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A dual-signal optical sensing platform was successfully developed for the determination of ascorbic acid

(AA) based on blue fluorescent carbon dots (CDs) and manganese dioxide nanosheets (MnO, NSs) with

strong Tyndall effect (TE) scattering and fluorescence quenching capabilities. In this nanosystem, CDs—

MnO, NS composites were employed as probes to evaluate the AA concentration. Owing to the strong
reduction, the presence of the target AA could reduce the MnO, NSs to Mn?* and induce the
degradation of the MnO, NSs, resulting in a significant decrease in the TE scattering intensity of the

MnO, NSs and the fluorescence recovery of the CDs. Therefore, a novel optical sensor based on TE
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scattering and fluorescence dual detectors was developed for the sensitive determination of AA. Under

optimized conditions, the limits of detection (LODs) of the two modes were 113 and 3 nM, respectively.

DOI: 10.1039/d4ra02340d

rsc.li/rsc-advances human serum.

1. Introduction

Ascorbic acid (AA), a crucial water-soluble vitamin in the human
body, plays an essential role in maintaining normal metabo-
lism." Owing to its strong reducing ability, AA exhibits excellent
antioxidant effects and can effectively scavenge free radicals to
maintain cellular redox metabolism homeostasis.>* As a neuro-
modulator, AA plays an important role in promoting the
synthesis of neurotransmitters and facilitating the differentia-
tion, maturation, and survival of neurons.** In addition, AA is
an important cofactor for various enzymes that assist in the
biosynthesis of collagen, tyrosine metabolism, and activation of
peptide hormones.® For human health, the required daily dose
of AA is 100 mg. Because the human body cannot synthesize AA
endogenously, it is necessary to acquire adequate AA from the
diet.” Previous studies have shown that abnormal AA levels in
the human body can induce several diseases such as scurvy,
bleeding, diabetes mellitus, cancer, urinary stones, gastro-
spasms, neurodegenerative diseases, and psychiatric
disorders.*'® Thus, it is important to establish a rapid,
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Furthermore, the dual-signal optical sensing platform was successfully applied for the detection of AA in

sensitive, accurate, and convenient method for monitoring AA
levels for clinical disease diagnosis.

A series of new methods have been developed for AA determi-
nation, including liquid chromatography," electrochemistry,>**
electrochemiluminescence,' chromatography,' fluorescence,”*®
and colorimetry.”*' Because of their distinct merits of low cost,
simple operation, and easy access to equipment, fluorescence and
colorimetric methods have been widely applied to analyze AA in
real samples.”” However, most of these methods suffer from large
background signal interference and environmental fluctuations
owing to their single-signal detectors. In practice, a sensing plat-
form capable of providing a dual-signal detector will be more
appropriate for the highly accurate and sensitive detection of AA.

Recently, manganese dioxide nanosheets (MnO, NSs), a type
of two-dimensional redox-active layered transition-metal dioxide
nanomaterial, have drawn significant attention in various fields
owing to their large specific surface area, excellent biocompati-
bility, robust physicochemical properties, strong oxidizing prop-
erties, unique optical properties, ease of modification, and low
cytotoxicity.”*** In sensing platforms, MnO, NSs usually serve as
recognition elements,” nanoenzymes,*® or fluorescence
quenchers.” On the one hand, since the valence state of Mn*" in
MnO, NSs is the intermediate valence, MnO, NSs possess strong
oxidation capacity and catalytic activity.*® Thus, MnO, NSs can
react with reducing substances (such as AA and GSH) and cause
their decomposition, making them reliable recognition units for
reducing substances in biosensing. In addition, because of their
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strong oxidation ability, MnO, NSs are ideal nanoenzymes that
can catalyze the oxidation of various organic compounds,
resulting in the discoloration of substrate dyes, which can be
used for the construction of colorimetric sensing platforms.>*
On the other hand, owing to their intense and broad absorption
spectrum, MnO, NSs can effectively quench the fluorescence of
organic dyes/fluorescent nanomaterials through Forster reso-
nance energy transfer (FRET) and the inner filter effect (IFE),
which makes them often act as efficient fluorescence quenchers
in various biosensing nano-platforms.*-*

In the above methods, the degraded or nondegraded state of
MnO, NSs can lead to changes in their oxidation ability and
absorption spectra, which is the basis for the signal trans-
duction of these nanomaterial sensing platforms.***® Moreover,
when the particle size is changed, the scattering optical
phenomena of MnO, NSs is also affected. Several previous
reports have shown that sensing methods based on the Tyndall
effect (TE, an interesting visible light scattering phenomenon
commonly occurring in colloidal solutions) of other nano-
materials provide more sensitive qualitative and quantitative
analytical performance in terms of sensitivity, portability, and
cost.’” However, to the best of our knowledge, the TE of MnO,
NSs has not been discussed in the field of sensing. Furthermore,
the vast majority of current TE-based sensing strategies only use
a single-signal detector, whereas dual-signal sensors that
provide two independent output modes and improve detection
accuracy are rarely explored. As mentioned above, the MnO,
NSs in different states exhibited different TE signals and
absorption spectra. The TE signals of MnO, NSs in different
dispersed states can be used as quantitative data for colori-
metric systems. Meanwhile, their different absorption can be
combined with luminescent donors and converted into fluo-
rescent signals. Carbon dots (CDs), which are environmentally
friendly fluorescent nanomaterials with excellent optical prop-
erties, exhibit great potential for the fabrication of fluorescent
sensors for multiple detection.®®

In this study, a TE scattering and fluorescence dual-signal
optical sensing platform based on CDs-MnO, NS composites
was successfully constructed for the detection of AA. The dual-
signal optical probe was formed by mixing MnO, NSs and CDs,
and the design principle of this sensor is shown in Fig. 1. In this
system, MnO, NSs act as AA recognition units, TE signal
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Fig. 1 Schematic of the TE scattering and fluorescence dual-signal
optical sensing platform based on the CDs—MnO, NS composites for
AA detection.
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transducers, and fluorescence quenchers. On the one hand,
because of their large dimensions, the MnO, NSs provide
a strong red TE signal under the illumination of a handheld
635 nm laser pointer pen. One the other hand, because of their
intense and broad absorption spectra, the MnO, NSs can effi-
ciently quench the fluorescence of CDs via FRET. In the presence
of the analyte AA, the MnO, NSs were reduced to Mn>", and their
structures were degraded into smaller nanoparticles, resulting in
a significant reduction in the TE signal of the MnO, NSs and the
fluorescence recovery of the CDs. Based on this principle,
a highly sensitive and accurate dual-signal optical sensing plat-
form was established for AA detection and was successfully
applied to the analysis of AA levels in human serum. To the best
of our knowledge, this is the first example of the application of
the TE of MnO, NSs to construct a dual-signal sensing platform.

2. Experimental section

2.1. Materials and apparatus

Manganese  chloride  (MnCl,), tetramethylammonium
hydroxide (TMA-OH), ammonium bicarbonate (NH,HCOj3),
sodium citrate (C¢Hs0,Naj3), urea, L-arginine (r-Arg), r-lysine (-
Lys), r-leucine (r-Leu), t-proline (r-Pro), -tryptophan (r-Trp), t-
serine (L-Ser), t-threonine (.-Thr), L-valine (1-Val), t-histidine (c-
His), fructose (Fru), glucose (Glu), FeCl;-6H,0, CoCl,-6H,0,
CuCl,-2H,0, Zn(NOj3);, and MgCl,-6H,0 were purchased from
Aladin Chemical Reagent Co., Ltd (Shanghai, China). Methanol
(CH3;0H) was obtained from Fuyu Fine Chemical Co., Ltd
(Tianjin, China). Hydrogen peroxide (H,O,) was purchased
from Chengdu Colon Chemical Co., Ltd. All other chemicals
were of analytical grade and were used as received without
further purification. Serum samples were obtained from
a university hospital. Unless stated otherwise, all stock solu-
tions were prepared with deionized water (with a specific
resistivity =18.2 MQ cm) that was produced by an ultrapure
water system (UPS-II-20L) from Chengdu Yuechun Technology
Co., Ltd (Chengdu, China).

Fluorescence was measured using an F-7000 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan). Optical character-
ization of the MnO, NSs was performed using a UV-vis spec-
trometer (Cary 50, Varian, USA). X-ray photoelectron
spectroscopy (XPS) of CDs was performed on a Kratos AXIS HSI
spectrometer to characterize their composition. The
morphology characterization were performed using trans-
mission electron microscopy (TEM, JEM-2100F, JEOL, Japan).
Hydrated particle size and the zeta potential of MnO, NSs and
CDs was measured using the Zetasizer Nano ZS90 instrument
(Malvern Instruments Ltd, Britain). TE signals were produced
using a 635 nm red laser pointer pen (5 mW; handheld light
source) purchased from Deli Group Co., Ltd (Ningbo, China). All
colorimetric images were recorded using a smartphone (Xiaomi
6A) and analyzed using Image].

2.2. Preparation of MnO, NSs and CDs

MnO, NSs were prepared according to a previously reported
method with slight modifications.** Briefly, 2.1748 g of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TMA-OH was dissolved in 3% of 20 mL H,0, and was quickly
injected into 10 mL of MnCl, (0.3775 g) with vigorous stirring.
The resulting suspension was then stirred overnight at room
temperature. The product was washed three times with
a mixture of methanol and ultrapure water and collected by
centrifugation at 8000 rpm for 10 min. Subsequently, the
resulting MnO, NSs were freeze—-dried. To prepare the MnO,
NSs solution, 20 mg of freeze-dried MnO, NSs powder was
dissolved in 20 mL of water and sonicated for 5 h. The mixture
was centrifuged at 5000 rpm for 5 min, and the supernatant was
collected and stored in a refrigerator until further use.

The synthesis of CDs refers to a simple hydrothermal
method with some modification.* In detail, 0.3 g of sodium
citrate and 2.25 g of ammonium bicarbonate were dissolved in
10 mL of water to obtain a clear solution. The mixture was
transferred into a 50 mL polytetrafluoroethylene autoclave and
reacted at 180 °C for 4 h. After cooling to ambient temperature,
the solution was transferred to a dialysis membrane (3000 Da,
molecular weight cutoff) and dialyzed for approximately 48 h
with a water exchange every 2 h. The obtained CDs were stored
at 4 °C for further use.

2.3. Dual-mode detection of AA

Briefly, 100 uL of MnO, NSs (40 pg mL~") and 100 uL of CDs
solution were first mixed in 750 pL of PB buffer (10 mM, pH 7).
Subsequently, 50 uL of AA solutions with different concentra-
tions were added into the mixture solution and reacted at 25 °C
for 30 min. The resulting solution was then used for the
quantitative analysis of AA through dual optical channels. The
fluorescence intensity of the resulting solution was measured at
an excitation wavelength of 354 nm. For the TE signaling
method, the resulting solution was illuminated with a portable
red laser pointer pen, and the TE images of all the samples were
captured using a smartphone. Image] processing software was
used to analyze the average gray (AG) value of each TE image as
the TE intensity. TE-based quantities were calculated according
to: AAG = AGypjank — AGsample; Where AGpjank and AGgample Were
obtained from the CDs-MnO, NS solution treated without or
with AA sample, respectively. Selectivity tests were performed in
the same manner by detecting p-Glu, 1-Ala, r-Arg, 1-Lys, 1-Leu, L-
Pro, L-Trp, L-Ser, 1-Thr, 1-Val, 1-His, K", Mg>", Na*, Fru, urea, Glu,
Lac, and sucrose instead of AA.

2.4. Determination of AA in human serum samples

To investigate the performance of the as-prepared CDs-MnO,
NS platform in real samples, it was used to detect the concen-
tration of AA in clinical serum samples. Clinical whole blood
samples were acquired from the Guilin University of Tech-
nology Hospital (Guilin, China). Before detection, clinical whole
blood samples were filtered through a 0.45 mm microporous
membrane to obtain human serum. All the pretreated samples
were then diluted with buffer to meet the linear detection range.
The obtained solution was used as a practical stock solution of
AA for fluorescence and TE detection, following the processes
described in the previous section.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterization of synthesized CDs, MnO, NSs and
CDs-MnO, NS composites

To successfully construct a dual-signal optical sensor
combining fluorescence and TE signals, small-sized CDs with
excellent fluorescence properties and large-sized MnO, NSs
with good light absorption properties were prepared. As shown
in Fig. 2A, the TEM image shows that the prepared-MnO, NSs
exhibited a typical wrinkle and fold-large-sized nanosheet
morphology, which is similar to that in previous literature.*
The large nanostructure of the MnO, NSs makes them reliable
materials for TE-based sensors. In addition, the UV-vis
absorption spectrum of the MnO, NSs exhibited a wide char-
acteristic absorption in the range of 200-800 nm with
a maximum peak at 361 nm (Fig. S1}), which is a typical curve
for MnO, NSs according to a previous report, making them
excellent fluorescence quenchers.*

In this study, CDs were synthesized by a one-step hydro-
thermal method, and their morphology and size were charac-
terized by TEM and dynamic light scattering (DLS). As shown in
Fig. 2B, the as-prepared CDs were nearly monodispersed in
a spherical shape with a narrow size distribution of approxi-
mately 9.1 nm (inset of Fig. 2B). In addition, the optical prop-
erties of the CDs were characterized using UV-vis absorption
and fluorescence spectroscopy. As shown in Fig. 2C, the CDs
exhibited a moderate absorption peak at 331 nm and a single
narrow emission peak at 445 nm upon excitation at 354 nm. The
CD solution was colorless under visible light and emitted
a bright blue fluorescence under UV light (inset of Fig. 2C).
Moreover, the fluorescence emission of the CDs showed
excitation-independent characteristics, and the emission peak
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Fig. 2 (A) TEM images of MnO, NSs. (B) TEM images of CDs. Inset

shows the size distribution of CDs. (C) UV-vis absorption spectra of
CDs and excitation and emission fluorescence spectra of CDs. Inset
shows CDs under sunlight and ultraviolet light. (D) XPS survey spec-
trum of CDs. (E) C 1s, (F) N 1s, and (G) O 1s high-resolution XPS profiles
of CDs. (H) Zeta potential of CDs, MnO, NSs, and CDs-MnO, NS. (I)
TEM images of CDs—MnO, NS composites.
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at 445 nm did not shift in the excitation range from 280 to
400 nm, which could be attributed to the narrow size distribu-
tion of the CDs (Fig. S21). In addition, the surface chemical
states and elemental compositions of the CDs were investigated
using XPS. As shown in Fig. 2D, the results indicated that the
CDs were mainly composed of C, N, and O with the corre-
sponding contents of 55.75%, 3.95%, and 40.3%, respectively.
The C 1s high-resolution XPS spectrum was fitted to three peaks
centered at 284.8, 286.6, and 288.6 eV, attributing to SP>~C-C,
C-N/C-0, and C=O0, respectively (Fig. 2E). The N 1s XPS spec-
trum exhibited peaks corresponding to pyridinic N (399.8 eV)
and pyrrolic N (401.5 eV) (Fig. 2F), whereas O 1s exhibited peaks
corresponding to C=0 (531.7 eV) and C-O-C/C-OH (532.6 eV)
(Fig. 2G).

After successfully synthesizing the CD and MnO, NSs, the
formation of the CDs-MnO, NS composite was further verified.
As illustrated in Fig. 2H, the zeta potentials of MnO, NSs and
CDs alone were —34.05 and 4.63 mV, respectively, while the
potential of the CDs-MnO, NS nanocomposites was —24.47 mV.
These results demonstrate the existence of strong electrostatic
interactions between the two nanomaterials, which could result
in the formation of new complexes or keep them close to each
other. Moreover, TEM images (Fig. 2I) show that the small CDs
were successfully attached to the surface of the MnO, NSs,
indicating the successful formation of CDs-MnO, NS
composites.

3.2. Feasibility of AA detection based on the CDs-MnO, NS
dual-signal optical sensing platform

The design strategy for the dual-signal optical assay is shown in
Fig. 1. In this system, MnO, NSs could not only serve as
recognition units for AA but also as signal transducers of TE and
fluorescence quenchers. Because of the strong reducibility of
the target AA, the MnO, NSs were reduced to Mn>" and
decomposed in the presence of AA, resulting in a significant
decrease in the TE signal of the MnO, NSs and the release of the
fluorescent probe CDs. Consequently, the dual-signal determi-
nation of AA was achieved. After the successful construction of
the CDs-MnO, NS complex, the feasibility of the AA-induced
degradation of the MnO, NSs was investigated. As shown in
Fig. 3A, the freshly prepared CDs-MnO, NS solution appeared
yellowish-brown, similar to the color of the MnO, NS solution
(inset of Fig. 3A). When the target AA was added to the CDs-
MnO, NS solution, the yellowish-brown color faded, and the
absorption intensity of the MnO, NSs sharply decreased in the
UV-vis spectrum, whereas the change in the absorption inten-
sity of the CDs at 331 nm was negligible. Moreover, the FT-IR
spectra showed that the peak located at 515 cm™* could be
attributed to the Mn-O stretching vibration of MnO, NSs
(Fig. S37). As for the CDs, the obvious peak at 1640 cm ™" can be
assigned to the asymmetric stretching vibration of the carbox-
ylate anion, which comes from the precursor of sodium citrate.
The high intensity peak at 3460 cm ™' corresponds to the
stretching vibration of -OH. When CDs were adsorbed on the
MnO, NSs, the FT-IR spectrum of CDs-MnO, NS complex con-
tained both the characteristic peaks of CDs (1640 cm ™', and
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Fig. 3 (A) UV-vis absorption spectra of different samples: CDs—MnO,

NS, MnO, NSs, CDs and CDs—MnO, NS + AA. Inset shows the cor-
responding photograph of different samples: (a) CDs—MnO, NS, (b)
MnO, NSs, (c) CDs and (d) CDs—MnO5, NS + AA. (B) The corresponding
average grayscale (AG) results of the TE images shown in inset. Inset
shows TE results obtained from different samples: (a) CDs, (b) MnO,
NSs, (c) CDs—MnO, NS, (d) CDs—MnO, NS + AA. (C) UV-vis absorption
spectra of MNO, NSs and excitation and emission fluorescence spectra
of CDs. (D) Fluorescence emission spectra from 375 to 700 nm of CDs
(black line), CDs—MnO, NS + AA(red line), CDs—MnO, NS (blue line)
and MnO, NSs (magenta line) at excitation wavelength of 354 nm.

3460 cm ™" for the carboxylate anion and ~OH) and the MnO,
NSs (515 cm ™' for Mn-O bonds). However, when AA was added
into the CDs-MnO, NS solution, the peak of Mn-O stretching
vibration disappears. All of the above results imply that the
addition of AA-induced the degradation of MnO, NSs but not
CDs. Importantly, because of the larger size of the MnO, NSs in
the probe, they showed a strong TE signal under irradiation by
a 635 nm red laser pointer (Fig. 3B). However, the CDs are small,
their TE signals can be ignored in the system. Therefore, the
degradation of the MnO, NSs by the addition of AA significantly
decreased the TE signals of the system, and a notable decrease
in the average gray (AG) values was observed. The above results
indicate the feasibility of the AA-adjusted TE signals of the CDs-
MnO, NS system.

Subsequently, the fluorescence detection of AA based on the
CDs-MnO, NS system was verified. As shown in Fig. 3C, the
maximum excitation and emission peaks of the CDs were nearly
completely within the absorption spectrum of the MnO, NSs,
indicating that the MnO, NSs may be ideal quenchers for
quenching CD fluorescence. As shown in Fig. 3D, in the absence
of the target AA, the fluorescence of the CDs was effectively
quenched by MnO, NSs (blue lines). In the presence of the
target AA, as proved in Fig. 3A, the MnO, NSs were reduced to
Mn”" and degraded, which enabled the release of CDs and
caused distinct fluorescence recovery in this system (red lines).
It was suggested that the fluorescence signal change based on
the CDs-MnO, NS system could be used to detect AA. In addi-
tion, a possible mechanism by which the MnO, NSs quench CD
fluorescence was explored. As proven in our previous experi-
mental results, the superior light absorption capability of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MnO, NSs overlapped well with the emission spectrum and
absorption peak of the CDs. Owing to the strong electrostatic
interaction, a CDs-MnO, NS nanocomposite was constructed,
which enabled the emission energy of CDs was transferred to
the MnO, NSs in close vicinity. Furthermore, the fluorescence
lifetime of CDs was reduced from 5.7 ns to 5.2 ns after mixing
with MnO, NSs (Fig. S4t). All of the results indicated that the
fluorescence of the CDs quenched by the MnO, NSs was a FRET
process.

3.3. Optimization of experimental conditions

After confirming the feasibility of AA detection using this dual-
signal optical platform, several experimental factors that may
affect the dual-readout assay were optimized to achieve the best
analytical performance for AA detection. Firstly, as recognition
units, TE signal transducers, and fluorescence quenchers in this
system, the concentration of MnO, NSs had a significant
influence on the sensitivity of this system and was an important
factor to be discussed. To optimize the experimental conditions
of TE and fluorescence dual optical channels, the AAG (AAG =
AGgiank — AGsample) and AFL (AFL = FLgampie — FLpank) Were
taken as standard, respectively. As shown in Fig. S5A and S6A,T
the general trend of AAG and AFL was to increase with the
increasing MnO, NSs concentration and all of them rose to the
peak values at 40 pg mL'. Consequently, 40 ug mL ' was
selected as the optimal condition for further experiments.
Under this MnO, NSs concentration, the kinetic response of
the dual-signal optical sensing system for AA detection was
studied. After incubating AA with the CDs-MnO, NS system for
different times (5, 10, 20, 30, 60, 90, 120, and 180 min), the TE
and fluorescence signals of the mixtures were monitored in real-
time. With the increase of reaction time from 5 to 30 min, the
AAG and AFL gradually increased and reached their maximum
values (Fig. S5B and S6B,T respectively). The results revealed
that the CDs-MnO, NS nanocomposites completely reacted
with AA in 30 min and exhibited the maximum signal change to
achieve sensitive detection. Thus, 30 min was selected as the
optimal reaction time for the subsequent experiments. In
addition, the pH values and temperatures tested for this reac-
tion were comprehensively investigated. The results showed
that optimal detection conditions were obtained at pH 7.0
(Fig. S5C and S6C,f respectively) and the optimal reaction
temperature was 25 °C (Fig. S5D and S6D,T respectively).

3.4. AA detection performance of the CDs-MnO, NS dual-
signal optical sensing platform

Under the optimized reaction conditions, the AA detection
performance of the CDs-MnO, NS dual-signal optical sensing
platform was evaluated. For TE detection, as shown in Fig. 4A,
the CDs-MnO, NS solution that was not treated with AA
exhibited notable TE signals under the illumination of a hand-
held red laser pointer. While the TE signal intensity of the
system decreased gradually as the AA concentration increased
from 0.4 to 400 uM, which could be attributed to the AA-induced
MnO, NSs degradation. A quantitative analysis of these TE
images was performed using Image], and the corresponding

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

w
§ || 2 1200 )
g * T y=0548X45.222 A7 = = Yormmxams &
S e al.z g L 1200] R*=0.990
X o YTR=0991 o 800 3 g p
30 3» 2w Y
20 K ‘/'
20 2 " / 4004 'l 00 ,
10 s o ¥ o
o0 ¥ 020 40 6 80 100 of & 0 10 20 30 40 S
L C. Co M)
] 100 200 300 400 0 20 40 60 80 100 120
Cia(tM) Cx (M)

S s,

¢ &

5
S

Fig. 4 (A) TE photos and AAG value recorded from the mixing of CD—
MnO, NS and AA of different concentrations: 0.4, 0.6, 3, 10, 25, 50, 80,
100, 150, 200, 250 and 400 pM. Inset: linear plot of AAG value and AA
concentration. (B) The change of fluorescence intensity recorded from
the mixing of CD—MnO, NS and AA of different concentrations: 0.02,
0.05,0.2,0.6,0.8,1,5, 2,5, 8,10, 20, 25, 40, 50, 80, 100, and 120 pM.
Inset: linear plot of fluorescence intensity and AA concentration. (C)
AG value and (D) fluorescence intensity obtained from the blank
solution (without AA), sample solution with 50 uM AA, and other
interference substances (500 uM).

calibration curve revealed that the AAG values were linearly
proportional to the AA levels between 0.4 and 100 uM (R> =
0.991, inset of Fig. 4A) and the detection limit was ~113 nM
obtained by the 3¢ rule. The TE detection, as a new nonin-
strumental colorimetric method, can be completed using a laser
pointer and smartphone. Moreover, compared to other colori-
metric methods, TE detection provides a wider linear range and
a lower detection limit (Table S17).

For fluorescence detection, since AA-induced the degrada-
tion of the MnO, NSs in the CDs-MnO, NS system, the fluo-
rescent units CDs were released from MnO, NSs, and the
fluorescence intensity of CDs was gradually recovered when the
AA concentration increased from 0 to 50 uM (Fig. 4B and S77).
The results showed a good linear calibration plot of the change
in fluorescence intensity and AA concentration in the range of
0.02-50 puM (R* = 0.990) with a detection limit of ~3 nM (inset of
Fig. 4B). Compared with numerous previously reported AA
fluorescence analytical methods, the detection range and limit
of our proposed strategy were wider and lower, respectively
(Table S17).

To evaluate the selectivity of the CDs-MnO, NS dual-signal
optical sensing platform, a target AA sample (50 uM) and
various possible interference substances (p-Glu, 1-Ala, r-Arg, 1-
Lys, 1-Leu, 1-Pro, 1-Trp, 1-Ser, 1-Thr, 1-Val, 1-His, K*, Mg>*, Na",
Fru, urea, Glu, Lac, sucrose; 500 pM) were measured separately
by this method under the same conditions. It could be observed
from Fig. 4C that a weak TE signal intensity was achieved in the
presence of AA, whereas similarly strong TE signal intensities
were obtained from the blank solution and various interfering
substances. Meanwhile, the fluorescence interference study
revealed that even when the concentration of the interfering
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Table 1 Recovery of AA in human serum samples detected by the dual-signal optical sensing platform

Sample Foud” AA (uM) Added (uM) Total® (uM) Recovery (%) RSD‘ (n = 6, %) Channel
1 2.55 0 2.76 — 2.64 TE

2 25 28.75 104.80 2.30 TE

3 50 52.49 99.88 2.96 TE

4 0 2.63 — 4.40 FL

5 5 7.37 96.40 3.17 FL

6 10 12.53 99.80 2.84 FL

“ Foud, the concentration of AA was determined by high performance liquid chromatography.  Total, the concentration of AA determined by the TE

- fluorescence dual signal sensor. © RSD, relative standard deviation.

compounds was 10 times higher than that of AA, they did not
significantly affect the fluorescence intensity, and only AA was
able to achieve recovered fluorescence (Fig. 4D). The results
indicate that the CDs-MnO, NS dual-signal optical sensing
platform possesses excellent selectivity toward AA and can be
applied to actual sample analyses.

Finally, to further verify the accuracy and practicality of the
dual-signal optical sensing platform, the AA concentration in
human serum samples was determined and experiments on the
recovery of AA in real samples were conducted. Before analysis,
the human serum samples were filtered through a 0.45 pm filter
to remove large suspended particles and were diluted appro-
priately with the PB buffer (10 mM, pH 7) to keep AA concen-
trations within the linear range of this platform. As listed in
Table 1, the measured AA concentrations in the human serum
samples detected by both methods were 2.76 and 2.63 puM,
respectively, which was close to the result confirmed by high-
performance liquid chromatography (HPLC). The recovery of
AA in human serum ranged from 96.40% to 104.80%, in which
the obtained relative standard deviations (RSDs) were between
2.30% to 4.40% (n = 6). Thus, the results demonstrate the
relatively high accuracy and practicality of the dual-signal
optical sensing platform for practical applications.

4. Conclusion

In summary, based on the TE scattering of MnO, NSs and FRET
between CDs and MnO, NSs, a dual-signal optical sensing
platform for the selective and sensitive detection of AA was
successfully constructed. The addition of AA reduced the MnO,
NSs to Mn”", leading to the fragmentation of the MnO, NSs,
which caused the TE significantly decrease of MnO, NSs and the
fluorescence recovery of the CDs. Thus, the AA concentration
can be evaluated from the corresponding changes in the TE and
fluorescence signals in this nanosystem. The linear ranges of
this dual-signal optical sensing platform for AA detection were
0.4-100 and 0.02-50 uM, respectively. The LOD for the TE and
fluorometric methods were 113 and 3 nM, respectively.
Compared with other single-signal probes, the dual-signal
sensor exhibited the advantages of a slight error and a wide
detection range. Furthermore, this system was successfully used
to detect AA content in real human serum, demonstrating that
dual-signal optical sensing has potential applications in clinical

17496 | RSC Adv, 2024, 14, 17491-17497

testing. This study not only developed a novel strategy for
analyzing AA but also applied more optical properties of MnO,
NSs for chemical analysis.
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