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An irreversible paper-based profluorescent
nitroxide probe for the selective detection of
ascorbic acidf
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Ascorbic acid (AA) or vitamin C plays multiple crucial roles, particularly as an antioxidant. This essentially
biologically active molecule was selectively detected over other reductants by the synthesized
profluorescent nitroxide probe ProN6 via a switch-on method. After either a hydrogen atom or single
electron transfer from AA to nitroxide, the resulting diamagnetic hydroxylamine was rapidly cyclized to
form a fluorescent O-acylalkoxyamine. This cyclization prevented the reoxidation of the corresponding
hydroxylamine to the nitroxide, leading to a high precision of detection. A kinetic fluorescence study
indicated that ProN6 exhibited higher reactivity than ProN7. Density functional theory (DFT) calculations

indicated that the Gibbs free energy of the AA-induced cascade reductive lactonization of ProN6 was

Received 12th July 2023 ) ) " - )
Accepted 4th September 2023 lower than that of ProN5 and ProN7. The designed probe achieved the sensitive and specific detection
of AA with detection limits of 77.9 nM and 195.9 uM in solution and on paper, respectively. The utilization

DOI: 10.1035/d3ra04681h of the probe as a paper-based fluorescent sensor demonstrated the good accuracy of the quantitative
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Introduction

Ascorbic acid (AA), also known as vitamin C, plays numerous
roles in living organisms, especially in the human body, such as
tissue repair, collagen metabolism, and the enzymatic produc-
tion of certain neurotransmitters and antioxidants.® Moreover,
Alzheimer's disease, the common cold, and scurvy can be pre-
vented by normal levels of AA in serum.>* Plasma AA concen-
tration acts as a biomarker of antioxidant status, oxidative
stress, inflammation, and the risk for coronary heart disease.®
Although high doses (>1 mg mL ") of AA can inhibit tumor cell
growth, it could also cause anti-angiogenic activity in normal
cells (human umbilical arterial endothelial cells).® The small
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analysis of AA in commercial supplements.

nutrient molecule AA cannot be produced by biosynthesis in
human cells and consequently, external AA from the diet is
required at a suitable dosage for a healthy life.*> A diet rich in
fruits and vegetables with high AA content has beneficial effects
and lowers the risk of health problems, such as coronary heart
disease.® However, AA in food, beverages and supplements
gradually decomposes based on various factors, including
oxygen, pH values, temperature and light.” The degradation of
AA leads to furfural, 2-furoic acid, 5-hydroxymaltol and 3-
hydroxy-2-pyrrone,*® which could react with food ingredients
and reduce product quality. Hence, the accurate quantification
of AA is highly important in analytical and diagnostic applica-
tions. Several publications related to the determination of AA
have been declared. Expensive and environmentally harmful
heavy metals are used as electrodes for most electrochemical
biosensors.'*** Spectrophotometric methods are used for AA
analysis, such as UV spectrophotometry,” which not only
provides low sensitivity and difficulty in result interpretation
but also lacks selectivity. Remarkably, profluorescent nitroxide
sensors have been widely used as potent tools for the straight-
forward detection of a variety of antioxidants including AA on
the nM to mM scale."*" Interestingly, the electron spin
exchange between excited electrons of fluorophores and
unpaired electrons of nitroxide considerably affects fluores-
cence quenching.”” The switch-on detection arises from the
inhibition of this event by the conversion of the paramagnetic
nitroxide into the diamagnetic hydroxylamine or alkoxyamine.
The detection of AA by profluorescent nitroxides has been
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Scheme 1 Our idea of the improvement of AA detection by profluorescent nitroxide.

documented as involving hydrogen atom transfer (HAT) or
single electron transfer (SET), followed by protonation.'®>
However, hydroxylamine 2 can be comfortably reoxidized to 1,
resulting in the inaccurate quantification of detection as
depicted in Scheme 1. The transformation of hydroxylamine 2
to O-acylalkoxyamine 3 could prevent reoxidation and provide
better precision. In recent years, colorimetric paper strips or
paper-based sensors have been extensively investigated as
devices to quantify various analytes, such as heavy metals,*
carcinogenic organic compounds present in food products,*
carcinoembryonic antigens (a tumor marker),”® dopamine,*
cysteine® and other biologically relevant analytes®® since they
are easily handled. However, to the best of our knowledge, the
quantitative analysis of AA on a paper-based sensor using pro-
fluorescent nitroxide probes has not been explored.

Herein, the efficient detection of AA was performed by intra-
molecular esterification (lactonization) to convert hydroxylamine
2 to O-acylalkoxyamine 3, hence the reoxidation of hydroxylamine
2 to profluorescent nitroxide 1 was inhibited. For the structural
design of the probe, we hypothesized that the 6- and 7-membered
O-acylalkoxyamines should be more easily formed than the 5-
membered one due to the larger rings, and the possible genera-
tion of O-acylalkoxyamines by the 5-, 6- and 7-membered analogs
from profluorescent nitroxides was also predicted by density
functional theory (DFT). For the utilization of the probe as
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Fig. 1 Structure of the designed profluorescent nitroxide probes.
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nitroxide quencher

a cellulose-based fluorescent sensor, hydrogen bonding interac-
tions between the probe and cellulose are required. Consequently,
a hydroxyl group should be present in the sensor. Moreover,
a good leaving group (LG) is crucial for C-O bond formation in
order to avoid reoxidation after the reduction of the nitroxide.
Since the "*C NMR data of the carbonyl group of the thiohydrox-
amate ester is around 197 ppm, and the reaction progress can be
easily monitored by TLC, it was selected as a LG. For these reasons
and all literature precedents, the profluorescent nitroxide for AA
detection was designed with four primarily essential segments,
including a hydroxyl group, a fluorophore, a nitroxide quencher,
as well as a rather stable and excellent leaving thiohydroxamate
ester group as presented in Fig. 1.

Experimental section
Chemicals and instruments

Chemical reagents were purchased from Tokyo Chemical
Industry Co., Ltd. (TCI). Analytical grade solvents for synthesis
and analysis were used as received from the suppliers. The
fluorescence spectra were obtained via a fluorometer (LS55,
PerkinElmer, United Kingdom). Evaluation of the UV-vis
absorption spectra was performed using a Genesys 150 UV-
visible spectrophotometer (Thermo Fisher, USA). The EPR
spectra were collected using an EPR Bruker system, ELEXSYS E-

hydroxyl group for cellulose attachment

OH

fluorophore
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500 model at X-band microwave frequencies (approximately
9.85 GHz).

Synthesis

Synthetic routes, materials and methods for synthesis, as well as
characterization of intermediates and probes, can be found in
the ESL.t

Kinetic study of AA detection

Rates of AA detection by profluorescent nitroxides (ProN6 and
ProN7) were studied over 7000 seconds and fluorescence
intensity was collected continuously at 490 nm. The concen-
trations of both profluorescent nitroxides and AA were iden-
tical, at 10 uM (1: 1 mole ratio). Rate constants were calculated

. . AL
from ¢ = 0 s to 3000 s using the equation %.

Preparation of the paper-based fluorescent sensor

The paper-based device was prepared following Phonchai's
procedure (Scheme 2).?” Briefly, a mixture of hydrophobic epoxy
resin and gray epoxy resin were placed on the designed screen
in a circle with 1.5 cm inner diameter. The resin was dragged
through a ring-shaped mesh and cured at room temperature for
4 h to provide the corresponding device. A solution of ProN6
(2500 puM in ethanol, 20 uL) was applied on the device. The
resulting paper-based fluorescent sensor was lyophilized at
room temperature for 2 min.

AA measurement by fluorescence emission

To solutions of 4 pM (100 pL) ProN6 in ethanol were added
different concentrations of AA solution in ethanol, varied from
0 to 16 uM (100 pL) to final concentrations of 0 to 8 uM. The
solution was incubated for 1 h. The emission spectra at 490 nm
were recorded with an excitation wavelength of 300 nm using
excitation/emission slit widths of 10 nm. The range of the linear
relationship between the concentration of AA (uM) and fluo-
rescence intensity at 490 nm was selected to obtain a calibration
curve. The LOD was calculated using the following formula:
LOD = 3S,/S, where S, is the standard deviation of the y-inter-
cept of the linear relationship between the fluorescence inten-
sity at 490 nm and the amount of AA, S is the slope of the fitting
curve. The selectivity of ProN6 was also accomplished using the
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abovementioned procedure by mixing a variety of natural
reducing agents, including quercetin, gallic acid, vanillin,
eugenol, caffeic acid, pr-a-tocopherol, phloroglucinol, 2,6-di-
tert-butyl-p-cresol, 3-tert-butyl-4-hydroxyanisole and ferrous
chloride in ethanol (8 pM, 100 pL). Experiments were performed
in triplicate.

The paper-based sensor was used for the quantitative deter-
mination of three samples of a commercial vitamin C powder
supplement. A solution of ProN6 (2500 uM in ethanol, 20 pL) was
carefully and slowly applied to the devices to obtain a homoge-
neous spread of the probe for constant results. A series of 20 pL-AA
with concentrations from 0 to 10000 pM were applied to the
devices. After 45 min, digital images were captured with the built-
in camera of the smartphone and an in-house light control box,
under a handheld UV-light torch (360 nm). The distance between
the UV-light torch and the paper-based sensor was kept constant
at 20 cm. The color intensity of each image was measured as the
green intensity using Image] software (National Institute of
Health, USA). The range of the linear relationship between the
quantity of AA (uM) and the green intensity was selected to obtain
a calibration curve. The experiment was performed in triplicate.
The vitamin C supplement (product labels stated: 500 mg,
1000 mg and 1500 mg) was dissolved in distilled water and
adjusted to 100 mL. Then, 15 uL of the resulting solution was
diluted with distilled water and adjusted to 200 pL to final
concentrations of 2.1, 4.2 and 6.4 mM, respectively. Next, 20 pL of
each sample was applied to the paper-based sensor, and digital
images were captured and processed as above. The amounts of AA
in each sample were determined using the calibration curve. The
experiment was repeated four times.

Eaton's equation was applied to calculate the quantum
yield®® of the fluorescent cyclized product of probe ProN6 (22a,
Scheme 4) using coumarin 30 as a reference.” The fluorescence
spectra of a solution of ProN6 and coumarin 30 (0.05 uM, 3 mL)
in the absence of AA were recorded, with excitation at 300 nm.
Moreover, the fluorescence spectra of the above solutions (0.1
uM, 1.5 mL) in the presence of AA (0.1 puM, 1.5 mL) were also
taken. Their UV absorbances were also collected.

AA measurement by UV absorption

The determination of AA in vitamin C commercial supple-
ments using UV absorption was performed following Zeng's
procedure.”® The UV calibration profile (see ESI{) was

/ Hydrophobic epoxy resin barrier

Hydrophilic sample space

Scheme 2 Preparation of the cellulose-based profluorescent nitroxide sensor.
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prepared using a stock solution of AA (2500 pM) in methanol.
The stock solutions, consisting of 0.4, 1, 2, 4, 6 and 8 mL, were
transferred into 10 mL volumetric flasks and adjusted to
10 mL using methanol to provide 100, 250, 500, 1000, 1500,
2000 and 2500 pM as calibration solutions, respectively. The
absorption spectra of the prepared solutions were immedi-
ately collected (Fig. S65t1). The UV -calibration profile
(Fig. S661) was obtained by the linear curve fitting of a variety
of concentrations of AA mentioned above versus absorbance
values at 255 nm. Three samples of commercial vitamin C
powder supplement (product labels stated: 500 mg, 1000 mg
and 1500 mg) were dissolved in distilled water and adjusted to
100 mL. Then, 300 pL of the resulting solution was diluted
with distilled water using a 10 mL volumetric flask, and the
UV spectra were recorded (Fig. S677). The amounts of AA in
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Fig. 2 The kinetic study of ProN6 and ProN7 monitored by fluores-
cence enhancement at 490 nm (/490) after mixing with AA (1:1 mole
ratio).
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each commercial product were determined using the above
UV calibration profile. The experiment was performed in
triplicate.

Computational methods

Geometry optimization of all structures was carried out at the DFT
B3LYP/6-311g** level in ethanol using Gaussian09. The polariz-
able continuum model (PCM) was employed for the solvation
model. The vibrational frequencies were also calculated at the
B3LYP/6-311g** level in ethanol with respect to the zero-point
vibrational energy and thermal corrections at 298 K. The vibra-
tional analysis revealed that no imaginary frequency was found for
the reported minima. The Gibbs free energy of the reaction
(AGieaction) Was then calculated in keal mol™* using the following
equation: AGreaction = ZAGproducts - ZAGreacmnts-

Results and discussion

A kinetic study of AA detection and the photostability of
probes

To investigate the rates of AA detection by ProN6 and ProN7
probes, fluorescence enhancement of the fluorescent cyclized
product of each probe was measured. As shown in Fig. 2, the
rate of AA detection of ProN6 was faster than that of ProN7
since intramolecular cyclization to furnish the 6-membered
ring (22a) is usually more favorable as compared to the 7-
membered ring (22b). The relative reaction rates calculated
from fluorescence enhancement were 0.15 a.u. s~ ' and 0.10
a.u. s ' for ProN6 and ProN7, respectively. Significantly,
ProN6 exhibited a 1.5-fold higher reactivity than ProN7 so
ProN6 was further selected as a potentially suitable sensor in
other experiments.

The acceleration of the homolytic cleavage of the N-O bond of
the thiohydroxamate ester of ProN6 could deliver carboxyl radical
I by irradiation under UV light. Decarboxylative radical trapping
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Scheme 3 Possible photoinduced intramolecular decarboxylative radical trapping.
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would be performed to increase the fluorescence intensity by
affording the 6-membered alkoxyamine III via the active primary
radical intermediate II as described in Scheme 3. Due to this
photosensitivity of the thiohydroxamate ester,* the stability of the
profluorescent probe was also investigated by irradiation of
probes ProN6 and ProN7 in ethanol at 300 nm. Satisfactorily, the
fluorescence intensity was not enhanced during 2 h as shown in
Fig. 2, thus the photocleavage in Scheme 3 did not occur during
the measurement.

EPR study

The electron paramagnetic resonance (EPR) spectrum of ProN6
in deaerated ethanol exhibited the expected characteristic three
N hyperfine lines* as illustrated in Fig. 3. The addition of AA

ProN6 without AA

ProN6 with AA 5 min
ProN6 with AA15 min
ProN6 with AA 30 min
== ProN6 with AA 45 min
ProN6 with AA 60 min
ProN6 with AA Overnight,

I I I I
3480 3500 3520 3540

Magnetic field (Gauss)

1
3460

Fig. 3 EPR spectra of ProN6 (0.5 mM) and a mixture of ProN6 and
excess AA (1.0:1.5 mole ratio of AA/ProN6, 0.5 mM) in deaerated
ethanol. Spectra were obtained over 5 to 60 min and overnight.

(A)
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to a solution of ProN6 led to a gradual reduction in the peak-to-
peak height over 60 min, and the signal was completely reduced
by 18 h. These results indicated that the paramagnetic pro-
fluorescent nitroxide ProN6 was gradually transformed into
a diamagnetic compound upon reaction with AA.

AA measurement in a solution

A fluorescence titration experiment was carried out to investi-
gate the reaction of AA and ProN6. The addition of various
concentrations of AA from 0 to 16 uM to a solution of ProN6
provided a gradual enhancement of the blue-green fluorescence
emission at 490 nm (Fig. 4A and B). The titration profile
revealed that the emission intensity increased linearly with AA
concentration from 0.2 to 1.4 uM (R> = 0.996) (Fig. 4B, inset).
Additionally, the limit of detection (LOD) toward AA was
determined to be 77.9 nM. Similarly, the quantum yields (®) of
ProNG6 in the absence of AA and the isolated fluorescent cyclized
adduct 22a were increased from 7.2% to 58.3%, respectively.
Moreover, the UV-vis absorption spectra of ProN6 in the
absence and presence of AA are provided in the ESI (Fig. S64).T

Selectivity

Polyphenol compounds, cysteine, an essential amino acid
containing thiol moiety, as well as transition metals, such as
Fe*', a precursor of heme present in the bloodstream, play
a crucial role as antioxidants.?>* Fe** also acts as a reducing
agent in SET fashion. Since the reactivity of these reductants
may also convert the paramagnetic nitroxide moiety to
diamagnetic hydroxylamine, the selectivity of ProNé6 was
demonstrated. Reductive cyclization reactions of ProN6 in the
presence of a variety of competitors, such as quercetin, gallic
acid, vanillin, eugenol, caffeic acid, pr-a-tocopherol, phlor-
oglucinol, 2,6-di-tert-butyl-p-cresol, cysteine as well as ferrous
chloride (FeCl,), were performed. Fluorescence responses of
ProN6 to all antioxidants in excess concentrations were scarcely
increased as depicted in Fig. 5A and B. However, when ProN6
was treated with AA and AA + FeCl,, the fluorescence intensities
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(A) Fluorescence titration spectra of ProN6 (2 pM) after mixing with various concentrations of AA (0—16 pM) in ethanol. The excitation

wavelength was 300 nm; (B) the plot of fluorescence intensity of ProN6 at 490 nm against varied concentrations of AA. Inset: selected range of
a linear relationship between the concentration of AA (uM) and the fluorescence intensity at 490 nm (/490).
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(A) Fluorescence spectra of the ProN6 solution after the addition of a variety of reductants and AA. Inset: the fluorescence spectra of

ProN6 without AA; (B) fluorescence intensities and photographs (under 360 nm UV light) of ProN6 solution after the addition of a variety of
reductants and AA. Note: /o = the fluorescence intensity at 490 nm of ProN6, and /; = fluorescence intensity at 490 nm of ProN6 with the

reductants.

were significantly enhanced. Hence, other reductants should
not interfere with ProN6, and only AA remarkably affected its
fluorescence as presented in the bar chart (Fig. 5B). This result
supported the excellent selectivity of the profluorescent sensor
ProNG6 for AA analysis. Notably, the color of the ProN6 solution
was observed by the naked eyes in daylight as a slightly yellow
solution, and then yellowish-green after the addition of a variety
of reductants and AA. In addition, in the presence of AA,
a solution of ProN6 solution provided a strong greenish-blue
(cyan) fluorescence emission under 300 nm UV stimulation.

AA measurement on a paper-based sensor

The paper-based fluorescent sensor of ProN6 was prepared
according to Scheme 2. Before the quantification of AA by this

sensor, fluorescence degradation under open air was

140
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Fig.6 Green intensities of the ProN6 paper-based sensor treated with
AA during 7 h.
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investigated. The green intensity of the paper hardly changed
during the 7 h (Fig. 6). This observation suggested that ProN6
underwent an irreversible reaction with AA, and thus the
resulting product tolerated oxidation. The green intensity of the
paper-based sensor was enhanced after the addition of AA by
fixing the amount of probe at 2500 uM (Fig. 7). The calibration
curve was obtained by varying the amounts of AA from 0 to 10
000 pM. Satisfactorily, a good linear calibration curve was
observed from 500 to 5000 pM of AA with R* = 0.997 and LOD =
195.9 puM. This was related to the gradual production of the
bright blue-green shades presented in the inset. Although the

180 —
[ ]
1 EtOH H,0 :)d 10"? 5?«0 10’:0 25':0 LOMM 50’:0 7500 Wn’:ﬂ .
160 [
[ ]
140 - 120
H o m gEEe 4
£ 120 >
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100 o ol ¥
80 1 40 & .
.
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Concentration of AA (M)
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Fig. 7 Enhancement of the green intensity of the ProN6 paper-based
fluorescent sensor by increasing the concentration of AA (0—-10 000
uM). Inset: selected range of a linear relationship between the quantity
of AA (uM) and the green intensity, and photographs of the paper-
based fluorescent sensors in the presence of ethanol, water, and in
response to different concentrations of AA under UV light (360 nm).
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Table 1 Quantitative analysis of AA in three commercial vitamin C powder supplements using the profluorescent nitroxide paper-based

fluorescent sensor and UV absorption

Total amount of AA (mg)

Amount of AA (mg) determined by

Sample from commercial vitamin C supplements Paper-based fluorescent sensor UV absorption
A 500 293 £ 16 270 £ 7

B 1000 1067 £ 15 939 £ 24

C 1500 1107 £+ 10 900 + 15

LOD of the paper-based sensor was higher than that in the
solution, the determination of AA in the mM concentration
range could be utilized in some studies, such as AA accumula-
tion in human neutrophils.**

Quantitative analysis of AA in commercial supplements

Utilizing the standard calibration curve, the ProN6 paper-based
fluorescent sensor was used to quantify the amount of AA in
three commercial vitamin C powder supplements as shown in
Table 1. The amount of AA examined by the paper-based pro-
fluorescent nitroxide sensor was in the closest proximity to that
stated on the label in the case of a thousand milligrams in sample
B. Significantly, the amounts of AA in all three supplements
determined by the ProN6 paper-based sensor were greater than
those determined by UV absorption used as a reference method,
and also in better agreement with those stated on the labels of the
supplements. Noticeably, amounts of AA calculated by both
techniques were lower than those verified on the labels. These
results suggested that AA might have been damaged by various
factors, such as light and oxygen, especially in samples A and C.”
The data for green intensities obtained from ImageJ and photo-
graphs of paper-based sensors after the AA analysis of each
sample are provided in the ESI (Table S1 and Fig. S63).7
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/ HO. H o
S = 0
HO
ph-N, OH
O OH AA

)
o =
: Ne N~7 NEt,
QH ProN6 (non-fluorescent) N lo)
HO\/Ie: °

SET pathway B
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Proposed mechanisms

Based on the presence of both bicyclic O-acylalkoxyamine 22a and
thiohydroxamic acid 20, which could be monitored by TLC and
isolated by column chromatography, the mechanism of AA
detection was proposed, involving redox reactions in two plausible
pathways as depicted in Scheme 4. In pathway A, we anticipated
that hydrogen abstraction or the hydrogen atom transfer (HAT) of
AA by profluorescent persistent nitroxide radical ProN6 was
initially performed to deliver hydroxylamine intermediate V. The
next step should be the lactonization of V by the liberation of
thiohydroxamic acid 20 to establish the fluorescent O-acylalkoxy-
amine 22a. Alternatively, as shown in pathway B, ascorbate radical
IV, generated by HAT, can also reduce persistent radical ProN6 via
single electron transfer (SET) to afford the active N-oxide inter-
mediate VIL The next transformation is a lactonization to furnish
the same corresponding fluorescent product 22a.

DFT calculation

To further investigate the Gibbs free energy of the AA-induced
cascade reductive lactonization, the geometry optimization was
performed and the Gibbs free energies were predicted at the
B3LYP/6-311g** level using Gaussian09. Fig. 8 represents the

lactonization

S ll\l 22a (fluorescent)

Scheme 4 The proposed plausible mechanism of AA-induced cascade reductive lactonization and fluorescence enhancement.
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Fig. 8 Optimized geometries of ProN5, ProN6 and ProN7, 5-, 6- and 7-membered O-acylalkoxyamines (22c, 22a and 22b) and thiohydrox-
amate ester (20), and the Gibbs free energies of AA-induced cascade reductive lactonization.

optimized structures of profluorescent nitroxides ProN5, ProN6
and ProN7, 5-, 6- and 7-membered O-acylalkoxyamines (22¢, 22a
and 22b) and thiohydroxamate ester 20, while their Gibbs free
energies are displayed in Table S2.f The AA-induced cascade
reductive lactonization was computed to be endergonic and non-
spontaneous for ProN5 as the product was 0.15 kcal mol ™ less
stable than the reactant. This could be due to the high ring strain
of the 5-membered O-acylalkoxyamine. On the other hand, the
reductive lactonization of ProN6 and ProN7 was calculated to be
exergonic and spontaneous as their products were 12.66 and
8.78 kcal mol ! more stable than the reactant, respectively. AG of
ProN6 was lower than that of ProN7. This indicated that ProN6
would be preferable for practical ascorbic acid determination.

Conclusions

In summary, the synthesized profluorescent nitroxide probe
comprised of the thiohydroxamate ester functionality accom-
modated the conversion of the corresponding hydroxylamine to
unoxidized O-acylalkoxyamine, leading to the more accurate
quantification of AA. The sensor characteristic was proven to be
the fluorescence turn-on approach. Moreover, the excellent
selectivity of the probe was remarkable among a variety of
phenolic antioxidants as competitors. The profluorescent
nitroxide sensor fabricated on the cellulose filter paper was
utilized as a powerful tool for ascorbic acid measurement in
commercial supplements. The fluorescence quenching occurs
through electron spin exchange between the unpaired electrons
of nitroxide and excited state electrons of the fluorophore.
Therefore, fluorescence enhancement was gradually observed
by the reduction of unpaired electrons of nitroxide by AA.
Taking advantage of the paper-based profluorescent nitroxide
performance, it can be applied as a promising potential device
to quantitatively determine the amount of AA in other sources.
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