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ABSTRACT: Carbon dots (CDs) are a type of fluorescent
nanomaterial that have gained significant attention due to their
simple synthesis method and excellent optical properties. The
unique structure of CDs also allows for effective luminescence
tunability. CDs have been reported to be pH-sensitive in many
studies. However, most of these reports are based on the
variation of the luminescence intensity of CDs with pH change.
There are few reports on exploring the linearly tunable variation of
the Iluminescence wavelength with pH value. Hence, we
synthesized novel pH-sensitive CDs using a simple solvothermal
method. The synthesized CDs can change their luminescence
emission wavelength by simply adjusting the pH of the solution.
The change in emission wavelength may be due to the alteration
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in the surface state of the CDs caused by the pH change. This luminous color change of the CDs allows for visual detection

of the pH of the solution. In addition, a color-changing hydrogel

composite for pH sensing was designed based on the pH

sensitivity of the CDs. The CDs@hydrogel has conductive properties that enable it to be used for motion sensing and sweat

pH detection.
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1 Introduction

pH plays an important role in chemical analysis and environmental
and physiological processes. Small changes in pH can affect the
synthesis and properties of materials, soil stability, water safety,
human health, etc. Thus, it is crucial to detect changes in pH.
Fluorescent materials are considered to be a popular choice for pH
detection, especially carbon dots (CDs), which have recently
attracted attention in pH detection [1, 2]. Unfortunately, the use of
CDs for pH detection is still quite limited. The majority of pH
detections using CDs rely on the pH-induced changes in the
luminous intensity of the CDs. However, the luminous intensity
can be affected by many factors such as instrumentation [1, 3-6].
Thus, some groups have reported the combined use of more than
two fluorescent materials [7—9]. Ratiometric fluorescence sensing,
utilizing a range of materials, significantly enhances detection
accuracy, although the synthesis process is complicated.
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Hydrogel is a versatile polymeric material with hydrophilic
properties and a complex three-dimensional network structure.
Hydrogels are formed through chemical (covalent) or physical (non-
covalent) cross-linking processes [10-12]. These exceptional
materials possess an abundance of hydrophilic groups, enabling
them to absorb substantial amounts of water and expand [13]. Due
to their cross-linked network and numerous covalent bonds,
expanded hydrogels have excellent resistance to dissolution, which
allows them to retain absorbed water within the network [10,
14-16]. Additionally, hydrogels feature a porous structure that
facilitates the movement of water molecules within the polymer
network which allows them to be widely applied in various fields,
including engineered skin, medical devices, drug delivery, and
wound dressings [16-22]. Various hydrogel sensors have been
developed based on factors such as temperature and pH to meet
different application requirements in recent years. Notably, the
combination of CDs with hydrogels represents a win-win strategy.
Compared to single CDs, CD-based hydrogels offer enhanced
fluorescence stability by preventing aggregation-induced quenching
effects [10, 14, 23]. Furthermore, the incorporation of CDs in CD-
functionalized hydrogels introduces luminescent properties that are
absent in pure hydrogels, enabling them to fulfill additional
functions.

10) Nano Research, 2025, 18, 94907180
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Typically, neutral red (NR) aqueous solution with emission
wavelengths located at about 637 nm has pH-independence and is a
commonly used acid-base indicator because of its broad absorption
band with a peak at 452 nm in alkaline aqueous solution, and its
absorption peak shifts to 535 nm under acidic conditions due to
rapid deprotonation of acidic NR during photoexcitation or solvent
interaction [24, 25]. In this work, one type of new pH-sensitive CDs
was reported via using NR and ethylenediamine monohydrate
(EDA) as carbon sources (Scheme 1). It is important to note that
EDA acts as both a solvent and carbon source, simplifying the
synthesis step for CDs. The as-synthesized CDs demonstrate a
significant response to changes in pH, as their emission wavelength
varies linearly with pH. By precisely adjusting the pH value of the
CDs, it can seamlessly transition the emitted light from green to
red. This property enables precise determination of the pH value of
the solution by measuring the emission wavelength of the CDs,
avoiding the inaccuracies and operational complexities of
traditional pH determination methods. Additionally, it can be
discovered that the emission wavelength change of these CDs
causes a significant change in their luminous color, allowing for
visual detection of the pH of the solution. Therefore, a novel pH-
sensitive luminescent hydrogel (CDs@hydrogel) was successfully
prepared by combining pH-sensitive CDs with the hydrogel. This
hydrogel inherits the pH sensitivity of the CDs and also exhibits
electrical conductivity due to the CDs’ electrical conductivity.
Ultimately, the as-prepared hydrogels were utilized to sensitively
detect human movement and sweat pH.

2 Experimental section

2.1 Chemicals and materials

NR, EDA, ammonium sulfate ((NH,),SO,), phosphate, and sodium
hydroxide =~ were  purchased from  Shanghai  Aladdin
Biopharmaceutical Co., Ltd. Gelatin (porcine skin) was purchased

-‘

from Sigma-Aldrich Life Science & Technology Co., Ltd. The pH
test paper was purchased from Shanghai SanAiSi Reagent Co., Ltd.

2.2 Synthesis of CDs

CDs were synthesized using a typical solvothermal reaction, ie.,
0.03 g of NR and 1 mL of EDA were weighed and sonicated using
an ultrasonic machine for 10 min before using and then the
mixture was transferred to an autoclave with a
polytetrafluoroethylene liner. The reaction was taken out at 200 °C
for 5 h and cooled naturally to obtain the CD solution, which was
dialyzed through a dialysis bag with a molecular weight of 1000 Da
for 24 h to obtain the purified CDs solution.

2.3 Synthesis of CDs@hydrogel

The gelatin solution was first prepared by dissolving 5 g of gelatin
powder in 25 mL of deionized water and stirring at 60 °C for
30 min. When the gelatin was completely dissolved, an appropriate
amount of CD solution was added and stirred for 30 min until the
CDs were evenly dispersed in the gelatin solution. Subsequently, 1 g
of ammonium sulfate was added and the stirring was continued for
30 min, and after removing air bubbles by ultrasonication, the
transparent  gelatin  solution =~ was  poured into a
polytetrafluoroethylene mold and kept at 4 °C for 1 h to obtain
CDs@hydrogel.

24 Preparation of CDs@hydrogel sensors

The CDs@hydrogel sensor was obtained by connecting both ends
of the hydrogel to a metallic copper wire using conductive copper
adhesive and was adhered to the skin using double-sided adhesive
when used as human motion sensing. The experiments involving
human subjects were performed with the full consent of the
participants.

2.5 Characterization
120 KV transmission electron microscopy (TEM) (JEM-2100F) was
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Scheme 1 Synthesis and application design route of CDs.
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used for morphology and structure characterization. The surface
morphology was characterized by field emission scanning electron
microscopy (SEM) (Quanta FEG 450). X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250Xi) was utilized for elemental
and compositional analysis. X-ray diffraction (XRD) (Bruker, K« %
1.5406 A) was applied for lattice structure analysis. Fourier
transform infrared (FT-IR) spectrometer (Nicolet6700) was utilized
for composition and structure analysis. Ultraviolet (UV)-visible
near-infrared spectrophotometer (Lambda 750) was used to
characterize the optical properties. Photoluminescence (PL) spectra
of CDs were measured at room temperature with a time-resolved
fluorescence spectrometer (FL3-22, Jobin-Yvon). A benchtop
multimeter (NDW3041) was used to measure the resistance of
CDs@hydrogel. The static contact angle values of CDs@hydrogel
were determined using a droplet shape analyzer (DSA100, Kriiss)
with a droplet size of 5 L for each test.

3 Results and discussion

To gain a deeper understanding of the microstructure, size, and
distribution of the CDs, we conducted TEM tests. Figure 1(a) shows
that the CDs are well dispersed, and TEM reveals that they have a
uniform spherical or quasi-spherical distribution. To obtain more
accurate size information, we conducted statistical analysis on the

particle size of CDs. The results showed that the average particle
size of CDs was about 2.13 nm (Fig. 1(b)). The structural details of
the CDs reveal obvious lattice stripes (Fig. 1(c)).

The crystal plane spacing of the CDs was measured to be
0.25 nm, corresponding to the (111) crystal plane of graphite,
indicating a graphite crystal structure [17]. XRD is a useful tool for
reflecting the crystal structure of CDs. The XRD pattern of the CDs
shows a wide diffraction peak at approximately 24°, corresponding
to the (002) crystal plane of graphite (Fig. 1(d)). To gain a better
understanding of the structural information of the CDs, FT-IR
analysis was conducted. The FT-IR spectrum of the CDs (Fig. 1(e))
illustrates N-H stretching signals of amines at 3340 and 3220 cm™
[26-28]. The infrared spectrum shows C-H stretching at 2955,
2920, and 2850 cm™, which may be related to dye molecules [25].
The CDs exhibit a unique C=0 bond at 1750 cm™, which may be
due to the oxygen-containing functional groups introduced by the
oxidation of the CDs, as confirmed by subsequent XPS analysis
[29]. Additionally, the infrared absorption peaks located at 1620,
1585, and 1180 cm™ correspond to the characteristic absorption of
C=N, C=C, and C-N bonds, respectively [30-35].

The XPS spectrum is shown in Fig. 1(f), which displays
characteristic peaks from C (284.8 eV), N (399.8 eV), and O
(532.2 eV). The presence of the O element is indicative of the
oxidation of the CDs to produce oxygen-containing functional
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Figure1 (a) TEM image of uniform distribution of CDs (scale bar = 100 nm). (b) The particle size distribution of CDs. (c) TEM image (scale bar = 20 nm) and (inset)
high-resolution TEM image of CDs. (d) XRD pattern of CDs. (e) FT-IR spectra of CDs (bottom) and NR (top). (f) XPS spectrum of CDs. High-resolution XPS spectra of

(g) C1s, (h) N 1s,and (i) O 1s of CDs.
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groups [36]. To investigate the chemical bond forms of C, N, and O
elements in CDs, high-resolution XPS analysis was performed for
fitting. Figure 1(g) illustrates the high-resolution XPS spectrum of
C 1s, which can be divided into three small peaks located at
approximate 284.8, 2859, and 287.7 eV. These peaks can be
attributed to the presence of C=C/C-C, C-O/C-N, and C=0
groups, respectively [37, 38]. Similarly, the high-resolution XPS
spectrum of N 1s (Fig. 1(h)) can be decomposed into three peaks
near 398.5, 399.5, and 401.2 eV, attributed to pyridine N, pyrrole N,
and graphite N, respectively [28, 39, 40]. Figure 1(i) displays the
high-resolution XPS spectrum of O 1s, which can be divided into
two peaks located near 531.1 and 532.5 eV, corresponding to C=0O
and C-O bonds, respectively [37, 41]

The synthesized CDs showed bright yellow-green fluorescence in
aqueous solution with a photo-quantum yield of 15.13% under
neutral conditions (Fig. S1 in the Electronic Supplementary
Material (ESM)). And these CDs have good stability (Fig. S2 in the
ESM). It is worth noting that EDA exhibits strong alkalinity due to
the introduction of more amino groups into the CDs system as one
of the precursors. As the pH decreased from 10 to 1, the
fluorescence changed regularly from green to red, as shown in Fig.
2(a). The spectrum measurements indicate that the emission peak
center of the CDs shifts from 522 to 583 nm, exhibiting a relatively
linear change (Fig. 2(b)). The position of the emission peak was
linearly fitted to the function y = 6.7x + 592.8, demonstrating good
adaptability (Fig. 2(c)). Additionally, cyclic tests were conducted on
the emission wavelengths of CDs at pH levels ranging from 10 to 1
(Fig. S3 in the ESM). The experimental results indicate that there
was no significant change in the emission wavelengths of CDs at
pH 10 and pH 1 in the green wavelength band after 10 cycles.
However, the emission peak at the wavelength end of the red light
shows a small blue shift, which may be due to multiple cycles
causing the CDs solution to become diluted. These findings

indicate that CDs have good recyclability in pH detection. To
investigate the color-changing mechanism of the CDs, we
examined their luminescence. For research convenience, we
analyzed three groups of CDs with significant differences in
emission wavelengths. These CDs were named as green CDs (G-
CDs), yellow CDs (Y-CDs), and red CDs (R-CDs), and had pH
values of 11, 6, and 1, respectively. The luminescent centers of the
three CDs are located at 522, 552, and 584 nm, respectively. To
investigate the reason for the red shift of CDs luminescence caused
by pH value, we tested the emission spectra of CDs under different
wavelength excitation. The results in Fig. 2 show that new emission
peaks appear near 580 nm for G-CDs and Y-CDs as the excitation
wavelength increases (Figs. 2(d) and 2(e)). For R-CDs, a new
emission peak around 605 nm appeared in addition to the intrinsic
peak located near 580 nm (Fig. 2(f)). This indicates that the CDs
may have two luminescent centers.

To analyze the excitation and emission peaks of the CDs, we
conducted a Gaussian peak analysis. Figures 3(a)—-3(c) show that G-
CDs and Y-CDs have additional peaks near 580 nm, while R-CDs
have peaks near 610 nm, in addition to their main emission peaks.
This confirms that CDs have multiple emission centers. Excitation
spectra reveal that G-CDs have excitation peaks at 320 and 400 nm
(Fig. 3(a)), while Y-CDs have an additional excitation peak at
470 nm (Fig. 3(b)). New excitation peaks were observed at 470 and
540 nm for R-CDs (Fig. 3(c)). It is important to note that the
excitation peak at 400 nm is significantly weakened in R-CDs. We
tested the absorption spectra of the CDs. UV-vis light absorption
can be observed with a strong absorption peak located near
280 nm, which is the absorption of n-7* electron transitions from
the sp® structure of the carbon core (Figs. 3(d)-3(f)) [42, 43].
Functional groups such as C=N/C=0 on the surface of CDs cause
visible light absorption between 400 and 600 nm [42, 43]. It is
interesting that when CDs change from alkaline to acidic, the
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Figure2 (a) Optical photos of CDs at different pH levels. (b) Emission spectra of CDs at different pH levels. (c) Fitting plots of emission peak positions of CDs at
different pH values. (d)-(f) Emission spectra of CDs (G-CDs, Y-CDs, and R-CDs, respectively) at different excitation wavelengths.
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Figure3 The fitted excitation-emission spectra of (a) G-CDs, (b) Y-CDs, and (c) R-CDs (the insets show CDs under daylight and UV light, respectively). Absorption
spectra after (d) G-CDs, () Y-CDs, and (f) R-CDs. The fitted absorption spectra of (g) G-CDs, (h) Y-CDs, and (i) R-CDs.

absorption peak in the visible light band shows a significant red
shift (Figs. 3(g)-3(i)), which leads to an increase in the self-
absorption of CDs in the long wavelength region, resulting in
enhanced emission. At the same time, we observed that the
absorption from CDs and carbon core weakened compared to the
process of changing from alkaline to acidic, indicating the transfer
of absorption from the core state to the surface state of CDs.

NR is an acid-base indicator that is highly sensitive to both acid
and base. It exhibits a wide absorption band with a peak of 452 nm
in alkaline aqueous solutions, which shifts to 535 nm under acidic
conditions. Its fluorescence, characterized by a signal peak at
637 nm, is independent of the pH value in water [24, 25].
Furthermore, NR is highly sensitive to environmental polarity and
the formation of hydrogen bonds. It is speculated that certain
emission centers may be associated with the luminescence of NR.
To test this hypothesis, we examined the excitation and emission
spectra of NR under the same pH conditions as G-CDs, Y-CDs,
and R-CDs. As shown in Figs. S4(a)-S4(c) in the ESM, NR emits
red light in various environments. The emission peaks of NR are
located at 623 nm at pH = 10, and near 630 nm at pH = 6 and
pH = 1, respectively, consistent with literature reports. It is found
that the main excitation peak of NR under alkaline conditions is

{142 me | Sci@pen
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located at 470 nm. A new excitation peak at 540 nm appears in the
CDs when transitioning from alkaline to acidic conditions, and this
peak increases with acidity. The synthesized CDs also exhibit
excitation peaks around 470 and 540 nm when the acidity is
enhanced. Additionally, NR’s absorption in the visible light band
varies depending on the alkalinity and acidity levels, as shown in
Figs. S4(d) and S4(e) in the ESM. This absorption pattern is similar
to that of CDs in alkalinity and acidity, indicating that the CDs
retain the structural characteristics of the precursor.

Absorption in the visible band usually originates from the surface
groups of the CDs, which suggests that the CDs surface was
incompletely carbonized during the synthesis process and retained
some NR properties, resulting in a change in absorbance. It is
important to note that a significant red shift in the absorption of
NR was found in the long wavelength compared to Y-CDs and R-
CDs. This shift is caused by the interaction of NR with the local
environment on the surface or inside of the carbon core. On the
other hand, the CDs exhibit a later transition from 450 to 520 nm
absorption, which is highly likely due to the carbonized matrix
altering their proton balance.

The fluorescence decay curves in Fig. S5 in the ESM display that
the lifetime of the CDs remains relatively stable at pH 4-8, but
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decreases at pH 1-3 and 9-10. At pH 4-8, no major changes were
detected. However, at a pH between 1 and 3, the fluorescence
lifetime significantly reduces, possibly due to emission quenching
caused by excessive addition of acid reagents. It is worth noting that
NR solutions exhibit two coexisting luminescent states, as reported
extensively [25, 44]. The fluorescence decay was fitted using a bi-
exponential model, and the resulting data is presented in Table S1
in the ESM. At pH 8-10, the amplitude (A,) of lifetime 7, is large,
but as pH decreases, the amplitude of 7, decreases significantly. At
pH 1-3, the amplitude of 7, increases, but the lifetime 7, decreases
compared to the lifetime 7,. This indicates that the emission in the
short-wave region weakens with decreasing pH. In addition, FT-IR
studies were carried out on G-CDs, Y-CDs, and R-CDs. Figure S6
in the ESM indicates that R-CDs exhibited characteristic -NH™
functional groups when in an acidic environment, suggesting likely
protonation of the amino functional groups on the surface of the
CDs. Previous reports suggest that protonation may be a significant
factor in the red shift of CDs luminescence [37].

Based on the provided analysis, the possible luminescence
mechanism of CDs can be speculated and described in Scheme 2.
We calculated the absorption and emission energy level changes of
the CDs in different pH states by the equation E = 1240/
[45-48]. By comparing the emission, excitation, and absorption
spectra of the CDs and NR, we found that there is a certain
similarity between the excitation and absorption spectra of the two,
which may be because the characteristic functional groups of the
NR precursor have not been completely carbonized and are
retained on the surface of the CDs. Similar to NR, CDs exhibit two
different surface luminescence states. These states can be
categorized into surface state I, which emits shorter wavelengths,
and surface state II, which emits longer wavelengths. When the pH
of the CDs solution changes from basic to acidic, the surface
functional groups are protonated. This leads to an increase in
absorption in the long wavelength region and some red shift of the
emission [49]. As the pH decreases further, the short-wavelength
emission of the CDs (state I) is gradually weakened by acid burst, as
verified by the significant decrease in lifetime 7;. At this point, the

surface functional group of CDs continues to protonate, and the
amino structure of the protonated form introduces several n-orbital
energy levels between the m and m* transitions, which reduces the
gap distance of the photon transitions and induces red fluorescence
from CDs, leading to an enhanced emission share of state II with a
luminescence red shift [50].

Gelatin is a biomacromolecule that is prepared by thermally
denaturing collagen. It possesses good biocompatibility,
temperature sensitivity, water solubility, adhesion, and cost-
effectiveness. At temperatures above the upper critical solution
temperature, which is approximately 40 °C, gelatin has a random
coil structure in solution. The addition of high concentrations of
(NH,),SO, to the solution decreases the solubility of gelatin,
resulting in its precipitation, a phenomenon known as the “salting
out” effect [51]. After being soaked in the (NH,),SO, solution, the
hydrogel filaments can be bundled together, resulting in a
significant improvement in their mechanical properties [52]. SEM
tests were carried out, as shown in Fig. S7(a) in the ESM, the
CDs@hydrogel shows a layered structure and the layers are
connected by a porous structure. Figure S7(b) in the ESM shows
the FT-IR absorption spectrum of CDs@hydrogel, and it can be
seen that CDs@hydrogel has an abundant hydroxyl structure. In
addition, we also tested the mechanical properties, and the
stress—strain curves showed that the tensile strength of
CDs@hydrogel was about 4 MPa. More noteworthy than the tensile
strength is the elongation, and the maximum elongation of
CDs@hydrogel was about 450%, which indicates that the hydrogel
has good tensile properties (Fig. S7(c) in the ESM). It is also worth
mentioning that the gelatin and CDs, which are rich in hydrophilic
groups, can stabilize a large number of water molecules, which
helps to create artificial jon migration channels for the rapid
movement of various components in human sweat, thus making
the composite film highly responsive to pH stimuli. We tested its
surface hydrophilicity and results showed that complete spreading
was achieved when a water droplet was dropped on the hydrogel
after 1 s (Fig. S7(d) in the ESM).

In addition, CDs@hydrogel still showed excellent pH
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discoloration ability. Figure 4(a) displays the optical photographs of
CDs@hydrogel at different pH, and it can be seen that the hydrogel
showed a significant color change when the pH was changed from
10 to 1. Figure 4(b) shows the change of the hydrogel emission
spectra, which can be linearly fitted. It is found that the emission
peak positions showed a good linear correlation with pH (Fig. 4(c)).
At the same time, we performed a pH cycling test and found that
the emission peak positions of the CDs did not change significantly
within 20 cycles (Fig. 4(d)). The apparent change in hydrogel color
allowed us to use the hydrogel for easier and faster visualization of
pH sensing. We took photos with a smart phone and extracted the
red, green, and blue (RGB) values of the hydrogel at different pH
through software, and we found that the R/G values showed a good
non-linear correlation (Fig. 4(e)), which allows us to identify the pH
of the solution conveniently through a smart phone.

Due to the good stretching properties of the hydrogel, which has
been widely used in the field of sensing, we found that due to the
addition of CDs the electrical conductivity of hydrogel has been
improved well, and the conductivity changed from 0.1 to
1.2 mS/cm. Therefore, we can try to apply CDs@hydrogel as strain
sensors. The strain sensor is assembled by connecting two
electrodes to both sides of the hydrogel. The applied stretch causes a
change in the cross-sectional area of the hydrogel, which in turn
causes a change in its resistance. Upon application of voltage,
deformation of the hydrogel leads to a linear resistance change,
which facilitates sensitive capture of body movements. The periodic
resistance changes during stretching and deformation recovery
were found to be stable and reproducible through testing (Fig. 5(a)),
demonstrating its potential for application as a strain sensor. By
adhering the strain sensor to skin, the hydrogel can be deformed
with body movement, leading to orderly changes in resistance,
which can be used to detect body movement (Figs. 5(b)-5(e)). We
tested different degrees of bending of the knuckle and elbow joints

and found that the sensor exhibited different resistance changes for
different bends, and also showed sensitive sensing of cyclic changes
in the knee and wrist joints. To further test its ability to detect small
movements, the strain sensor was integrated into the throat of a
volunteer to detect the process of swallowing water (Fig. 5(f)), and
the motion of the volunteer swallowing saliva could be sensitively
detected. This demonstrates the promising application of
CDs@hydrogel as a motion sensor.

Sweat, as an inevitable product during the exercise process, is
known to have a strict pH distribution between 4 and 8, which is
driven by lactic acid secreted by the exercising muscles [3].
Therefore, the intelligent detection of pH changes is important for
reflecting the physiological information of human health. It has
been verified through previous experiments that CDs@hydrogel has
a promising application in pH sensing and can be used as a
convenient visual detection. Therefore, we combined these two
functions as a tool for human motion detection and sweat pH
detection during exercise. As shown in Fig. 6, we verified the
feasibility of CDs@hydrogel for motion sensing and pH sensing by
lifting a dumbbell as an action. We conducted a 10 min continuous
test, as shown in Fig. 6(b), and the CDs@hydrogel sensor showed a
sensitivity due to the motion action in the 10 min test. Figure 6(c)
shows a zoomed-in detail, where the rate of change of the resistance
in different degrees represents the magnitude of the movement, by
which we can monitor the completion of the movement during the
exercise. Figure 6(d) shows the change in fluorescence color of
CDs@hydrogel before and after the exercise. By extracting the R, G
and B values, we can see that the R/G values before and after the
exercise are 0.92 and 1.01, respectively. Finally, we conducted the
statistics of the whole exercise process, as shown in Fig. 6(e), the
whole exercise process lasted 630 s, in which the length of the
exercise was 398 s and the length of the rest was 232 s, and the total
number of times of lifting the dumbbells was 150, which could be
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obtained by the resistance rate of change. Secondly, our test results
in Fig. 5(c) divided the range of resistance rate of change values into
4 groups, corresponding to 4 different elbow flexion angle ranges,
so that we can get the number of exercises with different elbow
flexions (pie chart in Fig. 6(e)). Finally, by substituting the R/G
values into the fitting equation in Fig. 4(e), we can get the pH
change from 6.6 to 5.7 during the exercise process. By testing the
actual exercise, we have verified the feasibility of CDs@hydrogel for
exercise detection and sweat pH monitoring during the process.
Meanwhile, based on this we can get a large amount of motion
data, which demonstrates that CDs@hydrogel has great application
prospects in the field of motion sensing.

4 Conclusions

In summary, we have reported a new type of pH-sensitive CDs.
The CDs not only responded to pH in intensity, but their emission

Nano Research, 2025, 18, 94907180
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wavelength also changed linearly with pH. We found that a
continuous change of the CDs from green to red light could be
achieved only by changing the pH of the CDs. A series of
characterization analyses revealed that this color-changing effect
originates from its two-surface-state emission. This property allows
us to accurately determine the pH of the solution by measuring the
emission wavelength of the CDs, thus avoiding some of the
problems in conventional pH determination methods, such as the
inaccuracy of the measurement results and the complexity of the
operation. In addition, we also found that the change in the
emission wavelength of such CDs makes an obvious change in their
luminescence color, and we can directly observe the change in the
color of the solution with the naked eye, thus realizing the visual
detection of the pH of the solution. We further combined the pH-
sensitive CDs with hydrogel to prepare a novel pH-sensitive
luminescent hydrogel composite. This hydrogel composite not only
inherited the pH sensitivity of the CDs but also made the hydrogel
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conductive due to the conductivity of the CDs. This allows us to use
this hydrogel for motion sensing and sweat pH detection in the
human body. Overall, our study opens up new possibilities for
multifunctional applications of the CDs.

Electronic Supplementary Material: Supplementary material (Figs.
S1-S7 and Table S1) is available in the online version of this article
at https://doi.org/10.26599/NR.2025.94907180.
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