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role in the biosynthesis of numerous bioactive substances. The

detection of ascorbic acid has traditionally been achieved using

high�performance liquid chromatography and absorption spectro�

photometry assays. However, the development of fluorescence

probes for this purpose is highly desired because they provide a

much more convenient and highly sensitive technique for the

detection of this material. OFF�ON�type fluorescent probes have

been developed for the detection of non�fluorescent compounds.

Photo�induced electron transfer and fluorescence resonance

energy transfer are the two main fluorescence quenching mecha�

nisms for the detection of ascorbic acid, and several fluorescence

probes have been reported based on redox�responsive metals and

quantum dots. Profluorescent nitroxide compounds have also

been developed as non�metal organic fluorescence probes for

ascorbic acid. These nitroxide systems have a stable unpaired

electron and can therefore react with ascorbic acid and a strong

fluorescence quencher. Furthermore, recent synthetic advances

have allowed for the synthesis of α�substituted nitroxides with

varying levels of reactivity towards ascorbic acid. In this review,

we have discussed the design strategies used for the preparation

of fluorescent probes for ascorbic acid, with particular emphasis

on profluorescent nitroxides, which are unique radical�based

redox�active fluorescent probes.

Key Words: ascorbic acid, fluorescence, probe, nitroxide, 

antioxidant

IntroductionAscorbic acid is a small bioactive molecule that performs a
variety of different physiological functions in vivo (Fig. 1a).(1)

For example, ascorbic acid plays an important role in the bio-
synthesis of several bioactive substances, including collagen,
carnitine, norepinephrine, peptide hormones, and tyrosine metab-
olites.(2,3) Furthermore, ascorbic acid acts as an essential anti-
oxidant in humans, where it is involved in the scavenging of
reactive oxygen species (ROS), such as hydroxyl radicals, super-
oxide anion radicals, and singlet oxygen.(4,5) Ascorbic acid also
functions as an electron donor in the single-electron reduction of
α-tocopheroxyl radicals to α-tocopherol in the inhibition process
of lipid peroxidation.(6) The resulting oxidized ascorbic acid
(dehydroascorbic acid) is subsequently converted back to ascorbic
acid though the ascorbic acid-glutathione cycle.(7,8) Ascorbic acid
is therefore considered to be an essential molecule for the mainte-
nance of human health and the normal biological function of our
bodies. Notably, reduced levels of ascorbic acid have been
reported to be closely related to the pathogenesis and exacerbation

of several disease states, including diabetes mellitus,(9) cognitive
impairment,(10) coronary heart disease,(11) and age-related cata-
racts(12). Furthermore, research conducted in Europe has revealed a
significant correlation between the level of ascorbic acid in the
plasma samples of 19,068 British men and women and their fat
distribution.(13)

Ascorbic acid has also attracted considerable attention as an
anticancer agent (Fig. 1b).(14,15) This strategy is based on the
generation of hydroperoxides using biologically derived Fe and
Cu ions following the intravenous injection of ascorbic acid.
Notably, the use of this strategy in conjunction with conventional
chemotherapeutic approaches has been reported to enhance the
effects of these treatments and suppresses the occurrence of side
effects.(16,17) The intravenous administration of ascorbic acid has
also been reported to exhibit remarkable curative effects in several
diseases.(18) For this type of therapeutic strategy to be successful,
the level of ascorbic acid in systemic circulation has to be kept at
a high concentration. Therefore, quantitative analysis methods of
ascorbic acid used for clinical samples such as blood and urine are
required.

A variety of different methods have been reported for the
quantitative analysis of ascorbic acid, including high-performance
liquid chromatography with electrochemical detection (HPLC-
ECD)(19) and a colorimetric assay based on 2,6-dichlorophenol-
indophenol (DCPIP).(20) Fluorometric analysis is recognized as a
convenient and highly sensitive technique for the detection of
bioactive small molecules.(21,22) However, the measurement of a
non-fluorescent compound such as ascorbic acid using a fluoro-
metric assay would require the use of a “fluorescent probe”. In this
way, the reaction of a fluorescent probe with a non-fluorescent
target molecule would lead to a change in the optical properties of
the probe, which could be detected by fluorometric analysis. In
this review, we have introduced several fluorescent probes for
the detection of ascorbic acid. Notably, we have placed particular
emphasis on the use of profluorescent nitroxide, which is a unique
radical-based redox-active fluorescent probe.

Fluorometric Analysis Method of Ascorbic Acid using
Fluorescent Probes

Molecular detection systems based on fluorescent probes are
promising analytical methods that can be used to develop a deeper
understanding of complex biological processes.(21,22) In particular,
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“OFF-ON-type fluorescent probes” can interact with target mole-
cules to significantly enhance their fluorescent emission character-
istics. In most cases, OFF-ON-type fluorescent probes consist of
a “fluorescent sensor” and a “fluorescent switching” moiety.
When these systems are in the resting state, the emission of the
fluorescent sensor moiety is usually quenched by the fluorescent
switching moiety. However, the reaction of the fluorescent
switching moiety with a target molecule can lead to a change in its
electrochemical structure, causing the fluorescent sensor to switch
from its “OFF” state to its “ON” state. To improve the quenching
efficacy of these OFF-ON-type fluorescence probes, we need to
develop a better understanding of the quenching mechanism. The
process of fluorescence quenching involves a decrease in the
fluorescence emission of a material by inducing a relaxation in the
energy of the fluorophore through a non-radiative transition such
as heat. Photo-induced electron transfer (PET) and fluorescence
resonance energy transfer (FRET) are widely accepted principles
in fluorescence quenching processes (Fig. 2a and c).(23–25) In PET,
an excited electron in the fluorescent sensor moiety (Flu) is
transferred to the fluorescence switching moiety (Q), leading to
formation of a charge-separated state. This process typically
occurs when the energy of the molecular orbital of Q sits some-
where in between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of Flu
(Fig. 2a). The resulting charge-separated state can then relax to the
ground state without any luminescence emission. In contrast,
FRET processes require a broad overlap between the emission and
absorption spectra of the sensor and switching moieties, respec-
tively. Compared with PET, this phenomenon can occur over
much longer distances than those typically encountered between
the Flu and Q groups (Fig. 2c). To design an effective fluorescent
probe, it is therefore important to develop an effective switching
moiety that shows selective reactivity towards a target molecule.
Furthermore, any newly designed fluorescent probe would need to
be compatible with the electrochemical and optical properties of
the sensor. With this in mind, the characteristic redox properties of
ascorbic acid could be a useful reaction target for the development

of a fluorescent switching moiety for ascorbic acid. Several
fluorometric methods have been developed during the last decade
for the detection of ascorbic acid using redox-responsive metals
and quantum dots (QDs).(26–34) For example, Huang et al.(27)

reported the development of a fluorometric detection method
using CdTe/CdS/ZnS core/shell/shell QDs and KMnO4 (Fig. 2b).
In this system, the fluorescence emission of the QDs was
efficiently quenched by KMnO4 via a PET process from KMnO4

to the QDs. Furthermore, the fluorescence intensity was recovered
following the reduction of KMnO4 with ascorbic acid. This
analytical method was used for the direct detection of ascorbic
acid at concentrations in the range of 8.0 × 10−9 to 1.0 × 10−7 M,
and gave a limit of detection of 1.8 × 10−9 M. Huang’s group also
reported the utility of this system for determining the concentra-
tion of ascorbic acid in human urine and vitamin C tablets. In a
separate study, Kong et al.(28) reported the development of a
FRET-based DCPIP-CdTe QD system (Fig. 2d). In this system,
DCPIP quenched the fluorescence emission of the CdTe QDs via
a FRET process. Following the two-electron reduction of DCPIP
by ascorbic acid, there was a significant reduction in its absor-
bance band at 600 nm, which led to a significant increase in the
fluorescence emission of the QDs. In a separate study, Zhai et al.(29)

conducted a systematic investigation of the quenching mechanism
of an organic fluorophore with single-layered MnO2 nanosheets.
Based on this mechanistic information, they reported a novel
sensing method for measuring the level of ascorbic acid in rat
brain microdialysates. Several other fluorescent methods have
also been developed for the detection of ascorbic acid, including
Cu-containing fluorescent labeling DNA-Au systems,(30) and pro-
tein-modified Au(31) and Ag nanoparticles.(32)

Profluorescent Nitroxide for the Detection of Ascorbic
Acid

Although fluorescence probes based on redox-responsive
metals exhibited high levels of selectivity and sensitivity for
ascorbic acid, we will introduce interesting compounds “nitroxide”,

Fig. 1. Biological roles and medical applications of ascorbic acid. (a) Roles of ascorbic acid in vivo as an enzymatic cofactor in numerous biosynthetic
pathways and an antioxidant for reactive oxygen species. (b) Anticancer therapy based on ascorbic acid and biological metal ions.
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which are non-metallic organic molecules with a stable unpaired
electron on their N-O moiety. These compounds have unique
reaction properties, such as their tendency towards oxidation-
reduction reactions. Based on their interesting properties,
nitroxides have been widely used as spin probes,(35,36) spin
labels,(37) contrast agents,(38,39) and antioxidants.(40) In terms of their
reducing properties, nitroxides can react with ascorbic acid
through a single-electron reduction process when they are mixed
together in polar protic solvents (Fig. 3).(41) In these types of
reaction, the N-O moiety of the nitroxide is immediately converted
to its diamagnetic hydroxylamine form (N-OH). Piperidine-based
nitroxides, in particular, exhibit relatively high levels of reactivity
towards ascorbic acid compared with most other nitroxide
derivatives. Nitroxides also possess unique physicochemical
properties that allow them to function as a strong fluorescence
quenching agents towards fluorescent molecules.(42) It is generally
believed that the quenching of fluorophores by nitroxides occur
via a PET process or an intersystem crossing (ISC) induced by an
electron exchange process. Fig. 4a shows a schematic of an ISC
induced by an electron exchange pathway. Photo-induced inter-
system crossing (1Flu→3Flu) events hardly ever occur because
they are spin-forbidden transitions. However, in the presence of a
nitroxide, the electrons in the LUMO orbital of the excited

fluorophore and single occupied molecular orbital (SOMO) of the
nitroxide moiety can be efficiently exchanged, resulting in the
generation of the excited triplet state of the fluorophore. Several
physicochemical studies have been conducted to develop a better
understanding of the quenching mechanism of nitroxides. For
example, Colvin et al.

(43) reported that the interaction between
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) and perylene-
3,4:9,10-bis(dicarboximide) (PDI) in tetrahydrofuran resulted in a
photo-induced electron transfer from TEMPO to PDI, which led to
the formation of a charge-separated state with transient optical
absorption properties. In contrast, Ishii et al.(44) reported that
TEMPO induced the intersystem crossing of phthalocyanine
silicon (SiPc) in its excited singlet state and promoted the genera-
tion of triplet state SiPc. These papers therefore suggest that the
quenching mechanism of nitroxides can vary depending on the
nature of the fluorophore and the surrounding environment. Taken
together, these results show that nitroxides are highly reactive and
selective for ascorbic acid in terms of their quenching capacity.
These compounds are therefore suitable for use as fluorescent
switching moieties in probes designed for the detection of ascorbic
acid. During the last three decades, a wide variety a radical-based
profluorescent nitroxide probes have been developed as organic
OFF-ON-type fluorescent probes for the detection of ascorbic acid
(Fig. 4b and c).(45–49) Lozinsky et al.(46) proposed a novel detection
method for the quantitative analysis of ascorbic acid using a pro-
fluorescent nitroxide probe, which consisted of TEMPO and a
dansyl fluorophore. More recently, Ishii et al.(48) reported the
development of profluorescent nitroxide probe linked to SiPc,
which they used for the detection of ascorbic acid in living cells by
confocal microscopy. These results therefore demonstrate that
profluorescent nitroxides can be used convenient and sensitive
assays for the detection and quantification of ascorbic acid without
using heavy metals and strong redox substances to accelerate the
reactions.

Fig. 2. Principles of (a) PET and (c) FRET for controlling the fluorescence characteristics of fluorophores and redox�active metal�based fluorescent
probes for ascorbic acid. (b) PET�based QDs�KMnO4 probe, (d) FRET�based DCPIP�CA�CdTeQD system.

Fig. 3. One electron reduction of nitroxide with ascorbic acid.
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Novel Strategy for Controlling the Reactivity of Nitroxides
by Varying the Nature of the Substituent at the α�Position

The mechanism of the reaction between a nitroxide species
and ascorbic acid involves a hydrogen atom transfer.(50–52) Given
that the two ascorbyl radicals generated during this reaction would
be converted to ascorbic acid and dehydroascorbic acid via a
disproportionation step, the stoichiometric ratio of this reaction
should be 1:2. However, this reaction is an equilibrium process
because the reverse reaction between dehydroascorbic acid and
diamagnetic hydroxylamine can lead to the formation of the
starting nitroxide. Moreover, piperidine-based nitroxides can be
readily oxidized to the corresponding oxoammonium cations by
ROS such as superoxide anion radicals. An improvement in the
reactivity of the nitroxide is therefore required to increase its
selectivity and sensitivity towards ascorbic acid. It was envisaged
that the use of substituted nitroxides would provide a better
understanding of the reactivity of nitroxides towards ascorbic
acid, as well as providing ideas for the design of new compounds.
For example, the phosphorylation of pyrrolidinyl nitroxide led to
an increase in its reactivity towards ascorbic acid compared with
the corresponding tetramethyl-based system.(53) In contrast, tetra-
ethyl-based nitroxides have been reported to show low levels of
reactivity towards biological reductants because of the steric
hindrance around their reactive site, which resulted in an increase
in their biological half life.(54–59) The substitution of nitroxides at
their α-position can therefore be used as an effective strategy for
controlling their reactivity. In a recent study, we developed an
alternative method for the facile synthesis of α-substituted
nitroxides (Fig. 5a).(60) Notably, this new method involved the use
of 1,2,2,6,6-pentamethyl-4-piperidone and carbonyl compounds
under mild reaction conditions. Interestingly, the redox potentials
of the α-substituted nitroxides synthesized in this way changed
significantly compared with those of the tetramethyl-based

nitroxides.(61) In particular, the introduction of substituents bearing
heteroatoms led to a positive shift in the single-electron reduction
potentials of these material based on the electron-withdrawing
inductive effect of the heteroatom. These changes led to a signifi-
cant increase in the reduction rates of these nitroxides compared
with those of the corresponding tetramethyl-based nitroxide
systems without a heteroatom at the α-position. These results
therefore indicate that changes in the electronic environment
surrounding the N-O moiety of a nitroxide can have a significant
impact on its ability to reduce ascorbic acid, as well as its steric
properties. Moreover, these changes in the reduction rate corre-
lated well with the calculated Gibbs free energy values for the
reactions of the α-substituted nitroxides with ascorbic acid
(Fig. 5b). Based on these results, it is clear that the α-substitution
of nitroxides represents a promising approach for regulating the
reactivity of these systems towards ascorbic acid.

We previously reported the preparation of 15-(naphthyl-1-amino)-
3,11-dioxa-7-azadispiro[5.1.58.36]hexadecan-7-oxyl (Naph-DiPy)
as an α-substituted profluorescent nitroxide probe for ascorbic
acid. This probe consists of an α-substituted nitroxide bearing an
electron-withdrawing group with 1-naphthylamine as a fluoro-
phore (Fig. 6a).(62) This probe showed higher levels of reactivity
and selectivity towards ascorbic acid than 2,2,6,6-tetramethyl-4-
(naphthalene-1-ylamino)piperidin-1-oxyl (Naph-Me), which used
TEMPO as a nitroxide moiety. Furthermore, this probe allowed
for a reduction in the time requirement for the measurement of
ascorbic acid and led to a 80-fold improvement in the detection
limit compared with Naph-Me (Fig. 6b). Although Naph-DiPy
rapidly reacted with ascorbic acid, it did not respond to any other
biological redox substances, such as glutathione, nicotinamides,
and ROS. In terms of its application, we demonstrated that Naph-
DiPy could be used for the quantitative analysis of ascorbic acid
in plasma samples taken from osteogenic disorder Shionogi rats,
which lack the ability to synthesize ascorbic acid because of a

Fig. 4. (a) Principles of intersystem crossing (ISC) induced by electron exchange between nitroxide and fluorophore, (b) Detection mechanism of
ascorbic acid using profluorescent nitroxide. (c) Previously reported profluorescent nitroxides for the detection of ascorbic acid.
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single mutation in their L-gulonolactone oxidase enzyme. The
concentration of plasma ascorbic acid measured by Naph-DiPy
and HPLC-ECD analyses showed a good correlation (Fig. 6c).
Furthermore, the fluorescence emission intensity of Naph-DiPy
was not affected by the many different substances present in the
rat plasma. Ito et al.(63) also reported the measurement of the

ascorbic acid levels in the liver and plasma of aldehyde reductase
(Akr1a)-knockout mice using Naph-DiPy as a fluorescent probe.
Moreover, Naph-DiPy fluorometric assays can be used to provide
a quick measurement of ascorbic acid levels and can be used to
measure multiple samples at the same time using a micro-plate
reader.

Fig. 5. (a) Synthetic route for the preparation of 2,6�substituted piperidinyl nitroxide. (b) Relationship between the ESR signal decay rates and the
Gibbs free energy calculated from the redox potentials of ascorbate and the nitroxides. Reprinted with permission from Ref (61) (Yamasaki et al.,
J Org Chem 2011; 76: 435). Copyright (2012) American Chemical Society.

Fig. 6. (a) AsA highly reactive detection probe, Naph�DiPy. (b) Reactivity of Naph�DiPy and Naph�t�Me towards ascorbic acid. The data represent
the fluorescence intensities at 430 nm with excitation at 310 nm. (c) Measurement of the ascorbic acid levels in the plasma of ODS rats using Naph�
DiPy nitroxide and HPLC. Reprinted with permission from Ref (62) (Matsuoka et al., Free Radic Biol Med 2012; 53: 2112). Copyright (2012) Elsevier Inc.
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Conclusion

Ascorbic acid is an essential small molecular antioxidant, and
its levels in the human body can be used to inform clinicians with
regard to the diagnosis and treatment of certain diseases. For this
reason, the development of highly sensitive methods for the
detection of ascorbic acid has attracted considerable interest.
Compared with conventional analytical methods based on HPLC
and absorption spectrophotometry, fluorometric assays using
fluorescent probes represent promising approaches for the detec-
tion of ascorbic acid because they are convenient, sensitive, and
selective. In this review, we have focused on design strategies
for the development of fluorescent probes for ascorbic acid. In
particular, organic radical-based fluorescent probes based on α-
substituted profluorescent nitroxides have shown selective
reactivity towards ascorbic acid and could therefore provide
increasingly facile and sensitive tools for the detection of ascorbic
acid in clinical samples such as blood.
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