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HIGHLIGHTS

« The Cu-CDs with a dual-selective
feature were successfully fabricated
through a one-step hydrothermal
carbonization.

« The Cu-CDs can be served as a highly
selective and sensitive fluorescent
probe for the detection of PPi, where
the detection limit was estimated to
be 0.013 pM.

« Due to a pH-dependent fluorescence
emission feature and visual color
change, the Cu-CDs can be applied to
pH sensing and pH-paper for urine.
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GRAPHICAL ABSTRACT

The fluorescent Cu-CDs were served as a dual-selective nanosensor to detect PPi based on fluorescence
enhancing with linearity from 0.05 to 20 pM and LOD of 0.013 pM, and pH value by observing color with
naked eye under UV lamp through an assembled portable paper-based sensor of pH.
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ABSTRACT

High-performance determination of pyrophosphate ions (PPi) and pH is an important goal in biological
systems. In this work, Cu-doped carbon dots (Cu-CDs) were synthesized rapidly and simply via a one-
pot hydrothermal method. The as-obtained Cu-CDs, with an average size of 2.55 nm, exhibit an
excitation-independent fluorescence emission and possess desirable functional groups of carboxyl and
amine, which can be served as fluorescence nanoprobes for detection of PPi based on surface passivation.
Under the optimal condition, the linear range for detection of PPi was 0.05-20 pM, and the corresponding
limit of detection (LOD) was 0.013 pM, indicative of a promising assay for the PPi. Moreover, the fluores-
cent intensity of the Cu-CDs is linear against pH value from 6 to 8.7 in buffer solution, suggesting the fea-
sibility as a pH sensor. The synthesized Cu-CDs coated fluorescent paper indeed can monitor pH in urine
with satisfaction by naked eyes through ultraviolet irradiation. The successful detection of PPi and the
visual detection of pH value suggest a highly promising application of Cu-CDs in the field of biosensing.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Anions and pH are of vital importance in both biological and
natural systems [1,2]. As a by-product of DNA replication and a
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hydrolyzed product of adenosine triphosphate in living cells
[3,4], the anion of pyrophosphate (P,0%", PPi) exists elsewhere in
the biological environments. However, excessive or low PPi con-
centration in biological systems would lead to a variety of diseases,
including chondro-calcification, calcium pyrophosphate deposition
disease (CPPD), and rheumatism [5-7]. To monitor or diagnose
these diseases, the detection of PPi concentrations in biological
environments is urgently needed [8,9]. Moreover, a high dosage
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of PPi has been reported as one of the main factors for water
eutrophication, and high concentrations of PPi in rivers and soil,
in turn, lead to high doses in humans [10]. Therefore, it is highly
desirable to develop a sensitive chemical sensor for the detection
of PPi.

On the other hand, measurement of pH is ubiquitous in many
areas, such as water quality testing [11], environmental monitor-
ing [12], clinical measurements (e.g., blood and urine) [13], and
food safety inspection [14]. In particular, intracellular pH plays a
vital role in various physiological and pathological processes [15],
such as apoptosis, cell cycle, ion transport, receptor-mediated sig-
nal transduction, inflammation, tumor growth, and muscle con-
traction [16], as it modulates the structure and function of all
biologically active macromolecules. Moreover, small changes in
pH in body fluids, e.g., urine, would represent the changes in the
internal environment of the body. Furthermore, the pH of urine
can reflect the acid-base balance in the body and the regulation
function of the kidney. Therefore, a parameter with paramount
importance for proper biological function and hence for measure-
ment in all of the experimental biosciences is the proton concen-
tration, i.e., the pH [17,18]. Nowadays, most of the pH
measurements are made with glass pH probes, which generally
suffer from some inconvenience, e.g., frequent recalibration, diffi-
culty in miniaturization, wet storage of the glass membrane, and
interferences from alkali metals [19,20]. Additionally, the glass
pH probes are delicate and require careful handling, making it dif-
ficult for in-situ analyses. Hence, it remains unremitting pursuit to
develop a simple, flexible, and sensitive pH sensor [21-24].

As a novel type of zero-dimensional carbon nanomaterial, car-
bon dots (CDs) not only present tunable optical properties but also
exhibit outstanding characteristics including bright fluorescence,
water-solubility, excellent photo-stability, nontoxicity, anti-
photobleaching chemical stability, as well as fascinating biocom-
patibility [25-27]. Due to the excellent optical properties, CDs have
shown enormous application prospects in photocatalysis, chemical
and biological sensing, bioimaging, photodynamic therapy, and
drug delivery [28,29]. To date, several CDs-based sensors have
been developed for the detection of PPi, in which the CDs were
used as either reference or response signals [30-32]. Particularly,
in the majority of these sensing strategies, metals (M*": Fe, Cu,
Pb, Ni, Co, etc.) are generally required to play an important role
as a bridge during the detection process. For examples, Yu et al.
prepared the blue emission N-CDs via the hydrothermal method
from ammonium citrate to detect the Fe** and PPi by “on-off-on”
strategy [33]. Dai and co-workers prepared the S, N, O-CDs from
m-phenylenediamine and sulfamide by using the hydrothermal
method for detecting Cu?* and PPi via the strong interaction
between Cu?" and PPi [34]. Jiang and co-workers designed the
bright-blue fluorescent CDs with sodium citrate and polyacry-
lamide for the determination of Pb%* and PPi [35]. Yue and col-
leagues proposed a blue emission of CDs that can be remarkably
quenched by Cu?*, Ni?*, Mn?*, and Co?* due to the coordination
reaction between metal ions and the carboxylic groups on the sur-
face of CDs, and the recovery of CDs triggered by PPi realized the
quantitative detection of PPi [31]. In truth, most of the PPi-
specific fluorescence CDs sensing mechanism was believed as the
competitive coordination effects between M?* - CDs interaction
and M? - PPi interaction. Although some reported fluorescent
CDs have excellent performance for sensing PPi, undoubtedly,
these PPi detection strategies are slightly complicated. Therefore,
the direct, rapid, and one-step detection and monitoring of PPj, is
urgently needed.

Meanwhile, many pH fluorescent CDs probes have also been
developed. Wang’s group synthesized the dual-emission CDs as a
probe for the determinations of pH [36]. Nie et al. prepared two
types of CDs from chloroform (CHCl3) and diethylamine (DEA) for
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pH sensing with a good linearity in the range of pH from 5 to 8
[37]. Liu et al. reported the dual-emissive N, S-CDs, which pre-
sented a distinct pH-sensitive feature with a good linear relation-
ship between the fluorescence intensity of CDs and pH values
[38]. Huang’s groups developed the red fluorescence carbon dots
(RCDs) platform for the testing of environmental samples such as
cattle urine and lake water with good results [39]. In this sense,
the development of a dual-selective nanosensor that simultane-
ously realizes the detection of PPi and pH for biological system-
related indicators is still of important concern.

With this thought in the mind, herein, we designed a dual-
emission Cu-doped carbon dots (Cu-CDs), being synthesized by a
simple, one-step hydrothermal method, which can be used for a
rapid and direct detection of PPi and sensing of pH (Scheme 1).
Specifically, it not only can directly detect PPi quickly and sensi-
tively, but also can visually measure the pH value by observing
color with the naked eyes under UV lamp through an assembled
portable paper-based sensor of pH, which was prepared by simple
coating the Cu-CDs on the commercial filter paper. It is worth not-
ing that the color change range is relatively associated with the pH
of urine samples, and the corresponding color change can be also
achieved in actual urine samples, which would open up a consider-
able practical prospect for the direct, rapid and sensitive detection
of pH for body fluids. As a consequence, the unique feature with
detection of two targets would enable this new sensor broad appli-
cation in biosensing in the future.

2. Experimental section
2.1. Reagents and materials

All the Chemical agents used were of analytic grade. Resorcinol,
urea (UR), CuSO,4, pyrophosphate, 2-[4-(2-Hydroxyethyl)-1-pipera
zinyl] ethane sulfonic acid (HEPES) and dialysis membrane (MWCO
of 1000 Da) were purchased from Aladdin Chemistry Co. Ltd.
(Shanghai, China). A Milli-Q plus 185 equipped from Millipore
(Bedford, MA) was employed to purify the water. All glass wares
were washed with aqua regia (conc. HCl: conc. HNOs, volume
ratio=3:1).

Alkaline

Acid

PP

Scheme 1. Schematic diagram of pH and PPi sensing based on the multifunctional
Cu-CDs.
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2.2. Characterization

Fluorescence data were collected using FS5 Fluorescence Spec-
trophotometer. Transmission electron microscopy (TEM) images
of the Cu-CDs were captured on a HT-7700 (Tokyo, Japan) with
an accelerating voltage of 160 kV. High resolution TEM images
were obtained by a FEI Tecnai F20 transmission electron micro-
scope operating at an acceleration voltage of 200 kV. Ultraviolet—
visible (UV-Vis) absorption spectra were measured by a U-2910
spectrophotometer (Hitachi, Japan). X-ray photoelectron spec-
troscopy (XPS) was performed on an ESCALAB 250XI electron spec-
trometer (Thermo, USA). Fluorescent photographs of the solution
under UV light of 365 nm were operated with ZF-1 ultraviolet ana-
lyzer from Shanghai city Jihui scientific analyze instrument com-
pany. Fourier transform infrared (FTIR) spectrum data was
recorded using a PerkinElmer FTIR spectrophotometer (PE-983,
USA) using KBr pellet at room temperature. Fluorescence lifetime
measurements were carried out on a FLS920 fluorescence spec-
trophotometer (Hitachi, Japan).

2.3. Green fabrication of the Cu-CDs.

The CDs were prepared by a one-step hydrothermal method.
Typically, 0.3 g resorcinol, 0.15 g UR and 0.10 g CuSO,4 were added
into 30 mL water. Ultrasonic irradiation of the mixture was
conducted by an ultrasonic homogenizer until they were com-
pletely dissolved to homogeneous solution. Then the mixture
was transferred to a Teflon-lined stainless-steel autoclave and
heated at 180 °C for 7.0 h. After the autoclave was cooled down
to room temperature naturally, the grayish yellow product was
centrifuged for 20 min at 10000 rpm to remove large particles
and then the supernatant was collected. Subsequently, the col-
lected solution was dialyzed using a dialysis bag (1000 Da) for 10 h.

2.4. Fluorescence detection of PPi and pH in aqueous buffer

For the detection of PPi in solution, 100 pL of PPi with different
concentrations were separately added into the mixture of 800 pL
buffer solution (HEPES, 10 mM, pH = 6) containing the as-
synthesized Cu-CDs (2.0 mg/mL). After 10 min, the fluorescence
spectra were measured at the maximum excitation. The selectivity
of the nanosensor toward PPi was evaluated by adding 100 puL of
other anion solutions instead of PPi similarly. For the detection of
pH, the prepared Cu-CDs were added into 800 pL of buffer solution
with different pH (HEPES, 10 mM) and the fluorescence spectra
were recorded in 15 min.

2.5. Procedure for the sewage samples

For the determination of PPi in real samples, the sewage was
collected from the Huajin river in the campus of Anhui Normal
University. The analysis of real samples was performed as follows:
the sewage was pretreated by centrifugation at 10000 rpm for
10 min to get rid of the impurities after filtration. Then 0.22 um
membrane filter was used to remove the small particles. Finally,
the sewage was diluted before using the real samples for measure-
ments. In order to evaluate the accuracy of the proposed method,
all the experiments were repeated three times to eliminate mutual
interference.

2.6. Urine sample treatment

Human urine samples were obtained from laboratory staff.
Morning urine was collected after 12 h of fasting overnight. Sam-
ples were immediately frozen and stored at —5 C until analysis.
Before the test, urine samples were thawed in a thermostatically
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controlled water bath at 37 °C, and urine impurities were removed
by centrifugation at 10000 rpm for 20 min to obtain urine super-
natant. At the same time, a filter membrane was combined with
centrifugation to eliminate the influence of salts and other impuri-
ties [39,40]. In this work, we focused on analyzing the urine super-
natant, which mainly contains metabolites, and tried to eliminate
any potential interfering signals caused by insoluble components
in urine.

2.7. Naked-eye for urine pH on the test paper sensing

The filter paper was immersed into the Cu-CDs solution for
0.5 h. Then, the paper was removed from the solution and placed
in an oven at 60 °C for 3 h until it was dried. The buffer solutions
and urine samples with different pH (4, 5, 6, 7, 7.2, 7.5, 7.7 and
7.9) were dripped on filter paper. Then their fluorescence pho-
tographs were taken under UV light, respectively.

3. Results and discussion
3.1. Characterization of the Cu-CDs

The morphology and structure of the as-prepared Cu-CDs are
shown in Fig. 1A and B, revealing that the Cu-CDs are well
monodispersed in water, with an average particle size of approxi-
mately 2.55 nm. The high-resolution TEM (HRTEM) image of Cu-
CDs shows well-resolved lattice fringes with an average in-plane
lattice spacing of 0.21 nm (inset of Fig. 1), which are very close
to the (100) diffraction facets of graphite [41]. The UV-vis absorp-
tion spectrum of the as-obtained Cu-CDs (Fig. 1C) display an evi-
dent absorption band at 276 nm [42], which is ascribed to the n-
m* transitions of C = O bonds transition of the Cu-CDs [43]. A strong
fluorescence emission peak at 436 nm with a shoulder peak at
520 nm is observed at an optimal excitation wavelength of
370 nm (Fig. 1C). As illustrated in the inset of Fig. 1C, the obtained
Cu-CDs show a bright blue light under the UV light (365 nm). The
fluorescence emission peak of Cu-CDs at 436 nm (Fig. 1D) is
excitation-independent with the excitation wavelength varying
from 330 to 390 nm. This scenario may be due to the relative uni-
form surface states and size distribution[44,45].

In Fig. S1, the fluorescence decay of Cu-CDs monitored at
436 nm is in line with biexponential fitting curve with an average
lifetime of 3.56 ns. Furthermore, an absolute fluorescence quantum
yield (QY) of the Cu-CDs is determined by a widely used method
[46], for which the QY of 8.51% in aqueous solution is calculated
at 370 nm excitation. In order to investigate the optical character-
istics of the Cu-CDs, the effect of time on stability is evaluated.
Under the ultraviolet lamp for 90 min, the peak of fluorescence
emission intensity is basically unchanged (Fig. S2), showing that
the Cu-CDs are stable enough.

The functional groups of the surface of the Cu-CDs were studied
by FTIR spectroscopy. As shown in Fig. 2A, the broad peak at about
3200-3500 cm~! is assigned to the strong stretching vibration of
O-H or N-H [47]. The absorption bands at 1356-1790 cm™! are
ascribed to the stretching vibrations of C-N , C-N — Cu,
N — Cu — N and C = O [48,49]. The C = O vibration shifts to
1618 cm ! while the peak at 1113 cm™! indicates the presence
of the C-0-C[50], suggesting that there are a lot of unsaturated car-
bon bonds formed during the carbonization process. The wide
absorption peaks in the 400-650 regions are the spectra of inor-
ganic compounds[51]. The absorption peak in the 617 cm~! may
correspond to the lattice vibrational modes of O-Cu [52,53].

Additionally, two peaks in the Raman spectrum (Fig. S3) of the
Cu-CDs at 1322 cm™! (D band) and 1589 cm™! (G band) can be
assigned to the areas of disorder or defects sp> and sp? carbon
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Fig. 1. (A) TEM image and (B) particle size distribution of the as-prepared Cu-CDs. (C) UV-vis absorption (black line), fluorescence excitation (red line) and fluorescence
emission spectrum (blue line), respectively. Inset: the photographic images of the Cu-CDs under daylight (left) and UV light (right) at 365 nm excitation. (D) Fluorescence

emission spectra of the Cu-CDs at the different excitation wavelengths.

atoms [54]. The intensity ratio of the D and G bands (Ip /Ig) is often
used as an indicator of the defect degree in the structure of CDs
[55]. Hereby, Ip [ Ig = 0.47 reflects the existence of a large fraction
of defects, which are mainly suffered from surface oxidation, in
good agreement with the FTIR results.

XPS measurements were carried out to further identify the sur-
face functional state and components of the Cu-CDs (Fig. 2 B-F).
The full XPS spectrum of the Cu-CDs (Fig. 2B) present four typical
peaks centered at 285.0 eV, 401.5 eV, 531.5 eV, and 935.0 eV,
indicative of the existence of C (68.98 %), N (4.73 %), O (24.77 %)
and Cu (1.52 %) elements in the Cu-CDs. As shown in Fig. 2C, the
high-resolution C1s XPS spectrum consisted of three peaks locating
at 288.2 eV, 284.4 eV, 285.8 eV are assigned to O-C/C =N, C = C/C-C
and C-N, respectively. Meanwhile, N1s peaks at 399.9 eV and
401.4 eV (Fig. 2D) suggest that most of the N elements are in the
form of N-H and amino N[56]. The peak at 399.3 eV (Fig. 2D) indi-
cates the chelation of N to metal copper, which is also reflected in
the FTIR (1500 and 1050 cm™! bands)[57]. And the O1s peaks at
binding energies of 533.0 eV and 531.9 eV can be ascribed to the
O in the O-H, C-O-C and C = O groups (Fig. 2E). These peaks suggest
that the Cu-CDs have logical hydrophilic properties as well as sig-
nificant stability and dispersibility in water[58]. In addition, in
Fig. 2F, the two peaks of Cu 2p3/2 and Cu 2p1/2 centered at
932.8 eV and 952.5 eV are assigned to Cu(I) species [59]. Observ-
able satellite peaks (930-944 eV) are assigned to Cu(Il) [60], which

are the characteristic peaks of the divalent copper ion phase. The
presence of a divalent copper ion imparts a great chelation ability
for small molecules [61].

3.2. Sensing of the Cu-CDs towards PPi

We further evaluated the feasibility of Cu-CDs as a fluorescent
sensing platform for PPi detection. We first demonstrated that
the fluorescence intensity of Cu-CDs is almost unchanged under
UV light (365 nm) for 90 min (Fig. S2), indicative of an excellent
photo-stability of the Cu-CDs, which is a prerequisite for their
application as a probe. While PPi is added to the Cu-CDs solution,
the fluorescence of Cu-CDs is significantly enhanced (Fig. S4), sug-
gesting the possibility of PPi sensing. To explore the optimal condi-
tions for PPi sensing, the corresponding experiments were carried
out. As shown in Fig S5, the optimal pH, carbonization temperature
and dosage of the Cu-CDs, and incubation time are 6.0, 180 C,
2.0 mg/ mL and 10 min, respectively. To evaluate the selectivity
of the Cu-CDs to PPi, the fluorescence responses of Cu-CDs to dif-
ferent ions were studied under the same conditions. The bars in
Fig. 3A represent the fluorescence intensity ratio (F/Fy) of Cu-CDs
(Fo: the fluorescence intensity of Cu-CDs, F: the fluorescence inten-
sity of Cu-CDs with the addition of different ions). It can be
observed that the fluorescence of Cu-CDs is enhanced significantly
with the F/F, of 4.56 upon addition of PPi, whereas other ions have
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Fig. 2. (A) FTIR spectra of the Cu-CDs. (B) Full XPS spectra and (C-F) high-resolution XPS spectra of the Cu-CDs: (C) C1s, (D) N1s, (E) O1s, and (F) Cu2p.

negligible or no influence (F/Fy between 0.80 and 1.61) on the flu-
orescence of Cu-CDs. These results suggest that the probe have a
high selectivity towards PPi.

Under the optimized experimental conditions, we further inves-
tigated sensing capability of the Cu-CDs towards PPi. As described
in Fig. 3B, the fluorescence intensity of the Cu-CDs at 436 nm grad-
ually increases with the increase in concentration of PPi. In the
range of 0.05-20 pM, a good linear relationship between the fluo-
rescence intensity ratio ((F - Fy)/Fo) of the Cu-CDs and the concen-
tration of PPi is presented (Fig. 3C). The linear fitting equation is
y = 0.1441x + 0.0340 (x is the concentration of PPi, and y is (F-
Fo)/Fo. Here, Fy is the fluorescence intensity of Cu-CDs, F is the flu-
orescence intensity of Cu-CDs with the addition of PPi), R? = 0.994.
The detection limit of PPi is 0.013 pM (3c/slope, where ¢ was the
relative standard deviation of blank solution), showing a remark-
able sensitivity compared with previously reported methods (see
Table S1). These results indicate that the proposed method pro-
vides a highly sensitive platform for the direct detection of PPi.

Then, we discussed the mechanism of why PPi enhances the flu-
orescence of the Cu-CDs. It was reported that the fluorescence of
CDs can be enhanced through the surface passivation of organic
species, polymer, or silica surface [62]. As PPi has a strong ability
to bind metal ions, the enhancement in the fluorescence intensity
can be anticipated by surface passivation [62,63]. To verify our
expectation, the FTIR, fluorescence spectra, UV — vis absorption
spectra, and zeta potential before and after the addition of PPi were
measured. As shown in Fig. 3B, the fluorescence intensity of Cu-
CDs at 436 nm can be greatly enhanced by the addition of PPi. As
shown in Fig. 3D, the main infrared absorption peaks show no
obvious difference. At the same time, as can be seen from Fig. S6,
the UV-vis absorption spectrum of the solution at 200-450 nm
increases with the addition of PPi, which provides a preliminary
evidence that surface passivation has been presented [18,64].

Furthermore, the zeta potential of the prepared Cu-CDs is
—8.19 mV, proving that carboxyl groups are in the majority. The
presence of PPi initiates the increase of the zeta potential to
—3.97 mV, which can be explained by the fact that PPi can partially
shield the negatively charged carboxyl groups of Cu-CDs. This
result further proves the occurrence of surface passivation[65,66].

3.3. Analysis of real samples

To evaluate the practical applicability of the Cu-CDs/PPi system,
the standard addition method was employed to determine PPi in
real sewage samples. As listed in Table 1, the recovery of PPi in
these spiked samples is ranged from 97.90% to 102.20% with the
relative standard deviation (RSD) within 3.74% (n = 3), indicating
the practicability and reliability of the proposed sensing strategy.

3.4. Fluorescence response of the Cu-CDs toward pH

Then, the pH-sensitive behavior of the as-obtained Cu-CDs was
investigated in 10 mM HEPES buffer with different pH values. As
illustrated in Fig. 4A and Fig. 4B, under extremely acidic conditions
(pH 3.0), the fluorescence is nearly completely quenched. It could
be attributed to the protonation of carboxyl groups in the surface
of Cu-CDs, resulting in aggregation of the Cu-CDs and the quench-
ing of fluorescence [67-69]. In the subsequent observations, we
found that the fluorescence intensity of Cu-CDs gradually increases
with the increase of pH. Whereas, specifically, under alkaline con-
ditions, the Cu-CDs emit strong blue fluorescence. A good linear
relationship between the fluorescence intensity of Cu-CDs and
pH from 6.0 to 8.7 was presented in Fig. 4C, the linear equation
is y = 34953.5x — 206020.06 (R = 0.994, x is the value of pH,
and y is the value of fluorescence intensity of the Cu-CDs), which
realizes the digital output for pH sensing. We then investigated
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Table 1
Detection of PPi in real sewage samples.
Samples Added [uM Founded /uM Recovery(n = 3, %) RSD (%)
1 10 10.22 102.20 3.17
2 20 20.56 102.80 3.34
3 30 29.37 97.90 4.72

the accuracy of our developed method between the assay and the
actual value. As can be seen in Table 2, the average relative stan-
dard deviation (RSD) is 1.72-4.42%. These findings suggest that
the present method is both reliable and practical.

However, the luminescence mechanism of CDs is still an open
question [65]. To investigate the mechanism of pH on the enhance-
ment of fluorescence intensity of Cu-CDs, the UV/Vis absorption
spectra and FTIR spectra of the Cu-CDs at different pH conditions
were measured. As can be seen from Fig. S7, the characteristic peak
intensity of the UV-vis absorption spectrum at 200-450 nm
increases with the increase of pH value, and there is no shift in
the position of the peak. For comparison, the FTIR spectrum under
different pH conditions of Cu-CDs were recorded (Fig. 4D). It was
found that there is no significant difference. By analogy with the
Cu-CDs/PPi system, we found that the principle of fluorescence
intensity enhancement of Cu-CDs with pH value may also be due
to the surface passivation effect [62,64].

To investigate the photostability of the Cu-CDs, time scans of
the fluorescence intensity in 10 mM HEPES buffer with different
pH values (5.0, 7.0 and 8.8) were carried out for 60 min. It was
demonstrated that the fluorescence intensity remains stable dur-
ing the scanning process (Fig. S8), indicative of their photostabili-
ties under light and air at the certain pH value. Therefore, the as-
synthesized Cu-CDs could be applied as a new kind of nanoprobes
for pH sensing.

Correspondingly, a gradient color change under UV light
(365 nm) can be observed along with the pH changes. As shown
in Fig. 4E, under acidic conditions, the solution with green fluores-
cence is observed. With the increase in pH value, the green fluores-
cence brightness gets significantly brighter. At variance, under
neutral and alkaline conditions, the green fluorescence is changed
to blue fluorescence, and then the fluorescence brightness
increases gradually with the increase of pH. These variation means
that visual detection of pH by naked eyes would be realized for the
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Fig. 4. (A) Fluorescence spectra of the Cu-CDs dispersed in the solutions with different pH values (from 3 to 8.7). (B) FL intensity at the peak position of the Cu-CDs dispersed
in the solutions with different pH values. (C) Linear relationship between FL intensity and pH in the range of 6.0-8.7 and (D) The FTIR spectra of Cu-CDs in different pH buffers.
(E) The corresponding solution of the synthesized Cu-CDs in different pH buffer solutions under ultraviolet light irradiation: pH = 3-8.7 (from left to right).

Table 2
pH comparison between the measured value and the actual value.
Samples Actual pH Measured pH Recovery (n = 3, %) RSD (%)
1 3.0 2.88 96.00 3.45
2 7.0 7.11 101.58 1.72
3 7.5 7.34 97.87 2.13
4 8.7 8.86 102.28 4.42

promising applicability for biosensing in the future [70,71]. In
Fig. 4A, the characteristic peak of the Cu-CDs is at 436 nm with a
shoulder peak at 520 nm. No obvious change in the characteristic
peak position, only the change in intensity is observed with the
change in pH value [72,73]. Thus, the color change is more likely
to be triggered by mixing the blue color at 436 nm with the green
color at 520 nm [74,75]. Note that the fluorescence intensity at

436 nm is particularly sensitive to the pH value. However, the
shoulder peak at 520 nm does not change much when the pH con-
ditions are changed. Overall, in the strongly acidic case, both peaks
are involved in the presence of green color. With the increase of
pH, the blue color at 436 nm gradually becomes dominated, lead-
ing to the transition phenomenon from final green to blue color
[76,77].



Y. Yang, C. Wang, Q. Shu et al.

A

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 268 (2022) 120681

*

pH=7.7

pH=7.9

pH=7.5 pH=7.2

Fig. 5. (A) The photographs of filter paper coated with the Cu-CDs (pH =4, 5, 6,7,7.2,7.5,7.7,7.9). (B) The photographs of filter paper coated with the Cu-CDs after dripping

urine of different pH (4, 5, 6, 7, 7.2, 7.5, 7.7, 7.9).

3.5. Naked-eye visualization for urine pH

We further used the Cu-CDs cross-linked in commercial cellu-
lose filter paper to prepare the pH strip and realize the naked-
eye fluorescence detection of pH. Under UV light radiation, the
Cu-CDs papers exhibit bright fluorescence (Fig. 5), while the
untreated paper is nonluminous, demonstrating the successful
preparation of Cu-CDs coated paper [73]. The buffer solutions with
pH values of 4, 5, 6, 7, 7.2, 7.5, 7.7 and 7.9 were dripped on eight
pieces of fluorescent paper and dried for 3 h, the corresponding
photographs under UV-lamp are shown in Fig. 5A. Under acidic
conditions of pH = 4 and 5, the strips show green fluorescence
which can be visualized by the naked eye, and the color changes
from green to blue in the pH range of 6-7.5. When pH reaches
7.7, the distinct blue on the Cu-CDs coated papers is observed.
The change of colors is consistent with that in an aqueous solution.
Then, the paper-based Cu-CDs fluorescent sensing platform was
applied to urine pH assay. Similar to the above results, the color
of filter paper coated with the Cu-CDs shows a trend of changing
with the increase of urine pH from 4 to 7.9 (Fig. 5B). These results
demonstrate that the proposed Cu-CDs-based paper is capable of
monitoring small fluctuations of pH in real urine samples by naked
eye. In comparison with other pH-sensitive nanocomposites-based
sensors|[16], our proposed pH sensor has a more sensitive discol-
oration point, which is more sensitive to the small environmental
change in body fluids.

4. Conclusion

In conclusion, we have successfully synthesized fluorescent Cu-
CDs by hydrothermal method with resorcinol, UR and CuSO, as the
precursors. The as-obtained Cu-CDs can be served as fluorescent
nanoprobes to detect PPi with high sensitivity and selectivity.

The LOD was calculated to be 0.013 pM with linearity from 0.05
to 20 uM. The Cu-CDs presented a pH-dependent fluorescence
emission feature, and the fluorescence intensity of the Cu-CDs
was enhanced along with the increase of pH and had a good linear
relationship against pH values from 6 to 8.7 in HEPES buffer solu-
tion. Further, a fluorescent paper coated with the Cu-CDs for visual
detection of pH by naked eyes has been successfully prepared, and
the Cu-CDs-based paper were applied to monitor urine pH with a
good satisfaction. We believe that on one hand, the Cu-CDs have
a great prospect in the detection of PPi, and on the other hand,
the constructed easy-to-use nanoprobe-based paper would offer
the promising insights for developing the portable pH sensor.
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