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Sensitive and visual analysis of iodide (I7) and pH is significant in environmental and food applications.

Herein, we present a facile fluorescent sensor for highly selective and visual detection of I~ and pH

based on nitrogen-doped carbon dots derived from Listeria monocytogenes (NCDs-LM). The NCDs-LM-

based fluorescent sensor showed a good linear relationship to I~ concentrations, and the detection limit

was calculated as 20 nmol L. The developed sensor was successfully applied to the detection of I in
drinking water and milk samples. Meanwhile, the as-synthesized NCDs-LM sensor can be used to detect

Received 8th February 2022
Accepted 25th February 2022

pH, achieving a wide linear pH range. Furthermore, fluorescent test papers based on NCDs-LM were

designed for semi-quantitative detection of I~ and pH via the naked-eye colorimetric assay. The present

DOI: 10.1039/d2ra00826b

rsc.li/rsc-advances monitoring and food analysis.

1. Introduction

Iodine, as an ingredient in human thyroids, plays a critical
physiological role in thyroid functions.” A deficiency or excess
of iodine can lead to thyroid diseases. The World Health
Organization (WHO) has recommended that the daily intake of
iodine is 150 pg per day for adults and 250 pg per day for
pregnant women.*® Commonly, iodine intake by humans is
mostly through their diet and trace amounts from drinking
water.® The iodine concentration in water and foods is highly
variable. The richest iodine sources are iodized salt (76 mg
kg™ "), marine products (160-3200 pg kg '), eggs (93 ng kg 1),
whole cow's milk (27-47 pg kg™'), and food products derived
from them, and drinking-water (0-8 ug L™').” Iodine occurs in
food and water mainly as iodide (I"). Measurements of I" in
samples and drinking water are of considerable interest as they
can be used as dietary iodine intake monitors.

The low concentration of I" in most foods and drinking
water,® quantitative analysis of trace levels of I present in the
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work indicates that the NCDs-LM-based fluorescent sensor has high potential for use in environmental

food and environmental samples is still a challenge. Thus,
accurate and precise quantification of I requires a sensitive
analytical method to be applicable to a large range of food
products. Thus far, several methods, including ion-selective
electrodes,”® chromatography,"” mass spectrometry,'”” capil-
lary electrophoresis,” electrochemical detection,"** and
chemiluminescence detection'*'” have been used to analyze I".
Nevertheless, these methods are time-consuming, suffer from
matrix effects, and are not applicable to all product types. On
the other hand, the fluorescent sensors have been used to detect
I"," because of their simplicity, fast response, and good selec-
tivity."*** However, the fluorescent probes used by these sensors
are generally expensive, difficult to manufacture, and poor
photostability. Hence, it is needed to develop an economical,
facile, and hydrophilic fluorescent nanomaterial for assembling
sensitive and selective I" sensors.

As an essential measurement parameter, pH plays a vital role
in environmental monitoring and food analysis.**** For
instance, measuring the pH of water can rapidly assess water
pollution. And, determining the pH of fruits and vegetables can
accurately judge their maturity. Thus, accurate sensing of pH is
of vital importance. Glass membrane electrodes (GMEs) have
been widely used for pH detection.”® Nevertheless, GMEs has
some shortcomings, such as mechanical fragility, temperature-
dependent response, and the difficulty in the measurements of
small-volume samples. Therefore, there is an imperative need
for developing a cheap, stable, and small volume pH detector.
Compared with the GMEs, the fluorescent pH sensor is
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a promising complementary strategy due to its good optical
stability and advantages in low-concentration sample determi-
nation.>**® Recently, organic fluorescent small molecules have
found significant availability in pH sensing with adjustable
structures and tunable fluorescence.*® In contrast, their chem-
ical and photostability needs to be improved in practical
applications. Therefore, it is necessary to develop a stable
fluorescence sensing material with excellent optical properties,
cheap to produce and easy to handle for pH detection.

Carbon dots (CDs) are novel fluorescent materials with
excellent optical stability, biocompatibility, and surface func-
tionalization,>*® which is suitable to fabricate fluorescent
sensors for I and pH detection.**® For example, He et al. re-
ported the CDs manufactured fluorescent ‘off-on’ sensors for
detection of Hg”" and I" in lake water and cattle urine.** Shi
et al. published a CDs-based ratiometric fluorescence sensor for
intracellular pH detection.* It was reported that nitrogen
doping could endow CDs with new structural and photo-
luminescence properties.*® And, nitrogen-doped CDs (NCDs)
have been used in the field of fluorescent sensors.**** Until now,
various chemical and natural sources have been used as
precursors to synthesize CDs/NCDs.***” Bacteria are abundant
and low-cost precursors, and CDs/NCDs prepared from bacteria
have been used in antibacterial and biological imaging
fields.**** However, studies on the use of Listeria monocytogenes-
derived NCDs as fluorescent probes for selective and visual
detecting I and pH are currently lacking. Thus, much effort is
necessary to design a simple, low cost and environmentally-
friendly sensor for the determination of I" and pH in food
and environmental samples.

Driven by the demand, we herein report a facile, green, and
turning wastes into wealth route using bacteria Listeria mono-
cytogenes (LM) and urea to solvothermal synthesize typical
material (denoted as NCDs-LM). As illustrated in Scheme 1, the
obtained NCDs-LM was acted as the probes to fabricate fluo-
rescent sensors towards I and pH detections. On the one hand,
a fluorescence “turn on” sensor was used to detect I" selectively
and sensitively. At the same time, the NCDs-LM showed pH
sensitivity and were successfully applied in wide-range pH
detection. Notably, a portable NCDs-LM-based test paper was
also prepared for visual and semi-quantitative detection of I
and pH in food and environmental samples. The as-prepared
NCDs-LM-based sensor was demonstrated to be low-cost,
convenient, rapid, and visual, making it attractive in I" and
pH analysis in different kinds of samples.

2. Experimental section

2.1. Materials and apparatus

KI and Hg(NOj;), were purchased from Aladdin Reagent Int
(Shanghai, China). NaHSO,, NaNO,, Na,S, NaHSO3;, CH;COONa,
NaNOj;, (NH,4),SO,, NaHCO;, KH,PO,, KCl, and KBr were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Bacterial cultures Listeria monocytogenes (ATCC 15313)
were employed from American Type Culture Collection (ATCC).
Trypticase soy broth (TSB) medium used for bacterial cultures
was procured from Qingdao Hope Bio-Technology Co. Ltd
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(Qingdao, China). Microfiltration membrane (pore diameter:
0.22 pmol L") was ordered from Tianjin Jinteng Experimental
Equipment Co., Ltd. (Tianjin, China). Ultrapure water (Millipore,
18.2 MQ cm, MA, USA) was used in all experiments.

2.2. Apparatus

UV-vis absorption spectra were measured on a TU-1810
Ultraviolet-visible spectrophotometer (PERSEE, China). Fluo-
rescence spectra were recorded using a fluorescence spectro-
photometer (Hitachi F-7000, Japan). Fourier transform infrared
(FTIR) spectra were recorded on an FTIR spectrophotometer
(Antaris II, America). Transmission electron microscopy (TEM)
images were obtained using a JEM-2100 transmission electron
microscope (JEOL, Japan). Transient fluorescence spectrometer
was used to measure the fluorescence lifetime (FLS-1000,
Edinburgh). Powder X-ray diffraction (XRD) spectra were
collected on a D8 Advance Multifunctional X-ray diffractometer
(Bruker Germany). X-ray photoelectron spectroscopy (XPS) data
were collected by a Thermo ESCALAB 250Xi spectrometer
(Thermo Fisher, USA).

2.3. Synthesis of NCDs-LM

NCDs-LM were prepared synthesized by a recently reported
method with a slight modification.*® Briefly, Listeria mono-
cytogenes were cultured in 30 mL of TSB medium at 37 °C with
shaking overnight. Then the cells were harvested by centrifu-
gation at 4000xg for 3 min, washed three times with ultrapure
water. After that, the resulting pellets were added 5 g of urea and
then re-suspended in 20 mL of N,N-dimethylacetamide. The
solution was evenly mixed, and then transferred into a 150 mL
Teflon-lined stainless-steel autoclave for reaction at 180 °C for
10 h. Thereafter, the resulting dark-brown solution was centri-
fuged at 8000xg for 10 min, and the supernatant was filtered
through a 0.22 um filter membrane. Next, the products were
purified by silica column chromatography with methanol and
ethyl acetate as the eluent. Then, the collected eluate was dried
with a vacuum rotary evaporator and was diluted with water to
store at 4 °C for standby.

2.4. Fluorescence detection of I

For the I detection, 400 uL of NCDs-LM dilute solution (100 pg
mL "), and 400 pL of Hg>" stock solution of 8 pmol L™" were
added to 5 mL polypropylene centrifuge tubes. Then 400 pL of
I standard solutions with different concentrations (0, 0.1, 0.5,
1, 5, 10, 25, 50, 250, 500, 1000 pmol L") were subsequently
added to the above mixtures. After incubation at room
temperature for 10 min, the fluorescence (FL) spectra were
monitored (A.x = 490 nm). And, aqueous solutions were used in
fluorescence detection of I" and all FL measurements were
performed under the same conditions.

2.5. FL detection of pH

The procedure of pH detection was according to previous
literature.** Specifically, 500 pL of Britton Robinson (BR) buffer
at various pH values of 1.81, 1.98, 2.21, 2.87, 3.29, 3.78, 4.10,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 NCDs-LM-based fluorescent sensor for |~ and pH detection.

4.78, 5.32, 5.72, 6.37, 6.80, 7.24, 7.96, 8.36, 8.69, 9.15, 9.62,
10.38, 10.88, 11.20 and 11.82 were prepared and then added
1.5 mL of the NCDs-LM dilute solution (100 ug mL "), respec-
tively. The obtained mixture was vortexed thoroughly to stand
for 10 min at room temperature, and then transferred into the
fluorescent cuvette for the FL measurement. The FL of the
NCDs-LM-pH mixture was recorded by an FL spectrophotom-
eter (Aex = 490 nm) in the same parameters as Section 2.3
described above.

2.6. Application in real samples

Drinking water, milk, and fruit samples were bought from
a local supermarket. All the water samples were filtered through
0.22 pm filter membranes before I" and pH analysis. The
pretreatment of milk samples was according to China's national
standard (GB 5009.267-2020). Specifically, 0.5 mL of 1.0 mol L ™"
zinc acetate solution and 0.5 mL of 0.3 mol L™ potassium
ferrocyanide were added into 2 mL of milk samples. After
mixing thoroughly, the solution was centrifuged at 8000xg for
10 min. Subsequently, the supernatant was then filtered
through 0.22 pm filters. Finally, the filtrate was collected used
for I analysis. Meanwhile, different drinking water and fruits
(grape, watermelon, and cantaloupe) were used for pH analysis.
Firstly, fruit juices were prepared using a plastic juicer and were
centrifuged at 8000xg for 10 min. The resultant suspension was
filtered through a 0.22 pm filter membrane and was diluted 10
times with ultrapure water before taking subsequent pH
detection experiments. For evaluating the accuracy of pH
detection, a commercial pH meter was used to measure the

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

actual pH value of drinking water and fruit samples without the
addition of NCDs-LM solution.

2.7. Preparation of test papers

For the visual assay of 17, 100 uL of the mixed solution con-
taining the dilute solution of NCDs-LM, Hg”>* solution and
a varied concentration of I solution was dropped on a tailored
test paper (diameter of 0.6 cm), and then dried in air. For the
naked-eye detection of pH, the dilute solution of NCDs-LM (100
pg mL ") was firstly mixed with BR buffer solution at different
pH values, then dropped 100 uL on the test paper and dried at
room temperature. Finally, the test papers were observed under
irradiation with the wavelength of 365 nm, and the corre-
sponding fluorescent photos were taken by a smartphone under
the same lighting condition.

3. Results and discussion

3.1. Characterizations of NCDs-LM

The NCDs-LM were synthesized by a facile solvothermal method
with Listeria monocytogenes and urea as the precursor, N,N-
dimethylacetamide as the reaction media. The prepared NCDs-
LM were analyzed by transmission electron microscopy (TEM),
powder X-ray diffraction (XRD) spectra, Fourier transform
infrared (FTIR) spectra, and X-ray photoelectron spectroscopy
(XPS), respectively. As shown in Fig. 1a and b, the obtained
NCDs-LM are regular well-dispersed spherical nanoparticles
with the average diameter of 2.4 nm, without the lattice struc-
ture. XRD patterns of NCDs-LM display a broad peak centered
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Fig. 1 TEM image (a), the corresponding size distribution histograms (b), XRD patterns (c) and FTIR spectra (d) of the prepared NCDs-LM.

around 22.8° (26) correlated to the amorphous carbon phase
(Fig. 1c). The functionalities on the surface of the NCDs-LM
were revealed using FTIR. As described in Fig. 1d, the broad
band around 3408 cm ' represents the strong N-H and O-H
stretching vibrations. The sharp peaks located at 1261 cm ™,
1504 cm ', 1629 ecm ', and 2935 cm ™' correspond to C-O-C
stretching vibration, N-H bending vibration, C=C stretching
vibration, and C-H stretching vibration, respectively. The sharp
peaks at 1668 cm ™', 1398 cm™ ', and 1190 cm ™' demonstrate the
presence of asymmetric C=O stretching vibration, C-N
stretching vibration, and C-O stretching vibration.** All the data
clearly show that -OH, -COOH, and -NH, are located on the
surface of the as-prepared NCDs-LM.

XPS was used to further verify the elemental components
and functional groups of the resultant NCDs-LM. As presented
in Fig. 2a, the element C, N, and O can be obtained in XPS
survey spectra of NCDs-LM at peaks of 285 eV, 400 eV, and
531 eV, respectively. The element proportions of NCDs-LM are
77.01% of carbon, 7.98% of nitrogen, and 15.01% of oxygen.
Then, the Ci1s, Nis, and O1s spectra are deconvoluted into
various peaks. In Fig. 2b, the C1s spectra can be deconvoluted
into three peaks at 284.8, 286.1, and 288.3 eV, representing the
C-C/C=C, C-0/C-N, and C=0/C=N groups, respectively. The
Nis spectra are divided into three peaks at 398.8, 399.8,
400.3 eV, which are assigned to C-N (pyridinic-N), C=N

7298 | RSC Adv, 2022, 12, 7295-7305

(pyrrolic-N), N-H (graphitic-N) bonds, respectively (Fig. 2c). The
O1s peaks comprise two components centered at 531.2 and
532.4 eV, indicating that C=0 and C-OH/C-O-C groups are
present on the surface of NCDs-LM (Fig. 2d). The XPS results
evidence the existence of nitrogen-containing and oxygen-
containing groups on the surface of NCDs-LM and support
the result of the FTIR spectra.*

3.2. Optical properties of NCDs-LM

The UV-vis and FL spectra were measured to further explore
the optical properties of NCDs-LM. From Fig. 3a, NCDs-LM
(200 ug mL™') solution shows a strong UV-vis absorption
peak at 227 nm, attributed to the w—m* transition of the C=C
bond. A strong FL emission centered at 550 nm was observed
when the A is 490 nm. And, there is a weak UV-vis absorption
peak in the same position that the excitation spectrum. As
seen in the inset of Fig. 3a, the resultant NCDs-LM exhibit
a transparent brown color under natural light and emit bright
green-yellow FL under 365 nm UV lamp. The FL emission
spectra of the NCDs-LM (100 pg mL ") were then measured
under different excitation wavelengths (Fig. 3b). With the
excitation wavelength increasing from 460 nm to 520 nm, the
FL emission peak is red-shifted. And the FL intensity increases
first and decreases afterward, and reaches the maximum at the
excitation wavelength of 490 nm. The excitation-dependent FL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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emission and intensity behaviors of the as-prepared NCDs-LM
may be related to different emissive sites on the surfaces or the
sizes of the NCDs-LM.

3.3. Stability study of NCDs-LM

The effects of irradiation time, ionic strength, and pH on NCDs-
LM were evaluated. As described in Fig. 3c, the FL intensity
shows negligible changes even after irradiation for over 40 min,
suggesting excellent antiphotobleaching property of NCDs-LM.
Moreover, the FL intensity only slightly changes even NaCl
concentration is up to 1 mol L', indicating the high photo-
stability of the NCDs-LM (Fig. 3d). Furthermore, to test the pH
reversibility, the pH of NCDs-LM suspension was alternatively
changed between 5 to 9 for 10 cycles. Reversible FL response
curves of NCDs-LM were shown in Fig. 3e, and the NCDs-LM
displayed excellent pH sensitivity and reversibility. All the results
prove the feasibility of applying NCDs-LM as I and pH sensors.

3.4. FL sensor for detecting I

We further explore that the NCDs-LM-Hg>* complex can be
employed to probe I selectively. As displayed in Fig. S1a,t Hg*"
(8 umol L") can coordinate with NCDs-LM to form NCDs-LM-
Hg>" complex, causing the FL of NCDs-LM to be quenched.
Since 1™ has a high affinity with Hg”* and it can remove Hg”>*
from the surface of NCDs-LM, the FL intensity of the NCDs-LM
is significantly recovered to about 55%, upon addition of I" (50

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(@) XPS survey spectra of NCDs-LM. (b—d) The high resolution XPS spectra of Cls, N1s and Ols, respectively.

pumol L") to the NCDs-LM-Hg”" complex solution. Moreover,
the quenching and recovery process is stable and maintained
for more than 600 s (Fig. S1b¥).

To evaluate the selectivity of the NCDs-LM-based sensor
towards I, responses of diverse potential interference
substances at the concentration of 20 pmol L™' were investi-
gated. As seen in Fig. 4a, I can significantly recover the FL of
the NCDs-LM-Hg*" system. By contrast, the interferents only
have a slight influence on FL recovery, which indicates that this
FL sensor has good selectivity to determine I". In the interfer-
ence experiment, 20 umol L " of I alone (red bars, Fig. 4b) and
the mixtures of 20 pmol L™ of I and 20 pmol L™! the inter-
ference ions mentioned above (blue bars, Fig. 4b) were added
into the NCDs—LM-Hg2+ solution, and respectively, then the
recovery effects were evaluated. The results revealed that the
influences of other coexisting ions were negligible. As depicted
in Fig. 4c, under a 365 nm ultraviolet lamp, the fluorescent
probe displayed an evident color change from light blue to
green-yellow by adding I" to the sensing system. In contrast, the
interference ions had no such phenomenon. These results
confirmed that the developed FL sensor had excellent selectivity
toward I in the mixtures.

To gain more insight into the sensitivity of NCDs-LM-based
sensors toward I, an FL titration was carried out. As shown
in Fig. 5a, the FL intensity gradually increases upon the incre-
mental addition of I” into the NCDs-LM-Hg>" mixture. The FL

RSC Adv, 2022, 12, 7295-7305 | 7299
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Fig.3 (a) UV-vis absorption and FL spectra of NCDs-LM (200 ug mL™Y). The inset photographs are NCDs-LM solution under visible light (left) and
UV lamp (365 nm, right). (b) FL spectra at different excitation wavelengths for the synthesized NCDs-LM (100 pg mL™). (c) Photostability of
NCDs-LM under continuous irradiation of a xenon lamp excited at 490 nm. (d) Effect of ionic strength on FL intensity of the NCDs-LM. (e)
Reversible FL response curves of NCDs-LM over 10 consecutive acid-base cycles (Aemy = 550 nm).

efficiency versus I concentration gives a linear plot with a broad
concentration in the range of 0.1 to 1000 umol L™ ". The fitted
linear equations are y = 0.3054x + 0.9563 (R* = 0.9966) at 0.1-10
umol L' 17, and y = 3.2621x —1.9724 (R* = 0.9741) at 10-1000
umol L™ 17, where x is log 10 of I” concentration and y is the FL
efficiency (Fo—F)/F, (Fig. 5b). Moreover, the low limit of detection
(LOD) was calculated based on 3g/slope (where ¢ is the standard
deviation), suggesting that NCDs-LM-based sensor shows high
sensitivity with a low LOD of 20 nmol L™ ".

Further, an FL test paper based on NCDs-LM was used for
the semi-quantitative and visual detection of I". After 100 puL of
the mixed solution containing the NCDs-LM-Hg>" solution
and different concentrations of I” (from 0.1 pmol L™" to 1000

7300 | RSC Adv, 2022, 12, 7295-7305

pumol L") are separately dropped onto the test paper, the
variations of FL brightness and color can be observed under
natural light and UV lamp by the naked eye. As displayed in
Fig. 5¢, with the increasing of I concentration, the color of the
test paper changed from light blue to bright green gradually
upon exposure to UV light of 365 nm. These results demon-
strate the feasibility of the semi-quantitative visualization of I
based on NCDs-LM FL sensor. Compared with previously re-
ported methods (Table S17), the developed FL sensor dis-
played comparable or better analytical performance.
Moreover, it is relatively simple and cost-effective. Notably,
with the NCDs-LM-based test paper, it is easy to semi-
quantitatively detect I concentrations using the naked eye.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00826b

Open Access Article. Published on 04 March 2022. Downloaded on 2/15/2026 5:36:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
(a) (b)
.5 = NCDs-LM+Hg*+I"
351 T INcDsLMHg2 XD ano{ EHNCDs § A )
3.0 =7 D NCDs-LM+Hg " +I'+other anions
g3 I
- - T -
257 230004 = =1 ™
<
. 2.0 z
hl_‘: 1.54 22000-
= —
= 1.0- =
0.5 1000
0.0 ——ror OJa==
-os-%‘c’i@o o é”&mcoo u R 0
& P VS

S o 0 o 0 P oh I N
& O» O &y O o> O O
M &é ST TR

Blank HSO,; NO, S, HSO, CH,COO" NO, SO, HCO; 0> Br

Fig. 4 (a) Selectivity of NCDs-LM-based sensor towards |~ with other interferents. (b) Interference experiments of NCDs-LM-based sensor
towards I (blue bars) and other interference ions (red bars). (c) The photograph of NCDs-LM-based sensor under a 365 nm UV lamp after adding
I~ and other interferents.

3.5. Possible mechanism for detecting I" the absorbance bands centered at 227 nm did not change
nearly. Besides, the fluorescence decay experiments showed
that the fluorescence life time of the NCDs-LM decreased
obviously in the process of fluorescence quenching with Hg>"
(from 7.63 ns to 6.02 ns). When I (50 umol L") was added into

Similar to the literature previously reported,*** the UV-vis
spectral analysis showed that the UV-vis spectra had no signif-
icant change when Hg”* (8 pumol L™ ") were added into the NCDs-
LM aqueous solutions (Fig. S2at). The intensity and position of
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Fig. 5 (a) 3D FL emission spectra of the fluorescent sensor in the presence of different concentrations of I". (B) The linear relationship between
(Fo—F)/Fo and the concentration of I=. (c) Photographs of NCDs-LM-based test paper: only NCDs-LM (control), NCDs-LM-Hg?*(0), and the
mixed solution containing NCDs-LM-Hg?" and different concentrations of I~ under ultraviolet light (365 nm).
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Table 1 Determination of I in real samples

I" added I found Recovery RSD
Sample (umol L™ (umol L™Y) (%) (%, n = 3) Images
0 Not found — — .
5 5.78 115.5 1.7 | |
Drinking water
50 48.60 97.2 1.3 D
500 543.85 108.8 2.6 D
0 Not found — — /
5 4.55 90.9 3.0 D
Milk
50 56.37 112.7 4.7 D
500 492.00 98.4 4.0 D

the NCDs-LM-Hg>* system, the value of lifetime gradually
increased to 7.04 ns (Fig. S2bt). Thus, we deduced that Hg**
ions can be effectively carried off from the surface of the N-
CQDs by I', and then the fluorescence of the NCDs-LM was
retrieved. These results indicated that the fluorescence
quenching belonged to dynamic quenching process,

and
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0 —
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Wavelength (nm)

u)

FL Intensity (a.

(¢) pH 329 4.10

ible
light

View Article Online

Paper

electron transfer process between the excited states of the
NCDs-LM with Hg>* ions may be the main reason for fluores-

cence quenching.*

3.6. Application in drinking water and milk samples

To demonstrate the practicability of the developed FL sensor,
we further analyzed I" concentration in drinking water and
milk samples after pretreatment. As listed in Table 1, the
recovery range of drinking water and milk samples spiked with
I" to varying concentrations was 90.9-115.5% with RSDs of 1.3-
4.7%, implying that the developed sensor had good accuracy
and precision. The obtained result in drinking water samples
(48.60 pmol L™, 543.85 umol L") was in accordance with those
obtained (56.50 pmol L™, 428.2 umol L") using ion chroma-
tography, suggesting that the proposed sensor had good reli-
ability. Furthermore, six different brands of water and milk
samples were not detectable by the FL sensor, suggesting that
the I concentrations of these samples were below the LOD of
the proposed method (20 nmol L™"). Notably, the color changes
caused by I from 5-500 umol L™" could be clearly visualized on
the test paper and well distinguished by the naked eye. All the
analyses confirm that the proposed method is promising for I
detection in environmental and food analysis.

3.7. Fluorescent sensor for detecting pH

As we all know, CDs are sensitive to pH. In fact, the research
reported that the sensitivity of CDs to pH depended on the
functional groups on their surface.*” And, NCDs-LM is expected
to have the same pH-sensing properties as CDs. Here, the
influence of pH on the synthesized NCDs-LM in the pH range of
1.81-11.82 was studied. The FL intensity successively increased

(b)
12000
10000 pH1.81-6.80: i
= =1341.3pH - 892.81
£ go00d RP=0.9610 ./u*//
z |
'z pH7.24-11.82:
£ 6000+ F=391.69pH + 4737.6
] R*=0.9836
= 4000+
2000
0 T T T T T T
2 4 6 8 10 12

32 637 724 836 9.15 10.38 11.20

Fig. 6

(a) 3D FL emission spectra of the fluorescent sensor at various pH values. (b) The linear relationship between FL intensity and various pH

values. (c) Photographs of NCDs-LM-based test paper of different pH values under ultraviolet light (365 nm).
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Table 2 Determination of pH in real samples
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——pH 1.81

——pH 2.21
——pH3.29
——pH 4.10
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(a) Fluorescence decay curves of NCDs-LM at various pH values (Aex = 490 Nm, Aem = 550 nm). (b) UV-vis absorption spectra of NCDs-LM

Samples pH by pH meter pH by NCDs-LM RSD (%, n = 3) Images
Drinking water 1# 6.45 6.40 1.6 D
Drinking water 2# 7.05 7.09 2.9 D
Cantaloupe 6.99 6.93 1.7 | J
Watermelon 5.88 5.82 5.1 D
Grape 3.43 3.47 3.8 D

with pH increasing from 1.81 to 11.82 (Fig. 6a). As shown in
Fig. 6b, good linearity was obtained between FL intensity and
PpH range (1.81-6.80 and 7.24-11.82) with the correlation coef-
ficient R> = 0.9610 and R*> = 0.9836. Moreover, under natural
light and UV lamp, the FL images of NCDs-LM at various pH
values on the test paper displayed photoluminescence color
changes from dark blue to bright yellow-green (Fig. 6c), which
could be readily distinguished by the naked eye. The results
suggest that NCDs-LM can be used as sensitive pH sensors.

3.8. Possible mechanism for detecting pH

Based on the previous reports, H" can quench the FL of CDs by
changing the surface state of CDs.**** Here, for better under-
standing of the unique pH-dependent phenomenon of NCDs-
LM, the FL decay curves and UV-vis absorption spectra at
various pH values were examined. Fig. 7a and Table S2t
depicted the data of the fitted luminescence decays of NCDs-LM
at various pH values. It was observed that the fluorescence
lifetime (1) of NCDs-LM increased from 5.1 ns to 7.68 ns with
the increase of pH (1.81-11.82), suggesting that the fluores-
cence quenching may be dynamic. Further, it was clearly seen

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

that on increasing the pH from 1.81 to 11.82, there were no
significant changes in the absorption spectra of the NCDs-LM,
demonstrating no ground-state complex formation (Fig. 7b).
This result confirmed that the H" quenches the FL of the NCDs-
LM through a dynamic quenching process.

3.9. Application in drinking water and fruit samples

To validate the proposed sensing strategy and confirm its
feasibility application for pH sensing in environmental and
food samples, different drinking water and fruit samples were
performed by the proposed sensor. As shown in Table 2, the
results were found in good agreement with the results
measured from the pH meter, proving the practicability of the
FL sensor for pH values in drinking water and fruits. Addi-
tionally, the color signal caused by drinking water and fruit
samples could be well observed on the test paper by the naked
eye. Compared with other pH sensors, our reported NCDs-LM-
based pH sensor is relatively simple, cost-effective, and could
realize visualization in a wide pH range, indicating its prospects
as a portable analytical tool for environmental monitoring and
food analysis (Table S37).
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4. Conclusion

In summary, a fluorescent platform based on NCDs-LM was
established for selective and visual sensing of I and pH. The
fluorescent NCDs-LM were successfully synthesized using Lis-
teria monocytogenes as the carbon source via a one-step sol-
vothermal method. The NCDs-LM-based fluorescent sensor can
selectively detect I” with the LOD of 20 nmol L ". Furthermore,
the present sensor can sensitively sense pH, providing a wide
linear range from 1.81 to 11.82. An NCDs-LM-based test paper
was further fabricated for visual and semi-quantitative detec-
tion of I and pH, indicating its great potential applications for
on-site sensing of I" and pH. In addition, the present sensor
exhibited highly selective sensing capability for I" and pH in
real samples. Compared with those of previously reported
methods, the NCDs-LM-based fluorescent sensor had the
advantages of rapidness, good stability, and good anti-
interference performance. This work unlocks vast possibilities
for sensing trace I and wide-range pH in various fields, espe-
cially for environmental and food analysis.
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