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Abstract

Ascorbic acid (AA) detection in biological sample and food sample is critical for human health. Herein, a MnO, nanosheet
(MnO,-NS)-based ratiometric fluorescent nanosensor has been developed for high sensitive and specific detection of AA. The
MnO,-NS presents peroxidase-like activity and can oxidize non-fluorescent substrate of o-phenylenediamine (OPDA) into
fluorescent substrate, presenting maximum fluorescence at 568 nm (Fsgg). If MnO,-NS is premixed with AA, the MnO,-NS is
then decomposed as Mn”* by AA, decreasing the fluorescent intensity of Fsgg. Meantime, AA is oxidized as dehydroascorbic
acid (DHAA), which can react with OPDA to generate fluorescent substrate. A new fluorescence response is found at 425 nm
(F425). The dual fluorescent responses can be excited with a universal excitation wavelength, simplifying the detection procedure.
With F,4,5/F5¢g as readout, limit of detection for AA reaches as low as 10.0 nM. Satisfactory recoveries are found for AA detection
in serum and diverse beverages. The ratiometric strategy significantly eliminates false-negative and false-positive results, pro-
viding a cost-effective, rapid, and reliable way for AA detection in real sample.

Keywords Ratiometric biosensor - Fluorescent biosensor - MnO, nanosheet - Ascorbic acid - Dual fluorescence with single
excitation

Introduction

As an important micronutrient, ascorbic acid (AA) also known
as vitamin C is essential to human health and plays a critical
role in many biochemical processes [1-3]. It can promote for-
mation of antibody, synthesis of collagen and neurotransmitters,
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and maintenance of thiolase activity for improving immunity
and preventing of scurvy [4]. Meanwhile, AA acts as antioxi-
dant to neutralize toxic peroxides in human body to reduce the
risk of cancer [5]. Deficiency of AA would lead to serious
diseases, for example, hypoimmunity, scurvy, mental illness,
and even cancer [6, 7]. The necessary AA for human is usually
obtained from external substrates such as diverse of foods, bev-
erages, and pharmaceutical formulations since AA cannot be
generated from the biosynthesis procedure in human body [8].
However, excessive AA also results in various diseases such as
coronary heart disease, hyperacidity, and diarrhea [9, 10].
Therefore, it is urgent to develop a simple, rapid, and low-
cost assay for AA determination in biological sample and also
food sample with high sensitivity and specificity.

Up to date, detection strategies for AA have been devel-
oped according to diverse techniques including colorimetric
[11], fluorimetric [12], and electrochemical methods [13], as
well as liquid chromatograph [14]. Among the various detec-
tion strategies, fluorimetric assay has attracted increasing at-
tention due to its advantages of simple in preparation and
operation, low cost, and excellent sensitivity [15, 16].
Nanomaterials have been confirmed to be charming candidate
for construction of enzyme-free and label-free fluorescent
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biosensors for AA [17-20]. With fluorescent nanomaterials as
signal probes, for example carbon dots, graphene quantum
dots, Au nanocluster, and upconverting nanoparticles
(UCNP), diverse assays have been developed for sensitive
detection of AA [21-27]. In recent years, MnO,
nanomaterials have attracted ever increasing attention for con-
struction of enzyme-free and label-free sensors on the basis of
their intrinsic advantages of excellent oxidase-like activity,
high specific surface area, rich structural diversity, and unique
electronic properties [28-32]. MnO, nanomaterials can be re-
duced into Mn?* as a result of the redox reaction between
MnO, and AA, guiding for AA sensors construction. Here,
we noted that MnO, nanomaterials also can be decomposed
into Mn** by glutathione (GSH), cysteine (Cys), or dopamine
(DA), which was utilized for biosensor construction [33-37].
Since AA, GSH, Cys, and DA may coexist in human body,
this would raise a limitation for specific detection of AA with
MnO,-based assay, which is usually ignored in previous in-
vestigations [26]. Meanwhile, it is worthy of noting that most
of the developed fluorescent biosensors for AA are based on
single-signal either “turn-on” or “turn-off” strategy, which
might cause false-positive or false-negative results [38]. A
ratiometric sensor can outstandingly minimize the interfering
environment or background factors by recording the fluores-
cence intensity ratio of two different emission bands, present-
ing built-in correction function. Thus the sensing accuracy and
reliability can be significantly improved [39]. Inspired by this,
herein, we developed a novel ratiometric MnO,-based biosen-
sor for high sensitive and selective detection of AA, eliminat-
ing the interference from GSH, Cys, and DA.

Experimental section
Materials and chemicals

o-Phenylenediamine (OPDA) was purchased from TCI
(Shanghai) Development Co., Ltd. Ethanesulfonic acid (MES)
was purchased from Beijing Solarbio Science & Technology
Co., Ltd. Sodium dihydrogen phosphate (NaH,PQO,), disodium
hydrogen phosphate (Na,HPO,), ascorbic acid (AA), KMnOy,
glucose, dopamine, uric acid, bovine serum albumin (BSA),
GSH (reduced form), all the metal ion salts, and amino acids
were purchased from Sinopharm Chemical Reagent Co., Ltd.
All the used chemicals are of analytical reagent without further
purification. All solutions were prepared with ultrapure water
obtained from Milli-Q purification system. Phosphate buffer
(PB) solution (pH 6.5, 25 mM) was used as the medium for
the detection. All of the beverage samples for real sample de-
tection were purchased from a local supermarket in Tianjin,
China. Fetal bovine serum was purchased from Scitecher and
was filtered (0.1 mm) by the manufacturer prior to purchase.
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Apparatus

Ultraviolet-visible (UV-Vis) spectra were recorded with a
Cary 50-Bio UV spectrometer (Victoria, Australia).
Fluorescence spectra were recorded with a LUMINA
Fluorescence Spectrometer (Thermo, USA). Transmission
electron microscopy (TEM) images were obtained with a
2010FEF microscope (JEOL, Japan).

Synthesis of MnO, nanosheet

MnO, nanosheet (MnO,-NS) was synthesized according to
previous report with minor modification [40]. Briefly, MnO,-
NS was prepared by following a sonication-induced reduction
of KMnQ, in MES buffer. KMnOy, (500 pL, 10.0 mM) solution
was added into MES buffer solution (1.25 mL, 0.1 M, pH 6.0).
The final volume was adjusted to 5.0 mL by water. After son-
icating for 30 min, the MnO,-NS was obtained by centrifuga-
tion at (15,294 rcf) for 10 min following water-wash for three
times to remove the excess potassium and manganese ions. The
as-prepared MnO,-NS was redispersed into 5 mL water for the
following studies. Using the molar extinction coefficient of
96x10°M ' cm ! (380 nm) [28, 29], the calculated concen-
tration of the prepared MnO, nanosheet was 4.5 mM. The
solution of final concentration was diluted to 1.0 mM for the
following experiment. The as-prepared MnO, nanomaterial
presented well water solubility and was characterized with
transmission electron microscopy, indicating the successful
preparation of ultrathin MnO, nanosheets (see Fig. S1 in
Electronic Supplementary Material (ESM)).

Fluorescent detection of AA

MnO,-NS (1.0 mM, 30 uL) and AA (100 uM) were mixed
and then diluted into 200 uL with PB buffer (pH=6.5,
25 mM). The final concentrations of AA were 0.0, 0.05, 0.1,
0.5, 1.0, 2.0, 3.0, 5.0, and 6.0 uM. After incubating 5 min,
OPDA (10 mM, 20 uL) was then added into the mixture.
After incubating for 20, the fluorescence intensities of the
two fluorescent signals were detected with a fluorescence
spectrophotometer under universal excitation (A, = 360 nm).

Selectivity

Taking the complex environment into consideration, the inter-
fering substances were selected for mainly organism amino
acids and small molecules and metal ions with physiological
concentrations: ascorbic acid (10 uM), glycine (Gly),
glutamic acid (Glu), arginine (Arg), lysine (Lys), proline
(Pro), histidine (His), cysteine (Cys), glutathione (GSH), glu-
cose (GLU), dopamine (DA), BSA, uric acid (UA), calcium
jon (Ca*"), sodium ion (Na®), zinc ion (Zn>*), copper ion
(Cu**), and iron ion (Fe’*) were used as the interfering
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substances. The interfering substances were all 20 pM. After
incubating with the sensing system, the fluorescence re-
sponses were measured via fluorescence spectrophotometer.

AA detection in real samples

Commercial fruit juices, i.e., orange juice, lemon juice, grape-
fruit juice, and pineapple juice, were centrifuged for 20 min
(1157 ref) in a refrigerated centrifuge (4 °C). The supernatant
was filtered through a 0.45-um pore size filter membrane.
Serum was centrifuged for 5 min (4629 rcf) and then separated.
The initial concentrations of AA in the above samples were
detected with HPLC method by following national standard
testing method (GB500986-2016, China). After being diluted
into an appropriate concentration with ultrapure water, AA with
different concentrations was spiked into the real samples, which
was detected following the as-provided ratiometric strategy.

Results and discussion

Detection principle and feasibility for ascorbic acid
detection

Scheme 1 outlines the principle for ratiometric detection of
ascorbic acid. The ratiometric sensing system was constructed
on the basis of the competitive reaction among MnO,-NS, AA,
and OPDA. Briefly, the non-fluorescent substrate of OPDA can
be oxidized into fluorescent substrate of 2,3-diaminophenazine
(OPDAO0X), presenting maximum fluorescence at 568 nm

MnO, nanosheet

Ascorbic

e o-phenylenediamine

2,3-diaminophenazine

(Fs6g). In the presence of AA, the MnO,-NS is reduced into
Mn?*, and AA is oxidized into dehydroascorbic acid (DHAA).
The produced DHAA can reduce OPDA into quinoxaline, pre-
senting fluorescence at 425 nm. It is expected that the fluores-
cence decreasing at 568 nm and increasing at 425 nm would be
related to the ascorbic acid concentration. With the ratio of
fluorescent intensity at 425 nm (F455) to that at 568 nm (Fseg)
as readout signal (F4,5/Fs¢g), a fluorescent ratiometric biosensor
was constructed for AA detection.

Absorption and fluorescent spectra were monitored to val-
idate the feasibility of the developed strategy (Fig. 1). As
control experiments, no obvious fluorescence emission is
monitored from AA, OPDA, MnO,-NS, or the mixture of
MnO,-NS and AA (Fig. 1A (a—d)). The non-fluorescent sub-
strate of OPDA is oxidized into fluorescent substrate of
OPDAOx by the as-synthesized MnO,-NS, presenting maxi-
mum fluorescent intensity at 568 nm (Fig. 1A (e)). If first
incubating MnO,-NS with AA, the MnO,-NS is then reduced
into Mn?*, and AA is oxidized into DHAA according to the
following reaction MnO, + AA+2H* — Mn**+DHAA+
2H,0 [41]. With the decomposition of MnO,-NS, the gener-
ation of OPDAox is correspondingly reduced, resulting in a
decreased fluorescence of OPDAox (Fig. 1A (f)). Meanwhile,
the generated DHAA interacts with OPDA to produce fluo-
rescent substrate of quinoxaline [42], exhibiting maximum
fluorescent intensity at 425 nm (Fig. 1A (f)). The interaction
between MnO,-NS and AA was further validated with the
absorption experiments (Fig. 1B). After reacting with AA,
the yellow solution of MnO,-NS becomes transparent, and
the maximum absorption peak of MnO,-NS at 400 nm (curve

1
—I‘
L S
d‘/,’-
Dehydroascorbic

' quinoxaline
acid

Scheme 1 Schematic mechanism of MnO,-NS based ratiometric fluorescent nanosensor for AA detection
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a) is significantly declined (curve b), indicating the decompo-
sition of MnO,-NS by AA. Meanwhile, the maximum absorp-
tion of AA at 249 nm (curve ¢) is shifted to 266 nm due to the
generation of DHAA (curve d). The absorption results are
well consistent with the fluorescent results, further confirming
the feasibility of the developed detection strategy for AA.

Optimization of experimental procedure

Considering that AA detection is realized according to the
competition interaction of AA and MnO,-NS with OPDA,
the concentration of MnO,-NS is critical to the detection sen-
sitivity. If MnO,-NS is superfluous, more AA would be

a
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Fig.2 (A) Fs6g of the sensing system against concentration of MnO,-NS.
(B) Fluorescence excitation (black) and emissions of OPDAox under
radiation (A¢p, =365 nm, red) and (Aep, =360 nm, blue). (C)
Fluorescence emissions of quinoxaline under radiation of (A, =
355 nm, red) and (A¢y, =360 nm, blue). (D) (a) Fluorescence spectra of
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required to cause fluorescence change of the sensing system,
which would reduce the sensitivity. To find the optimized
concentration of MnO,-NS, fluorescence titration experi-
ments were conducted by adding MnO,-NS with different
concentrations into OPDA solution (Fig. 2A). The fluores-
cence of the produced OPDAox reaches a plateau when the
concentration of MnO,-NS is over than 0.2 mM, which is
used in the following experiments. As described above, two
fluorescence signals of OPDAox and quinoxaline are moni-
tored in the mixture of MnO,-NS, AA, and OPDA. We noted
that the excitation wavelengths for OPDAox and quinoxaline
are 365 nm and 355 nm, respectively, which are close to each
other. To simplify the experimental operation, here, we tried to

b 3.0x10*
_ 2.0x10*
=
S
T 1.0x10%
0.0-
350 400 450 500 550 600 650 700
A (nm)
d 1.2x10°
a
_ 9.0x10°-
= c
E 6.0x10°
T
3.0x10°-

400 450 500 550 600 650 700
A (nm)

mixture of MnO,-NS and OPDA, (b) first mixing MnO,-NS and OPDA,
following the addition of AA, and (c) first mixing MnO,-NS and AA,
following the addition of OPDA. Error bars were standard deviation and
obtained from three independent experiments
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used 360 nm as common excitation wavelength for both
OPDAox (Fig. 2B) and quinoxaline (Fig. 2C). Interestingly,
only slight decreases are monitored from fluorescences of
OPDAox and quinoxaline, which has no influence on the
sensitivity in following detections. Thus, 360 nm is selected
as the universal excitation wavelength for the ratiometric de-
tection of AA, further simplifying the operation. During in-
vestigation, it was found that the interaction between MnO,-
NS and OPDA is quite rapid to produce fluorescent substrate
of OPDAox. Only one fluorescent response is found at
568 nm (Fig. 2D (a)). Figure 2(D (b)) represents the fluores-
cent response of the system if first incubating MnO,-NS and
OPDA and then adding AA. In this case, the fluorescent re-
sponse at 568 nm decreases while a new fluorescent response
at 425 nm appears. Figure 2(D (c)) represents the fluorescent
response of the system if first incubating MnO,-NS and AA
and then adding OPDA. Compared with Fig. 2(D (b)), in this
case, the system exhibits a lower fluorescent response at
568 nm and a higher fluorescent response at 425 nm, which
results in a more distinguished detection signal of F455/Fs¢s.
Therefore, the second procedure is adopted for AA detection.

Optimization of experimental condition

To improve detection sensitivity and repeatability, the incuba-
tion time was explored for obtaining a stable fluorescent

a 1.0x10°
et pre.s
—_
j 3
< 5.0x10°{
@
0.0 T T T T T T T
0 5 10 15 20 25 30
Time (min)
c 8.0x10°
| S
6ox10°] 1
’5 |
G 4.0x10°1
E .
2.0x10°
0.0 ’ . , .
5.0 6.0 7.0 8.0 9.0
pH

response. The fluorescent responses of quinoxaline at
425 nm (Fig. 3a) and OPDAox at 568 nm (Fig. 3b) were
monitored against incubation time after adding OPDA into
the mixture of AA and MnO,-NS. The fluorescent responses
of quinoxaline or OPDAox reach a plateau after incubation
10 min and 20 min, respectively. Considering the interactions
occurred in homogenous solution, here, 20 min is selected in
the following experiments. The influence of buffer pH value
was further explored. The fluorescent response of quinoxaline
keeps relatively stable from pH 5.0 to 6.5 and then decreases
in base solution (Fig. 3c). The fluorescent response of
OPDAox has slight increase from pH 5.0 to 7.0 and then
gradually decreases from pH 7.0 to 8.0, which is greatly
quenched at pH 8.5 (Fig. 3d). Thus, pH 6.5 is used in the
following experiments.

Sensitivity of the developed sensing system

Under the optimal experimental conditions, the sensitivity of
the developed ratiometric fluorescent assay was evaluated by
monitoring the fluorescence response of the sensing system as
a function of AA concentration (Fig. 4). In the absence of AA,
only fluorescence of OPDAox with maximum emission at
568 nm is monitored. With the addition of AA, the fluores-
cence spectrum of the sensing system is changed from a single
peak into dual peaks. Due to the interaction between AA and
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Fig. 3 Effects of reaction time on quinoxaline at 425 nm (a) and OPDAox at 568 nm (b) of the sensing system. Effects of buffer pH on quinoxaline at
425 nm (c) and OPDAox at 568 nm (d) of the sensing system. Error bars were obtained according to three independent experiments
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Fig. 4 a The fluorescence responses of the sensing system against AA
concentration: 0.0, 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 6.0, 10.0, 15.0, 25.0,
30.0, 40.0, 50.0 uM. b The linear relationships of F4,5/Fs6g against AA

MnO,-NS, the higher the AA concentration is, the more
MnO,-NS is reduced into Mn>*, and the more DHAA is gen-
erated, resulting in the fluorescence attenuation of OPDAox
and the fluorescence enhancement of quinoxaline. The Fy,s/
Fs¢g presents linear relationship against AA concentration
from 0.0 to 6.0 uM with correlation coefficients of 0.99937.
The limit of detection is estimated to be 10 nM according to
the calculation of three times of signal to noise, which is com-
parable or even lower than previous reports for AA determi-
nation (see Table S1 in ESM).

The specificity of the developed sensing system

Along with the sensitivity requirement, high specificity is an-
other crucial factor for construction of sensing system. To
evaluate the specificity, the potential interferences were tested
for mainly organism amino acids, small molecules and metal
ions, Fig. 5. The concentration of the interferences was
20 uM, and the concentration of AA was 10 uM.
Considering that MnO, nanomaterial also can be decomposed
by GSH, Cys, and DA, their interferences were specially
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concentrations. The error bars were obtained according to three
independent experiments

evaluated. Similar as AA, GSH, Cys, or DA can depress the
fluorescence of OPDAox due to the decomposition of MnO,-
NS. However, the product DHAA of AA can transfer non-
fluorescent OPDA into fluorescent substrate of quinoxaline,
exhibiting fluorescence at 425 nm, which is not found in the
case of GSH, DA, and Cys since their products from the in-
teraction with MnO, do not interact with OPDA (Fig. 5b).
Interestingly, the specific detection of AA can be directly
monitored by naked eyes under the UV excitation, which
transfers the sensing system from yellow to blue, providing
a convenient way for the detection. In previous report, the
interference of GSH on AA detection is eliminated by adding
mask reagent [26]. In our investigation, the interference can be
simply eliminated with the developed ratiometric strategy
without using mask reagent. In a mixture of GSH and AA,
the concentration of AA can be obtained from the fluores-
cence response at 425 nm (see Fig. S2 in ESM). The total
concentration of mixed GSH and AA can be obtained from
the fluorescence response at 568 nm. The concentration of
GSH is then calculated according to the difference between
Fseg and Fups.

b 10—
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[
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Fig. 5 a Fluorescence spectra, b F4,5/Fs6g, and photographs (inset) of the sensing system against AA and the other interfering species. The photographs

were taken under UV-radiation (A, = 302 nm)
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Table 1 AA detection in diverse real samples
Sample Initial amount (WM) Added amount (M) Found amount (M) Average recovery (%) RSD (%, n=3)
Orange juice 225 1.0 3.20 95.0 35
2.0 3.98 86.5 23
4.0 5.89 91.0 2.6
Lemon juice 2.17 1.0 3.18 101.0 2.7
2.0 3.96 89.5 1.6
4.0 6.01 96.0 2.4
Grapeftuit juice 1.86 1.0 3.02 116.0 1.8
2.0 3.72 93.0 22
4.0 5.49 90.8 3.1
Pineapple juice 1.01 1.0 1.98 97.0 1.2
2.0 3.07 103.0 29
4.0 491 97.5 1.4
Serum 0.22 0.5 0.71 98.0 34
1.0 1.28 106.0 2.7
3.0 3.06 94.7 3.1

Feasibility of AA detection in real samples

AA widely exists in fruits and vegetables and is usually arti-
ficially added into foods and beverages. AA is assimilated into
human body via food chain and can be found in cellular fluid
of the central nervous system and serum. In the present inves-
tigations, serum and diverse beverages including orange juice,
lemon juice, grapefruit juice, and pineapple juice were used as
model samples to explore the feasibility of AA detection in
real sample. AA detection in real samples has been conducted
with HPLC. Since the original concentration of AA in the real
samples is quite high and is beyond the linear detection range
of the as-proposed assay, the real samples were diluted with a
certain times to be available for detection with the as-proposed
assay. The results obtained with the developed assay are com-
parable with the HPLC results (see Table S2 in ESM). The
feasibility of AA detection in real sample was further explored
by spiking a certain amount of AA into the above mentioned
samples, which was then qualified following the same proce-
dure of the developed ratiometric assay. Satisfactory recover-
ies of the spiked AA in beverages are found to be distributed
within range from 86.5 to 116%. In serum sample, the recov-
eries are found within range from 94.7 to 106% (Table 1). The
results validate the practical applicability of the developed
assay for AA detection in real sample.

Conclusion

A novel ratiometric fluorescent nanosensor has been success-
fully developed for highly sensitive and selective detection of
AA in an enzyme-free and label-free way. The limit of detec-
tion reaches as low as 10.0 nM. The developed sensing system
presents following advantages. Firstly, the dual fluorescent
signals for ratiometric detection were excited with a universal

radiation wavelength, simplifying the detection procedure.
Secondly, the ratiometric strategy presented excellent selectiv-
ity for AA detection, reducing the influence of the external
environment, greatly improving the detection accuracy.
Specifically the interference from GSH, Cys, and DA can be
eliminated without using mask reagent. Satisfactory recover-
ies were found for monitoring AA levels in serum and bever-
age samples. Thirdly, the developed assay is quite simple in
preparation and operation and can be completed within half an
hour, offering a convenient and effective “mix-then-test” way
for rapid detection. The proposed assay brings a charming
way for cost-effective detection in real samples with excellent
repeatability and reliability.
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