at higher concentrations of acid. Similarly, the second-stage
fluorescence change of the R-CDs occurred when the concen-
tration of H,SO, reached 9.38 x 10~ * M (Fig. S8gt). Therefore,
we speculate that the “weaker basic groups” in the R-CDs
should be pyridine nitrogens with a similar structure to phen-
azine. However, possibly due to coupling with the carbon
nucleus or other reasons, the basicity of the pyridine nitrogens
in the R-CDs is further weakened, and they can only be
protonated by a stronger acid ([H,SO4] > 9.38 x 10™* M).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Additionally, possibly due to the different chemical environ-
ment of the pyridine nitrogen, the R-CDs showed a fluorescence
enhancement at 630 nm in response to acid, while DAP showed
a further quenching of fluorescence at 540 nm.

3.2.4 Reversible response of R-CDs to acidity. Reversibility
of the response is a very important parameter in evaluating the
performance of a fluorescence probe. The fluorescence revers-
ibility of the R-CDs against acidity was examined by alternately
cycling the system in PBS (Fig. 6a) and in ethanol solution
(Fig. 6b). The pH value of the solution was switched between 1.0
and 5.0 by adding hydrochloric acid and sodium hydroxide
solutions to the PBS buffer (Fig. 6a). The fluorescence revers-
ibility from pH 7 to 1 in PBS was also investigated, and the result
is shown in Fig. S13.7 In Fig. 6b, the acidity was switched by
adding TFA and TEA solutions to the ethanol (Fig. 6b). The
fluorescence intensity of the R-CDs could be rapidly switched
under different acidic conditions, indicating that the probes
were reversible probes for acidity sensing. After six cycles, the
fluorescence intensity of the R-CDs decreased to 80% and 26%
of the original intensity in PBS (1.0 <> 5.0) and PBS (1.0 < 7.0),
while no significant decrease in fluorescence intensity was
observed in ethanol. According to reports in the literature, the
fluorescence quenching of the R-CDs in water could potentially
be attributed to poor solubility or aggregation-induced
quenching.®*”® Their hydrodynamic diameters were measured
using dynamic light scattering (Fig. S147). The hydrodynamic
diameter of the R-CDs was about 1.7 nm in ethanol (Fig. S14af),
and changed slightly (about 2.8 nm) after six cycles (Fig. S14ct).
However, the hydrodynamic diameter was 196 nm (Fig. S14b¥)
in PBS (1.0 < 5.0) after six cycles and 293 nm (Fig. S14d¥) in
PBS (1.0 < 7.0) after six cycles. Therefore, the decrease in
fluorescence compared to the original fluorescence intensity in
PBS (pH = 1.0) solution was potentially due to aggregation-
induced quenching. It can be seen from Fig. S6t that the R-
CDs were significantly protonated only under strong acidic
conditions ([H,S0,4] > 2.5 x 10> mol L"), and the positively
charged R-CDs nanoparticles resist aggregation due to electro-
static repulsion. Under relatively weak acidic conditions, the
poor solubility and aggregation of the R-CDs caused the
increase in the hydration radius. The occurrence of only a slight
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decrease in their fluorescence in ethanol after six cycles could
be attributed to the good solubility of the R-CDs in ethanol.

3.3 Imaging of living cells in extreme acidity

3.3.1 Fluorescence responses to interfering substances. As
reported previously, the fluorescence intensity of CDs is usually
sensitive to certain metal ions and biological molecules, which
restricts their application in intracellular pH measurements.
Considering that the probes contained basic nitrogen atoms,
which may bind many metal ions, and the complexity of the
intracellular environment, the selectivity of the probe toward H"
was evaluated by parallel measurements of the fluorescence
response of the R-CDs to metal ions and biological molecules.
For this, assays were conducted by adding a high concentration
of each interference reagents to an R-CD solution at pH 2.0, 3.0,
and 4.0, respectively. As shown in Fig. 7, at pH 2.0, 3.0 and 4.0
conditions, little or no remarkable interference effect was
observed in the presence of high concentrations of metal
cations and biological small molecules. These results revealed
that the response of the probes showed excellent selectivity
toward H' in the presence of metal ions and some bioactive
molecules. This proved that these potential interferents had no
obvious influence on the fluorescence intensity of the R-CDs.

3.3.2 Cell cytotoxicity assay. The fluorescence imaging
technique is the most successful approach for intracellular pH
measurement. It is performed by introducing optically sensitive
fluorescent pH probes into living cells, combined with confocal
laser scanning microscopy. This technique can offer high
spatial and temporal resolution observation of intracellular pH

Fig. 7 Fluorescence intensity of 1 pg mL™* R-CDs at different pH
values with 100 uM of the relevant analyte: (0) blank, (1) Na*, (2) K*, (3)
AP, (4) Zn?*, (5) Fe™*, (6) Fe?*, (7) Mg?*, (8) Cu?*, (9) Ca®*, (10) Ag™, (11)
Pb2*, (12) Br~, (13) I, and (14) COs®~; and with 30 pM of the
biomolecules (15) Glu, (16) Asp, (17) Arg, (18) Cys, (19) Hcy, (20) His, (21)
Lys, (22) Ser, (23) Trp, (24) Thr, (25) Phe, and (26) glucose. A¢x = 611 nm,
Aem = 625 nm.
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pH 2.0

pH 3.0 pH 7.4

Fig. 8 Imaging of 10 ng mL™ R-CDs in A549 cells using confocal laser
scanning microscopy at pH 2.0 (a, d, and g), pH 3.0 (b, e, and h), and pH
7.4 (c, f, and i). Images in the red channel (a,—c); bright-field images (d—
f); and merged images (g—i). Aex = 611 nm; scale bar, 50 um.

changes. In view of their excellent optical properties and
selectivity to pH, the potential use of the synthesized R-CDs in
intracellular pH imaging was explored.

pH2.0 pH3.0 pH7.4

Fig. 9 Confocal laser scanning microscopy images of 10 pug mL™* R-
CDsinE. colicellsatpH 2.0 (a,d, and h), 3.0 (b, e, and i), 7.4 (c, f, and g).
(a—c) Images in the red channel collected at 610-660 nm (A, = 611
nm). (d-f) Bright-field images of panels a-c. (h, i, and g) Corre-
sponding merged images. Scale bar, 50 um.
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Fig. 10 Fluorescence spectrum of the red LED excited by a 382 nm chip (a). Color coordinates of the LED emission spectrum (b).

It was thus crucial to evaluate the cytotoxicity of the R-CDs to
living cells using the MTT assay (see ESIf). As depicted in
Fig. S15,T over 82% cell viability was observed after the incu-
bation of A549 cells with the R-CDs at different concentrations
(1, 5, 10, 20, and 50 pg mL™ ') for 24 h. Thus, the results
confirmed the negligible cytotoxicity of the R-CDs, and they
could potentially be used for the intracellular imaging of living
cells.

3.3.3 Imaging of A549 cells and E. coli cells in extreme
acidity. The pH-dependent fluorescence imaging in living cells
was studied. The R-CDs were introduced into the cells, and
fluorescence images were collected using a confocal laser
scanning microscope. The red fluorescence emission of the R-
CDs was collected in the red channel (610-660 nm). As shown
in Fig. 8, the cells exhibited relatively strong fluorescence
emission (Fig. 8a) at pH 2.0. The fluorescence intensity clearly
decreased at pH 3.0 (Fig. 8b), and almost no fluorescence was
observed at pH 7.4 (Fig. 8c). These results indicated that the R-
CDs possessed excellent cell permeability and could be capable
of imaging pH fluctuations in living cells.

The unique optical properties of the R-CDs, especially for the
measurement of extreme acidity, prompted us to apply them for
monitoring pH changes in living bacteria samples. We
employed E. coli cells, which can survive under extremely acidic
conditions, as a model organism. To simulate an extremely
acidic environment, buffer solutions with pH 2.0, 3.0, and 7.4
were employed to incubate E. coli cells. As shown in Fig. 9, the E.
coli cells exhibited bright red fluorescence emission after being
incubated with the R-CDs at pH 2.0, which was recorded with
the assistance of a confocal laser scanning microscope (Fig. 9a).
When the extracellular pH was increased to 3.0, the fluores-
cence intensity of E. coli was very faint (Fig. 9b), and no obvious
fluorescence was observed when the pH was increased to 7.4
(Fig. 9c). The results demonstrated that the R-CDs can be
applied for bioimaging under extreme acidity conditions and
monitoring pH fluctuations in E. coli cells. We believe that the
as-synthesized pH-sensitive R-CDs have potential application
prospects in noninvasive monitoring and imaging in other
biological systems.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.4 Application of R-CDs in the field of optoelectronics

To further expand the application range of the R-CDs, we also
investigated the potential of the R-CDs in manufacturing red-
emitting LEDs (Fig. 10). The phosphors were prepared by
dispersing the R-CDs in polyvinylpyrrolidone (PVP). The device
was fabricated by mixing the phosphors and silicones, and then
coating the gel-like mixture onto the light-emitting chip and
curing it. As shown in Fig. 10a and b, the emission range of the
prepared red-emitting LEDs was from 580 to 730 nm, and the
LED exhibited an emission spectrum with CIE color coordinates
of (0.58, 0.41). These results demonstrated that red phosphors
prepared from the R-CDs have the potential to make practical
lighting devices.

4. Conclusions

In summary, using o-PD as the raw material in the presence of
phosphoric acid, R-CDs were synthesized by a microwave
method for the first time. The resulting R-CDs exhibited exci-
tation independence, acid sensitivity, and high quantum yields.
The UV-vis and fluorescence emission of the R-CDs in water and
in organic solvent (ethanol) exhibited different response
behaviors to acids. The relationship between the fluorescence
emission and surface groups of the R-CDs was studied in detail
using XPS, "H-NMR, fluorescence spectroscopy, and TLC. The
results showed that the surface of the R-CDs in the neutral state
had stronger basic groups responsible for the 600 nm emission
and weaker basic groups responsible for the 650 nm emission.
In ethanol, a relatively low concentration of acid could
protonate the stronger basic groups, causing the quenching of
the 600 nm fluorescence emission. In contrast, the weaker basic
groups with 650 nm emission could only be protonated under
strong acid conditions and were converted to emitting at
630 nm. In water, the 600 and 650 nm emissions of the R-CDs
were quenched, and the fluorescence emission at 630 nm was
activated and enhanced only at pH < 5. In water, the R-CDs had
a pH detection range of 1-5 and a pKa of 2.55 (derived from
fluorescence experiments). With their merits of high sensitivity,
high selectivity, excellent stability, and good reversibility, the
prepared R-CD-based fluorescent pH probes were successfully
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applied to monitor intracellular pH changes in A549 cancer
cells and E. coli cells. The R-CDs showed better cell-imaging
ability at relatively lower pH (pH < 3). Finally, based on their
excitation independence, high quantum yield (18.9% in DMSO),
and long wavelength emission, red LEDs were successfully
fabricated using phosphors prepared from the R-CDs as a raw
material, which showed the potential of the R-CDs for the
fabrication of red LEDs. R-CDs are expected to be a promising
candidate for real-time tracking of pH changes under extremely
acidic conditions in the biomedical and biological fields, as well
as in the field of LED manufacturing.
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