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Abstract: Acid-base and redox reactions are important mechanisms that affect the optical properties of
fluorescent probes. Fluorescent carbon nanoparticles (CNPs) that possess tailored surface functional-
ity enable a prompt response to regional stimuli, offering a useful platform for detection, sensing, and
imaging. In this study, mPA CNPs were developed through one-pot hydrothermal reaction as a novel
fluorescent probe (quantum yield = 10%) for pH and hypochlorite sensing. m-Phenylenediamine was
chosen as the major component of CNPs for pH and hypochlorite responsiveness. Meanwhile, ascor-
bic acid with many oxygen-containing groups was introduced to generate favorable functionalities
for improved water solubility and enhanced sensing response. Thus, the mPA CNPs could serve as a
pH probe and a turn-off sensor toward hypochlorite at neutral pH through fluorescence change. The
as-prepared mPA CNPs exhibited a linear fluorescence response over the pH ranges from pH 5.5 to
8.5 (R2 = 0.989), and over the concentration range of 0.125–1.25 µM for hypochlorite (R2 = 0.985). The
detection limit (LOD) of hypochlorite was calculated to be 0.029 µM at neutral pH. The mPA CNPs
were further applied to the cell imaging. The positively charged surface and nanoscale dimension of
the mPA CNPs lead to their efficient intracellular delivery. The mPA CNPs were also successfully
used for cell imaging and sensitive detection of hypochlorite as well as pH changes in biological
systems. Given these desirable performances, the as-synthesized fluorescent mPA CNPs shows great
potential as an optical probe for real-time pH and hypochlorite monitoring in living cells.

Keywords: carbon nanomaterials; fluorescence probe; pH sensing; hypochlorite detection; intracellular
detection

1. Introduction

Many biological functions such as respiratory acidosis [1], lysosomal functions [2],
and tumor growth [3] are related to the intracellular pH value. Thus, variation of pH
values in biological fluids is usually an index for physiological disorders. For example,
the extracellular pH of tumor tissue is lower than that of normal tissue [4]. In addition
to pH value, the level and species of reactive oxygen species (ROS) inside cells also need
to be carefully monitored because they have been shown to be related to cell signaling
like apoptosis and gene expression [5]. Although high concentrations of ROS inside cells
could induce carcinogenesis and cell damage, appropriate ROS level is essential for some
cellular functions like differentiation. Hypochlorite is one of the important ROS, which is
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produced from peroxidation of chloride ions catalyzed by myeloperoxidase (MPO) inside
cells [6]. Although hypochlorite plays an important role in the immune system, at high
levels it might cause several diseases such as cancer and neuron degeneration [6,7]. Thus,
techniques for monitoring of cellular pH value and ROS level are needed.

Many organic molecules and nanomaterials-based fluorescent probes have been shown
to be sensitive for monitoring of cellular pH values [8]. Most of the sensing strategies are
based on the fact that the fluorescent properties of the probes are pH dependent. For
example, we demonstrated a dual emission probe that uses BSA-Au/Ce nanoclusters to
monitor cellular pH values, in which the fluorescence intensity of BSA-Ce complex at
410 nm is pH dependent, but that for Au NCs at 650 nm is pH independent [9]. The
ratiometric fluorescence approach was validated by measuring the local pH values inside
cancer cells. Chen et al. designed another fluorescent probe based on Förster resonance
energy transfer (FRET) between a pH-insensitive fluorophore [poly(9,9-dioctylfluorenyl-
2,7-diyl), λem = 439 nm] and a pH-sensitive fluorescent dye (fluorescein isothiocyanate,
λem = 517 nm) in the semiconducting polymer dots (Pdots-PPF). Upon a single excitation
at 380 nm, the Pdots-PPF exhibit ratiometric pH sensing ability within a wide range of
pH value ranging from 3.0 to 8.0 [10]. Recently, fluorescent carbon based-nanoparticles
have received great interest due to their low chemical/cytotoxicity, good biocompatibility,
multicolor luminescence tunability, and resistance to photobleaching [11–13]. Carbon dots
(CDs) prepared by a variety of carbon sources in facile methods have shown significantly
improved behaviors and been demonstrated as a suitable candidate for fluorescent pH
sensing [13–17].

Relatively, fluorescent probes for determining cellular hypochlorite contents are
rare [18–20]. The sensing mechanism behind these probes mainly relies on the strong oxida-
tion property of hypochlorite. For example, Zhong et al. developed an aggregation-induced
emission probe based on benzothiazole derivatives (BTD) for hypochlorite detection [21].
The recognition of BTD by hypochlorite involves C=N cleavage and hydrolysis to aldehyde
groups. A ratiometric fluorescent probe for hypochlorite was constructed by co-embedding
aminocyanine dye and Rhodamine B within a silica nanoparticle to form a FRET pair [22].
It is hypothesized that the nitrogen substitution at the polymethine can be served as a
better ROS chemosensor due to its lower oxidation potential. The pioneer work from Yin
et al. reported the determination of hypochlorite in a dual-readout mode based on the
blue emission CDs with down and up conversion luminesce characteristics [23]. Increasing
efforts have been devoted to fabricate CDs with enhanced photoluminescence (PL) proper-
ties to detect hypochlorite in real samples [24–27]. It has been found that CDs doped with
heteroatoms such as nitrogen or tethered to other functional units can lead to a red-shift in
emission and greater reactivity toward hypochlorite [28–31]. It can provide sensitive and
selective responses to the hypochlorite in biological systems.

Inspired by the above-mentioned circumstances, we synthesized fluorescent carbon
nanoparticles (CNPs) from m-phenylenediamine (m-PD) and ascorbic acid (AA) through
a hydrothermal route to monitor cellular pH and hypochlorite levels. The combination
of m-PD and AA not only increases the diversity of functional groups, but also brings
more active sites, thereby enhancing their responses to target analytes. We investigated
several important factors, including molar ratio of m-PD/AA and synthesis temperature,
which affect the formation of the nanoparticles (mPA CNPs). At the optimal sensing
conditions, mPA CNPs showed pH-dependent fluorescence properties over the range of
5.5–8.5, indicating that they are promising for monitoring pH fluctuations in living cells.
Under the physiological condition, the probe also showed great sensitivity and selectivity
for the quantitation of hypochlorite. We evaluated the possible fluorescence quenching
mechanisms of mPA CNPs in response to changes in pH and hypochlorite. The probe was
further validated by monitoring cellular pH values and hypochlorite levels, showing their
greater potential for cell imaging and real-time sensing.
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2. Materials and Methods
2.1. Chemicals and Materials

Ammonium oxalate (>98%), L-(+)-ascorbic acid (AA, ≥99.8%), monosodium hydro-
gen phosphate (98%), m-phenylenediamine (m-PD, >99%), and sodium periodate (99%)
were purchased from Acros Organics (Geel, Belgium). Disodium hydrogen phosphate
(98%), sodium borohydride (≥98%), %), sodium phosphate (96%), 2’-7’dichlorofluorescin
diacetate (DCFH-DA), Hoechst 33342, potassium nitrite (>96%), potassium dioxide (99%),
hydrogen peroxide (36%), iron chloride (>98.0%), dimethyl sulfoxide (DMSO, >99.5%),
and sulfuric acid (95−98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium hydroxide (pellet, >98%) was purchased from Macron Fine Chemicals (Center
Valley, PA, USA). Sodium nitrite was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Sodium hypochlorite (NaClO) (10–12%) was purchased from Aencore (Surrey
Hills, Australia). Ultrapure water (18.2 MΩ cm) from a Milli-Q ultrapure system was used
in this study.

Superoxide (O2
−) was generated by dissolving KO2 in DMSO. Hydroxyl radical

(−OH) was generated by the Fenton reaction. Typically, hydrogen peroxide (H2O2, 10 eq)
was added to FeCl2 in ultrapure water. Peroxynitrite (ONOO−) was prepared by adding
0.6 M KNO2, 0.6 M HC1 and 0.7 M H2O2 to a 3 M NaOH solution at 0 ◦C. The concen-
tration of ONOO− was estimated by using the extinction coefficient of 1670 cm−1 M−1 at
302 nm in 0.1 M aqueous sodium hydroxide solutions. NaClO and H2O2 were diluted in
ultrapure water.

2.2. Cells Culture

Murine prostate cancer cell line Tramp C1 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing fetal bovine serum (10%) and penicillin/streptomycin
(1%) under a humidified atmosphere of 5% CO2 in air at 37 ◦C. The medium was purchased
from ThermoFisher Scientific (Waltham, MA, USA).

2.3. Instruments

A monochromatic microplate spectrophotometer (Synerg H1) form Biotek Instruments,
(Santa Clara, CA, USA) was used for the fluorescence measurement. A transmission electron
microscope (TEM) (H-7100) from Hitachi (Tokyo, Japan) was used to record TEM images
of the synthetic products. Field emission transmission electron microscope (FE-TEM)
(JEM-2100F) form JEOL (Akishima, Tokyo, Japan) was further used to record their images.
Their X-ray photoelectron spectroscopy (XPS) spectra were taken with a system (PHI 5000
VersaProbe III) from ULVAC-PHI (Chigasaki, Kanagawa, Japan). A Fourier transform
infrared (FT-IR) spectrophotometer (Varian640-IR) from Varian (Palo Alto, CA, USA) was
employed to record their FT-IR spectra. Their ultraviolet-visible (UV-Vis) absorption
spectra were taken using a spectrophotometer (Evolution 220; from ThermoFisher Scientific
(Waltham, MA, USA). Their fluorescence spectra were measured using a spectrofluorometer
(SF5) from Edinburgh Instruments (Livingston, England). A FluoTime 300 system from
PicoQuant (Berlin, Germany) with a diode laser emitting at 375 nm was used as the light
source to record the fluorescence decay of mPA CNPs.

2.4. Synthesis of mPA CNPs

A hydrothermal method at various temperatures (170–260 ◦C; 260 ◦C is the highest
temperature allowed by our heating system) was applied for the synthesis of mPA CNPs
from different amounts of m-PD (50 mM) and AA (25–100 mM). Based on the yield, stability,
and optical properties of the product, reaction temperature at 260 ◦C for 2 h, 50 mM of
m-PD, 50 mM of AA, and solution pH of 4.0 were selected. In brief, m-PD (54 mg, 0.5 mmol)
and AA (88 mg, 0.5 mmol) were dissolved in 10 mL ultrapure water (adjusted with 1 M
HCl to pH 4.0), which were then poured into a 50 mL Teflon-lined stainless steel autoclave.
After reaction at 260 ◦C for 2 h, the mixture was cooled to ambient temperature before
conducting centrifugation at 3000 g under ambient temperature for 10 min. The pellet
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was discarded, and the supernatant (c.a. 4 mL) was subjected to dialysis with a dialysis
bag (100–500 Da cut-off) against ultrapure water (1 L) for 24 h. Subsequently, the product
(mPA CNPs) was collected. We also noticed that no changes in appearance, UV-Vis, and
FL spectra were observed by simply mixing m-PD (54 mg) and AA (88 mg) at pH 4 for
2 h without heating. As a control, m-PD (54 mg) or AA (88 mg) were dissolved in 10 mL
of ultrapure water and subjected to the same hydrothermal synthesis and purification
procedures. The purified products were then dispersed in ultrapure water before use.

2.5. Determination of Fluorescence Quantum Yield and Lifetime

The quantum yield (QY) of mPA CNPs was determined by a relative measurement
method. Quinine sulfate (QY = 0.53 in 0.05 M sulfuric acid, λex = 385 nm) was chosen as
the reference sample. The QY was calculated using the equation:

φ = φ′ × A′

I′
× I

A
× n2

n′2

where φ, A, and I are the QY, absorbance, and the integrated fluorescence emission intensity
of the testing sample, respectively, and n is the refractive index. The prime symbol (′) is
used to denote the parameters of the selected reference. The optical density of a series
solutions of the testing and reference samples was adjusted to the range of 0–0.1. The
fluorescence spectra were measured and the fluorescence intensity of the emitted light was
integrated. The QY of the testing sample can be determined by comparing the integrated
fluorescence intensity versus absorbance.

The fluorescence decay of mPA CNPs was fitted with a single-exponential decay function:

It = I0 exp
(
−t
τ

)
where, I0 and It are the intensity at time zero and a specific time t, respectively. τ is
fluorescence lifetime defined as the time for the intensity to drop to 37%. The sample
concentration was 1.0 µg mL−1. The relationship between the rate constants (radiative rate,
kr; non-radiative rate, knr), fluorescence lifetime (τ), and QY (φ) can be described as the
following equations:

τ =
1

kr + knr
, φ =

kr

kr + knr

The radiative rate and non-radiative rate can be calculated as:

φ

τ
=

kr

kr + knr
× (kr + knr) = kr,

1
τ
− kr = knr

2.6. pH Sensing Based on mPA CNPs

To study the pH responsiveness of mPA CNPs, various mPA CNPs (1 µg mL−1)
solutions were prepared by mixing mPA CNPs (10 µg mL−1, 50 µL), ultrapure water
(400 µL), and phosphate buffer (200 mM, 50 µL) with different pH values (pH 3.0–11.0)
for 10 min. Their UV-Vis and fluorescence spectra were then recorded. To investigate the
reversibility of pH response of mPA CNPs, the solutions containing 5-fold concentration of
mPA CNPs at pH 3.0 were prepared in a similar manner, and then adjusted to various pH
values by adding 0.1 M NaOH or HCl. To record the fluorescence microscopic images of
mPA CNPs, mPA CNPs (100 µg mL−1, 10 µL) prepared at various pH values were applied
separately to microslides and each slide was covered with a glass.

2.7. Detection of ROS and Anti-Oxidants Based on mPA CNPs

To determine the sensitivity of the assay for hypochlorite, various solutions were
prepared by mixing mPA CNPs (5 µg mL−1, 50 µL), phosphate buffer (200 mM, pH 7.4,
50 µL), and solutions (400 µL) containing different concentrations of sodium hypochlorite.
The final concentration of hypochlorite is in the range of 0.125−1.25 µM. After equilibration
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at 25 ◦C for 1 h, the solutions were subjected to fluorescence measurement at 500 nm when
excited at 400 nm.

Various solutions were separately prepared by mixing mPA CNPs (50 µg mL−1, 50 µL),
ultrapure water (350 µL), phosphate buffer (200 mM, pH 7.4, 50 µL), and tested substrates
[1 mM of H2O2, O2

−, ˙OH, NaNO2, (NH4)2C2O4, and NaBH4, 50 µL; 100 µM of ONOO−

and NaClO, 50 µL]. After shaking at 160 rpm for 30 min at 25 ◦C, their fluorescence spectra
were recorded under 400 nm excitation.

2.8. In Vitro Biocompatibility Assessment

The cell viability was evaluated by conducting the Alamar blue assay. Tramp C1 cells
seeded at a density of 8000 cells per 96-well plate were incubated overnight in DMEM
(200 µL) for cell adhesion. Then, the cells were treated with various concentrations of mPA
CNPs (0–20 µg mL−1) for 2 h. The treated cells were then washed with phosphate buffer
saline (PBS) and incubated with refreshed DMEM for 24 h. The next day, the medium was
removed and replaced with 100 µL of diluted Alamar Blue agent (diluted 10 times with
DMEM) for 2 h. The fluorescence intensity at 595 nm was measured under the excitation at
a wavelength of 545 nm.

2.9. In Vitro pH Detection

To study the pH response of mPA CNPs in living cells, Tramp C1 cells seeded at a
density of 1.0 × 105 cells per 24-well plate (with a round-shaped glass inside each well)
were incubated overnight in DMEM (500 µL) for cells adhesion. Then, the medium was
replaced with PBS of different pH values (pH 5.4, 6.4, 7.4, and 8.4) before adding mPA
CNPs solutions (50 µg mL−1, 50 µL). After 2 h incubation, the medium was replaced with
PBS (500 µL). The cells were then treated with Hoechst 33342 (5 µg mL−1) for 10 min,
followed by multiple washes with PBS. A paraformaldehyde solution (PFA, 500 µL) was
added to fix the cells for 15 min. Finally, the PFA solution was removed and the cells were
washed with PBS (500 µL). The glass in each well was then taken out, dried, and placed
on a microslide containing 10 µL of mounting medium. Fluorescence cell images were
captured with the fluorescence microscope (excitation/emission filters: 470–490 nm band
pass/520 nm long pass).

For the flow cytometry measurement, the treated cells were washed with PBS and
detached from the plate by trypsin (0.25%, 200 µL). The medium (400 µL) were then added
to inactivate trypsin. The cell pellet was collected by centrifugation at 500× g for 5 min and
subjected to flow cytometry analysis.

2.10. In Vitro Hypochlorite Detection

Similar to the above method, Tramp C1 cells were seeded at a density of 1.0 × 105 cells
per 24-well plate and incubated overnight for cells adhesion. Afterwards, the medium
with mPA CNPs solution (5 µg mL−1) was replaced for 2 h incubation. The treated cells
were then washed with PBS and incubated with PBS in the absence and presence of
NaClO (10 µM). Fluorescence images were taken at different time spans from 0 to 30 min.
Trypsinization was also performed to collect cells under different treatments, followed by
flow cytometry analysis.

3. Results and Discussion
3.1. Characterization of mPA CNPs

We found that the yield, absorbance, and the fluorescence intensity of mPA CNPs
increase upon elevating the hydrothermal temperature from 170 to 260 ◦C. For example,
the fluorescence intensity ratio of mPA CNPs obtained at 170, 200, 230, and 260 ◦C is
1:2.0:4.4:6.2. We noticed that temperature did not play a significant role in affecting their
characteristic features of absorption and fluorescence spectra. For this reason, only the
mPA CNPs prepared at 260 ◦C for 2 h were subjected to further characterization and
used to develop sensitive probes. In addition, the products prepared separately from
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m-PD and AA have also been characterized to support the advantages of mPA CNPs over
these two products.

The TEM image depicted in Figure 1A shows that mPA CNPs have spherical structures,
with an average size of 232 ± 53 nm (50 counts). The surfaces of mPA CNPs are rough
as shown in the inset of Figure 1A. When m-PD is the only precursor (Figure S1A), m-PD
CDs with an average size of 7.5 ±1.4 nm and interlayer spacing of 0.31 nm were obtained,
corresponding to the (002) plane lattice of graphite [32]. According to the literature, the m-
PD CDs were formed through processes including oxidation, polymerization, carbonization,
and passivation [33]. When AA was used as the precursor, irregular and flake-shaped
materials were obtained as shown in Figure S1B. The three TEM images suggest that the AA
should play a certain role in the formation of large-scale mPA CNPs. It has been reported
that a fluorescent material can be produced through the condensation reaction between
m-PD and AA at ambient condition [34]. The formation of large mPA CNPs may be caused
by the subsequent condensation during the heating process. It is also important to highlight
that lattice fringes were only observed in the m-PD CDs sample. This indicates that with the
supply of AA, the graphitization of m-PD tends to be retarded, resulting in CNPs consisting
of polymer chains with a slight degree of carbonization. In this study, we also found that the
molar ratio of m-PD/AA only affects the absorbance and fluorescence intensity. The ratio
of fluorescence intensities at 500 nm of the products prepared with the molar ratio of m-
PD/AA of 0.5, 1, and 2 is 0.9:1:0.7. Figure 1B shows the absorption spectrum of mPA CNPs.
There is a sharp peak at 242 nm and a broad band over 320 to 450 nm, which separately
correspond to the π-π* transition in benzenoid rings and the higher conjugated polymer
chains [35]. The fluorescence spectra of mPA CNPs depicted in Figure 1C exhibit both
excitation-dependent/independent emission properties, with the strongest PL intensity
at 500 nm when excited at the wavelength of 400 nm. The fluorescence QY, lifetime,
radiative rate, and non-radiative rate are approximately 10%, 7.91 ns, 1.26 × 107 s−1, and
1.14 × 108 s−1, respectively. The fluorescent properties are similar to those of CDs reported
in the literature [36]. In contrast, m-PD CDs like most CDs show excitation-dependent
emission properties as shown in the inset of Figure S1C [11–14], with the strongest emission
intensity in the blue region. Figure S1C shows a sharp absorption peak at 290 nm and a
broadband at 320–350 nm of m-PD CDs, corresponding to the π-π* transition of aromatic
C=C bonds and n-π* transition of C=O and C=N bonds at the edge of the carbon lattice,
respectively [37]. As compared to the fully carbonized m-PD CDs, the bright green emission
originated from mPA CNPs could be attributed to the crosstalk of multiple luminescence
centers, including molecular-state, crosslink-enhanced-emission-effect-related state, sp2

subdomains (carbon core state), and surface state [38]. The product obtained from AA only
emits weakly at 395 nm when excited at 255 nm, so we will not discuss it hereafter.

The XPS spectra displayed in Figure S2 indicate that mPA CNPs and m-PD CDs are
predominantly composed of carbon, nitrogen, oxygen. The high-resolution C1s spectrum
is deconvoluted into five individual component peaks, corresponding to –C–C/–C=C
(284.6 eV), –C–N (285.3 eV), –C–O (286.0 eV), –C=O/–C=N (288.1 eV), and –COO (289.0 eV),
respectively [39,40]. The signal of C–C/C=C in mPA CNPs is lower, but the sum of C–O,
C=O, and COO peak intensities is higher than m-PD CDs. This result is consistent with our
findings shown in Figure 1A and Figure S1A, indicating that the engagement of AA leads to
the successful incorporation of oxygen-containing residues into the polymer chains/carbon
hybrid structures. The detection of a stronger –C=O (531.8 eV) signal over –C–O (532.8 eV)
in mPA CNPs also confirms that they exhibit a higher oxidation state than m-PD CDs due
to AA [41,42]. The N1s XPS peaks at 399, 399.9, and 401.1 eV were assigned to pyridinic N,
amino N and the sum of graphitic N and protonated amino N, respectively [43,44]. The
aliphatic-to-aromatic N ratio signal detected in mPA CNPs is stronger than m-PD CDs,
indicating that there are abundant amino groups decorated on the surface/polymer chains.
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For the FT-IR spectra of mPA CNPs and m-PD CDs depicted in Figure S3, the peaks
observed at 3408 and 3313 cm−1, the broad band around 3212 cm−1, and the peak at
3035 cm−1 were attributed to the stretching vibrations of N–H, O–H, and aromatic C–H,
respectively [45]. The intense signal centered at around 1632 cm−1 conveyed signals
from quinoid imine stretching, –C=C– ring stretching and –NH2 bending, and the peaks
registered at 1500 and 1334 cm−1 were separately assigned to the C=C and C–N stretch-
ing vibrations of benzenoid amine [46,47]. The characteristic peak of C=O stretching at
1701 cm−1 indicates the introduction of AA residues in mPA CNPs [48]. The spectral
features of mPA CNPs are comparatively more apparent than those of m-PD CDs, further
confirming the greater retention of pyrolytic m-PD/AA polymers.

3.2. pH Sensing Based on mPA CNPs

As illustrated in Figure 2A, the PL intensity of mPA CNPs (1.0 µg mL−1) at 500 nm
decreases upon increasing pH values from 3.0 to 11.0. The UV-Vis spectra displayed in the
inset of Figure 2A also show blue shifts of the peaks from 260 to 240 nm and 400 to 350 nm
upon increasing the pH value. Figure 2B shows that the fluorescence intensity of mPA
CNPs exhibit a linear response to pH over the range of 5.5 to 8.5 (R2 = 0.989), revealing their
potential for pH sensing of biological samples. It is expected that the pH responsiveness
of mPA CNPs is resulted from the protonation/deprotonation of the amino and carboxyl
groups, respectively [49,50]. As depicted in Table S1, the zeta potential of mPA CNPs
becomes less positive as pH increases, which supports our hypothesis. Meanwhile, mPA
CNPs undergo aggregation, as demonstrated in the fluorescence microscopic images in
Figure 2C and the corresponding hydrodynamic sizes detected by dynamic light scattering
were 352± 15, 803± 104, and 1157± 224 nm, at pH values of 3.0, 7.0, and 11.0, respectively.
Due to the aggregation behavior, non-radiative energy transfer such as photoinduced
electron transfer (PET) can readily occur through the close proximity of neighboring amine
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groups [51,52]. The fluorescence lifetimes of mPA CNPs were investigated and the average
values at pH 3.0 (8.19 ns), 7.0 (7.91 ns), and 11.0 (7.02 ns) were obtained from the fluorescence
decay curves in Figure S4. The reduced lifetime indicates that the mPA CNPs undergoes
an ultra-fast electron transfer process when excited at higher pH values. This combined
dynamic and static quenching mechanism based on the fluorescence quenching of mPA
CNPs can be adopted to develop high-efficiency pH sensors. We further investigated the
reversibility of the pH response of mPA CNPs by alternately changing the pH value of the
solution from 3.0 to 11.0 in three consecutive cycles (3.0-11.0-3.0). The results shown in
Figure 2D demonstrates that the fluorescence intensity of mPA CNPs is reversible under
cycling various pH. In addition, the inset photograph also shows that the color of the
solution becomes lighter, but cloudy under alkaline conditions.
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Figure 2. (A) Fluorescence spectra of mPA CNPs (1 µg mL−1) at pH values of 3.0, 5.0, 7.0, 9.0, and
11.0. Inset: Corresponding UV-Vis spectra of mPA CNPs (1 µg mL−1). (B) Plot of the fluorescence
intensity at 500 nm versus pH values. (C) Fluorescence microscopic images of mPA CNPs at pH 3.0,
7.0, and 11.0. (D) The fluorescence intensity of mPA CNPs at 500 nm cycled between pH 3.0 and 11. 0.
Inset: Corresponding photographs under (a) white light and (b) UV light. The pH of the mPA CNPs
solution is switched back and forth between 3.0 and 11.0 by using 0.1 M HCl or NaOH solutions,
respectively. Excitation and emission wavelengths are 400 and 500 nm, respectively.

Encouraged by the results mentioned above, mPA CNPs were applied for intracel-
lular pH monitoring. As displayed in Figure 3, the fluorescence intensity of mPA CNPs
in Tramp C1 cells progressively decreased with the pH increasing from 5.4 to 8.4. The
average intensity of fluorescent from each event was further quantified using the flow
cytometry (Figure S5), and the fluorescence of mPA CNPs is pH-dependent in living cells,
corresponding to that in the fluorescence spectra (Figure 2A,B). Compared with other CDs
previously reported (Table S2) [16,39,49,50,53–55], mPA CNPs are effective for cell staining
as satisfactory and reliable cell images can be achieved with a relatively reduced dose
(5 µg mL−1 for 2 h). It should also be noted that mPA CNPs exhibit eligible biocompati-
bility. It can be found that under the same cultivation conditions, more than 80 % of cells
survived as the dose of mPA CNPs is less than 20 µg mL−1 (Figure S6). Taken together,
mPA CNPs are competent for intracellular pH sensing.
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Figure 3. Fluorescence microscopic images of Tramp C1 cells stained with mPA CNPs (5 µg mL−1)
were exposed to various PBS solutions at pH 5.4, 6.4, 7.4, and 8.4 for 2 h. From left to right were
different channels: bright field, blue channel (λex = 350–380 nm, λem = 420 nm) and green channel
(λex = 470–490 nm, λem = 520 nm). The scale bar denotes 20 µm.

3.3. Hypochlorite Sensing Based on mPA CNPs

Hypochlorite can induce the fluorescence quenching of mPA CNPs (0.5 µg mL−1) at
500 nm, and the intensity exhibits a linear relationship (R2 = 0.985) with the concentration in
the range of 0.125–1.25 µM in phosphate buffer at pH 7.4 (Figure 4A). The limit of detection
(LOD) was estimated to be 0.029 µM based on the signal-to-noise ratio of three. Table S3
shows that mPA CNPs provides comparable sensitivity to hypochlorite when compared
to the other reported methods based on CDs [24–27,29,31,56]. It is well accepted that the
surface functional groups such as aromatic amines possess a high tendency to oxidize when
hypochlorite is introduced [28,31]. In this sensing process, static fluorescence quenching
occurs due to the generation of less or non-fluorescent ground state complexes. In view
of this, the FT-IR spectra of mPA CNPs versus hypochlorite was explored. As depicted
in Figure S7, the characteristic absorption peaks at 3200 and 1334 cm−1 corresponding to
N–H and C–N stretching vibrations were reduced, while the peak at 1632 cm−1 increased
due to the appearance of more quinoid imine after the introduction of hypochlorite. The
selectivity of mPA CNPs (5 µg mL−1) toward hypochlorite (NaClO) over common ROS
(H2O2, O2

−, ONOO−,˙OH) and various antioxidants [NaNO2, (NH4)2C2O4, and NaBH4]
was further investigated. Figure 4B shows that hypochlorite (10 µM) caused significant
fluorescence quenching of mPA CNPs, while the effects of other substances (100 µM) were
almost negligible. Only a slight fluorescence quenching of mPA CNPs was found in the
presence of OH radical (100 µM). From Table S4, it can be observed that the one electron
redox potential of NaClO (1.49 eV) is the highest except for OH radical (2.33 eV) [57–59]. In
addition, the negatively charged nature of hypochlorite also makes them readily accessible
to the mPA CNPs surface via electrostatic interactions, resulting in a superior propensity for
oxidation. The performance of mPA CNPs on hypochlorite detection was further compared
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with DCFH-DA, which is a commercial dye commonly used to detect various ROS. As
Figure 4C displayed, mPA CNP provides a more selective response to hypochlorite than
DCFH-DA. These findings confirm the promising bioapplicability of mPA CNP in the
detection of hypochlorite in living cells.
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Figure 4. (A) Plot of the fluorescence reduction of mPA CNPs versus hypochlorite concentration.
The linear relationship between (F-F0)/F0 and NaClO concentration ranges from 0.125 to 1.5 µM.
F0 and F denote the fluorescence intensities of mPA CNPs at 500 nm in the absence and presence
of hypochlorite. Excitation wavelength is 400 nm. (B) Effects of potential interferences on fluores-
cence intensities of mPA CNPs (5 µg mL−1) at 500 nm in 20 mM phosphate buffer (pH 7.4). The
concentrations of NaClO and ONOO− are both 10 µM and the concentrations of H2O2, O2

−, ˙OH,
NaNO2, (NH4)2C2O4, and NaBH4 are all 100 µM. (C) Fluorescence intensity changes of mPA CNPs
(5 µg mL−1) or DCFH-DA (25 µM) in 20 mM phosphate buffer (pH 7.4) toward various ROS and
ONOO−. F0 and F denote separately the fluorescence intensities of respective probe in the absence
and presence of different analytes. DCF fluorescence is detected by using excitation and emission
wavelengths of 485 and 535 nm, respectively.

Subsequently, mPA CNPs was employed as a fluorescent probe for specific detection
of hypochlorite in Tramp C1 cells. As shown in Figure 5, cells emit green fluorescence
when they were stained with 5 µg mL−1 of mPA CNPs for 2 h. After the introduction
of NaClO (10 µM), the fluorescence intensity decreased gradually and demonstrates an
effective diminish after 30 min. In addition, the fluorescence intensity of mPA CNPs after
30 min of stimulus was also detected by flow cytometry (Figure S8). The bar graph shows
that the fluorescence of mPA CNPs was reduced by approximately 25% after hypochlorite
treatment. On the contrary, after co-treatment with N-acetylcysteine (NAC, 10 mM), an ROS
scavenger, no fluorescence quenching of mPA CNPs was detected since the hypochlorite-
mediated oxidation was inhibited. Therefore, mPA CNPs developed herein can be regarded
as a potential probe for real-time detecting hypochlorite changes in cells stimulated by
different pharmaceuticals.
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Figure 5. Fluorescence microscopic images of Tramp C1 cells incubated with mPA CNPs (5 µg mL−1)
in DMEM medium (pH 7.4) for 2 h. Afterwards, the stained cells were stimulated with PBS in (A) the
absence of and (B) the presence of 10 µM NaClO. Fluorescence images were collected at different
time spans from 0 to 30 min. From left to right are different channels: bright field and green channel
(λex = 470–490 nm, λem = 520 nm). The scale bar denotes 32 µm.

4. Conclusions

In the study, we developed a novel type of fluorescent probe, mPA CNPs with pH
sensing and hypochlorite detection capabilities. Through a one-pot hydrothermal process
using two different carbon sources, green emission fluorescent CNPs with a QY of 10%
were generated. Due to the existence of effective functional groups, the as-prepared mPA
CNPs exhibited favorable responsiveness toward pH and hypochlorite. In response to
higher pH values, the fluorescence of mPA CNPs decreased through a combination of
static and dynamic quenching mechanisms due to the deprotonation of amino groups.
In addition, hypochlorite with high oxidation potential for aromatic amines was capable
of reducing the PL of mPA CNPs based on static quenching. The mPA CNPs have been
successfully applied to cell imaging owing to their high efficiency of cell uptake and good
biocompatibility. With the pH-sensitive response in the range of 5.5–8.5 and high selectively
to hypochlorite among other interfering analytes, mPA CNPs further demonstrated their
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promising potential for fluorescence sensing of pH values and hypochlorite in Tramp C1
living cells.
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various pH, Figure S5: Flow cytometry analysis of Tramp C1 cells treated with mPA CNPs at various
pH, Figure S6: Cell viability for Tramp C1 cells in the presence of mPA CNPs, Figure S7: FT-IR spectra
of mPA CNPs in the absence and presence of NaClO, Figure S8: Flow cytometry analysis of Tramp
C1 cells stained by mPA CNPs incubated with NaClO or NaClO/NAC, Table S1: Zeta potentials
of mPA CNPs at various pH values, Table S2: Comparison of the in vitro fluorescence behavior of
mPA CNPs with other CD-based pH sensors, Table S3: Comparison of the fluorescence behavior of
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