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Thiols play critical roles in many biologicals processes: they are involved in combating oxidative stress and
maintaining redox homeostasis. In agri-food, they are responsible for organoleptic aspect of many foodstuffs.
Thus, thiol identification and quantification are challenging due to their similar chemical structures (especially
for small/volatile thiols), reactivity and matrices of these compounds. To overcome the analytical issues, many
methods and technics were developed each with their own advantages and drawbacks. Lately, one emerging field

in analytical development goes through the contribution of nanoparticles. Scientific teams rely on their unique
properties to improve sensitivity, selectivity and decrease matrices effects. This review is an overview of current
methods for thiol detection followed by the report of nanomaterial contribution to the field. Finally, a critical
point of view will be given to these new sensing methods, from their potential to their limits.

1. Thiol key roles in biology and food

A thiol is a compound presenting a sulfhydryl group (SH). Thiols play
a key-role in biology and also in food matrices because of their char-
acteristic odors/taste (pleasant or unpleasant) [1,2]. In biological
matrices, thiols can be divided into two different groups: low and high
molecular weight thiols. The first group comprises low molecular weight
thiols, one can find glutathione (GSH) and its oxidized form GSSG,
cysteine (Cys) or homocysteine (Hcys) [3]. The second group comprises
thiolated proteins such as albumin or hemoglobin [4]. In agri-food, low
molecular weight and volatile thiols are very strong-smelling molecules
that can impact the aroma of numerous foods, such as fruits, grilled meat
and alcoholic [5] or non-alcoholic beverages [6]. It should also be
mentioned that the simplest thiol, hydrogen sulfide (H5S), is colorless,
toxic and malodorous (rotten eggs). Characteristics and signaling of HyS
have already been discussed in many reviews dealing with this subject
[7-10]. This manuscript will exclusively be focused on the other low
molecular thiols.

1.1. Thiols as biomarkers

Biological fluids contain many aminothiols such as GSH, Cys and

Hcys, that play a pivotal role in biological processes. GSH, a tripeptide
thiol presents in most living organism cells, plays a major role as an
antioxidant [11]. GSH is involved in regulating pathways, protection
against radical damages [12,13], signal transduction [14], cell cycle
[15] .... GSH concentrations range from 100 uM to 10 mM and from 0.6
uM to 100.0 uM in blood and plasma respectively [16]. GSH is tightly
linked to GSSG and their balance gives information about the cell
oxidative stress state [17] among other indications. A lot of studies took
interest in investigating GSH/GSSG ratio as it will be further described
[18-20]. It has been demonstrated for instance that GSH level variations
are considered as a biomarker of neurodegenerative diseases (Parkinson
[21], Alzheimer [22], Huntington disease [23] ...).

Cys is the primary thiol-containing amino acid, synthesized in the
liver from methionine [24]. It is the most abundant low molecular
weight thiol in blood plasma with a physiological level comprised be-
tween 135 and 300 uM [25]. It contributes to multiple biological func-
tions such as cell growth, lipid biosynthesis [26], skeletal muscles
homeostasis [27] or in mitochondria and endoplasmic reticulum
[28,29].

Hcys is an intermediate of the metabolic pathway for the conversion
of methionine into Cys [30] and is present in blood plasma in a con-
centration ranging from 5 to 15 pM [31]. An excess of Heys (>30 uM) is
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considered to be a risk factor for neurodegenerative (dementia [32],
Alzheimer [33] ...) or cardiovascular diseases [34,35].

One important biological function of both low and high molecular
weight thiols is their involvement in nitric oxide (NO) storage and
transportation. It is achieved through the formation of S-nitrosothiols
(RSNO) or S-nitrosoproteins (PSNO) [36]. NO is a gasotransmitter
involved in many physiological and pathological mechanisms [37].
RSNO allows an increase of NO half-life from few seconds to several
hours, depending on the involved thiol [38-40]. Properties of RSH lead
to different RSNO permeability and transport mechanisms that can in-
fluence its pharmacokinetic [41]. To increase RSNO half-life, nano-
technologies can be used to protect RSNO and control its release [42].
RSNO can be quantified through NO direct (NO probe or through its
stable isotope 5N [43]) and indirect (nitrite or nitrate quantification)
measurements, or by thiol carrier quantification. However; when S-NO
bond is broken, it leads to the formation of radical species (RS®* and NO*®)
with poor stability. RS® will quickly form RSSR molecules creating a bias
during identification and quantification. As an example, when it comes
to GSNO quantification, nanomolar concentrations were reported in
blood plasma [44-46].

1.2. Thiols as flavory compounds

In agri-food products, thiols are classified as volatile compounds and
also as low molecular weight thiols contributing to aroma profile. The
so-called volatile thiols are present in low concentrations in alcoholic
(beer, wine...) and in non-alcoholic (coffee, fruit juices...) drinks. Thiols
are actually released from their cysteinylated and gluthionylated pre-
cursors present in food matrices through alcoholic fermentation by
enzymatic action of Saccharomyces cerevisiae [47]. When linked to these
precursors, thiols are odorless (Fig. 1A) and it is only once released that
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they can express their full aromatic potential (Fig. 1B). Volatile thiol
composition depends on yeast strain, precursor extraction from grape
must and alcoholic fermentation period [48,49]. Thiols are therefore
considered as key markers in the beverage quality. Their very low
perception threshold (ng/L or ppt) greatly influences the taste and flavor
of the product [50]. As an example, 3-mercaptohexanol (3MH) is present
in wine (0.3.10% —45.10° nM) and fruit juice (15.10% -14.10° nM) and is
responsible for grapefruit flavor. The taste of roasted coffee in the
eponymous beverage but also in wine is linked to the presence of 2-fur-
furylthiol (2 FFT) at concentrations of approximately 250 nM in coffee
and ranging from 2 to 482 nM in wine [51-53]. However, higher con-
centrations of 2 FFT lead to undesirable smell. Additionally, unwanted
amine-like taste in beer or coffee can be linked to the presence of
methylbutenethiol up to 6 nM [53,54].

Beside their organoleptic role, thiols present another function. Their
antioxidant activity is linked to their stability. It has been demonstrated
that low-concentrated thiols can react with Reactive Oxygen Species
(ROS) to avoid oxidation and therefore drink deterioration [55-57]. On
the other hand, highly-concentrated thiols lead to the generation of
aldehyde species with a negative impact on drink and food taste [58].
Thiol balance needs to be maintained to ensure product quality. Three
main factors influence the thiol pool: grape types [59,60], pre-
fermentatives operations (vendange time, soils, grape treatment...)
[61-63] and alcoholic fermentation [64-66].

1.3. Challenge

As depicted, the complete characterization of thiols in biological
fluids and drinks is then crucial to predict their potential impact on
health and on future customers. Therefore, there is an increasing interest
in their identification and quantification.
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Fig. 1. Release mechanisms of thiols in wine. A) alcoholic fermentation where volatiles thiols are odorless and linked to their Cysteinylated and glutathionylated
precursors. B) thiol release from their precursors associated with aromatic expression. Cys: Cysteine; Glu: Glutathione; 3MH: 3-mercaptohexanol; 3MHA: 3-mercap-

tohexyl acetate; 4MMP: 4-mercapto-4-methyl-2-pentanone.
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For now, this section highlighted major issues concerning thiol
identification and quantification: low concentrations, poor stability,
high diversity and complex matrices. It genuinely addresses the issue of
detection of thiolated compounds at the interface of biology and
chemistry. Since few years, nanoparticles (NP) appeared as a solution in
various fields of applications such as biomedical [67], environmental
[68], agri-food sector [69] ... Indeed, transition to the nanoscale offers
new physico-chemical properties to a material such as higher specific
surface area, higher reactivity... All nanomaterials developed for thiol
quantification, answered traditional methods shortcomings. These ap-
proaches generally require some expensive and sophisticated apparatus
(mass hyphenated systems, specific fibers...) or time-consuming
analytical procedures. Moreover, these methods rely on the in-
teractions between certain NP and thiols. It is especially true for gold
nanoparticles (AuNP) having a near covalent binding energy with thiols
(40-50 kcal/mol) [70]. In this paper, we aimed at providing an over-
view of research work employing nanomaterials for thiol sensing
(identification and/or quantification), from their benefits to current
methods and limits. Our review will not focus on thiol Self Assembled
Monolayer, for which NP are used to nanostructure materials as it has
already been extensively described in the literature [71].

2. Thiols quantification and limits

Due to thiol importance and ubiquity, analytical methods have been
developed and are widely described in literature for identification and/
or quantification. The quantification of these compounds remains
challenging due to their reactivity (disulfide bond formation) [72], their
low abundance and the complex matrices considered [49]. Different
strategies have been developed to solve these issues, such as specific
analytical or pretreatment methods [73-77].

For instance, pretreatment steps usually involve different types of
solvents such as carcinogenic, mutagenic or reprotoxic (CMR) ones.
Thiol extraction from wine often involves either dichloromethane or
diethyl-ether [75,78]. These solvents are toxic, non-recyclable and must
be removed before any measurements, increasing pretreatment time and
manipulation steps. Pretreatments for protein removal is often required
because they can interfere in chromatographic or electrophoretic anal-
ysis. In fact, proteins can affect retention time, peak shape, resolution
and, of course, detection response. Three classical different approaches
can be used to remove proteins: acidification, organic solvent addition
and filtration [78-81]. As previously stated and depending on selected
approach, process will take more time and can also be detrimental to-
ward the molecule of interest. In blood plasma, addition of acidic agents
for protein removal will decrease sample pH and favors conversion of
GSH into GSNO or will lead to RSNO degradation. Furthermore, it has
been demonstrated that GSH in plasma at room temperature has a half
life time of approximately 20 min [82]. Thus, increasing treatment time
will lead to GSH oxidation and the concentration estimated after anal-
ysis cannot reflect the initial GSH concentration. This phenomenon also
occurs for food matrices because thiols are volatiles, sensitives to
oxidation and very reactive [83].

Another challenge revolving in thiol quantification is the selectivity
between different thiols in the same matrix. Indeed, whether in bio-
logical or food matrices, many thiols are presents. Methods should be
able to allow separation of thiols or should be specific of thiols of in-
terest. This requires pretreatment steps to isolate or select one or
different thiols from their matrices. Tominaga and his team have
developed an extraction method using p-hydroxymercuribenzoate so-
dium (pHMB) for successive liquid/liquid extraction of 3MH in wine
[84]. This method was used by other researchers because of its speci-
ficity for volatile thiols against other compounds [85]. Despite its effi-
cacy, these isolation steps increase pretreatment time and can also affect
thiol concentration. To avoid these negative effects, thiol derivatization
methods were developed for quantitation in an accurate and reliable
way using fluorescent probes or alkylation agents [86-88]. However,
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these methods are complicated to develop and are not always selective
toward a single thiol.

Quantification and identification methods are chosen according to
the targeted concentration range. Thiols are usually present in low
concentrations (down to few nanograms or nanomoles per liter). Indeed,
methods should head for the lowest limits of detection (LOD). In food
matrices especially, analytical methods capable of reaching such
detection thresholds are required like GC coupled with mass spectrom-
etry (MS) [89]. Analytical methods used to quantify thiols can be
divided into 2 groups: non separative and separative methods. Both
groups present their advantages and drawbacks that will be discussed in
the following paragraphs and summarized in Table 1.

Non separative methods are simple and low cost but are affected by
insufficient specificity and selectivity. Analytical methods such as
UV-visible spectrophotometry, fluorimetry or amperometry are
employed [90-92]. One of the first to be developed was the Ellman’s
Method [93]. It is a simple spectrophotometric quantification implying
the reaction of thiols with 5,5'-dithiobis-(2-nitrobenzoic acid) leading to
the formation of 2-nitro-5-thiobenzoate, detected at 412 nm in simple
matrices (water, buffers ...). This method as well as other non-separative
are not selective and do not respond to thiol specificity (low concen-
tration and complexity of matrices). Therefore, more complex methods
were used to quantify and most of all separate thiols between each other
to ensure a selectivity. These separative methods are more complex but
they can reach picomolar LOD [73]: Liquid Chromatography (LC) or
Capillary Zone Electrophoresis (CZE) allow both selectivity and sensi-
tivity [75,94]. For example, GSH quantification in blood plasma with LC
coupled with coulometric detection can achieve LOD of fM against 3 uM
for a classic Ellman’s method [93,95]. Because of matrices complexities,
many derivative methods have also been developed [75,94].

Fig. 2 shows LOD variation as a function of the methods. Unsur-
prisingly, non-separative methods can be as sensitive as some separative
methods but suffer from a lack of specificity. In addition, LOD are not
low enough to quantify thiols with low concentrations (<10* fM).
Among separative methods, fluorimetric detection appears more sensi-
tive than UV-vis detection whether it is for LC or CZE separation. Hy-
phenation of MS with separation technics allows for reaching better LOD
(about 10° times lower). For GC methods, there is no significant dif-
ferences adding MS. Moreover, LOD are 10* times lower than LC and
CZE methods. This can be explained by the fact that the GC allows to get
rid of thiol complex matrices. Therefore, better thiol selectivity and
sensitivity is obtained with GC and GC-MS methods. Despite this, GC
methods have limitations such as equipment cost or pretreatment steps.
GC methods are used for volatiles thiols and are hardly applicable to
nonvolatile thiols.

According to these different aspects, analytical methods already
developed present one or many disadvantages acting as obstacles to the
understanding of thiol roles and mechanisms. Indeed, many methods do
not allow reaching LOD in accordance with low thiols concentration
[100,105,106]. More recent methods present lower LOD (<100 fM) but
this high sensitivity is associated to other limitations: many pre-
treatments steps are required, making the method time-consuming
[45,107,108]. Pretreatment also affects thiol concentrations and can
require the use of harmful chemicals and/or toxic solvents [68,69,79].
Finally, several developed methods employed derivative molecules
specific to SH to increase sensitivity and selectivity, while increasing
sample processing time [75,94,109].

3. Nanomaterials and thiol sensing

Over the past few years, the number of publications describing the
incorporation of nanomaterials in different fields has increased expo-
nentially [110-113]. NP appears as a potential answer to some chal-
lenges previously described. Indeed, nanosystems exhibit interesting
and useful properties linked to their high specific surface, reactivity,
stability, catalytic activity or conductivity that can offer new
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Table 1
Classical methods for thiols analysis and quantification.
Analytical Methods Analytes  Matrices Pretreatments LOD Drawbacks Ref
(fmol/L)
Spectrophotometry GSH Plasma - Masking of GSH with p-benzoquinone 0.02.10° Use of derivatizing [95]
UV-vis TNB? to remove excess of p-benzoquinone agent
GSSG Blood - Addition of metaphosphoric acid ND Use of derivatizing [94]
20 min incubation agent
25 min centrifugation Enable to quantify
Complexation with Alloxan GSSG
Fluorimetry GSH PBS buffer - Use of DMSO 0,1.10° Not applicable to [96]
solution Addition of p-benzoquinone for GSH selectivity complex matrices
Only applicable to GSH
HCys NA 7.7.10° Specific to thiol [971
containing amino acid
LC GSH Grape juice and - Addition of sulfur dioxide 5.5.107 Use of derivatizing [98]
white wine Derivatization with p-benzoquinone agent
Cys Plasma - Addition of TCEP for disulfide bond reduction for 15 min 2.5.10° Time consuming [99]
Addition of PLP as derivatizing agent for 15 min at 45 °C Use of derivatizing
Deproteinization with perchloric acid during 10 min agent
HCys - Addition of Tris(2-carboxyethyl) phosphine (TCEP) for disulfide 0.25.10°
bond reduction for 15 minAddition of pyridoxal 5'-phosphate
(PLP)
as derivatizing agent for 15 min at 45 °C
Deproteinization with perchloric acid during 10 min
GSSG Plasma - Reduction of disulfide thiols 5.10° Use of harmful [73]
Release of protein bound thiol chemicals
Protein precipitation with metaphosphoric acid Many pretreatment
step
CZE GSH Rat Hepatocytes - Lyses 2.3.10° LOD not appropriate [100]
Centrifugation
Saliva - Derivatization with EMA reagent 0.18.10° Use of derivatizing [101]
agent
LC-MS HCys Plasma - Reduction of disulfide bonds with Dithiothreitol (DTT) 0.4.10° Time consuming [102]
Addition of a precipitation reagent
Mix for 30 min
3MH Wine - Addition of thiol in wine samplesDerivatization with 4,4'- 6.10° Multiple pretreatment [75]
3MHA Dithiopyridine 1.10* steps
4MMP (DTDP) 6.10° Use of harmful
2FFT Separation on C18 cartridge 6.10° chemicals
Elution with methanol Derivative method
Evaporation
GC-MS 3MH Wine - Derivatization with o-methyl hydroxylamine 6.10* Pretreatment steps [74]
3MHA Separation on SPE cartridge 1.10* Use of harmful
4MMP Cartridge conditioning with dichloromethane and methanol 5.10° chemicals
2FFT Derivatization of retains thiolselution with solvent mixture 4.10° Time-consuming
BM (hexane + diethyl ether) 4.10°
3MH - Extraction in dichloromethane 2.10* Use of harmful [89]
Liquid-liquid extraction with p-HMB chemicals
Evaporation Multiples steps
Thiol release from p-HMB with Cys Time consuming
Thiol extraction with dichloromethane
LC-MS/MS GSH Plasma - Blocking of SH group 22.5.10° Multiples pretreatment [45]
Centrifugation steps
Ultrafiltration
SPME-GC-MS 2FFT Coffee - Derivatization with hydroxy hydroquinone (HHQ) ND Specific only to 2FF [103]
Dry evaporation
Dissolution in water
HS-SPME and GC-MS/ 3MH Beer - Removing of carbon dioxide (30 min at 4 °C) 1.6.10* Long time method [104]
MS 3MHA Addition of triethylamine 1.2.10% development
4MMP 1.2.10° Expensive equipment

BM: Benzyl-mercaptan, CZE: Capillary Zone Electrophoresis, Cys: Cysteine, DTNB: 5,5-dithio-bis-(acide 2-nitrobenzoique), EMA: Dimethyl sulfoxide, DMSO: Dimethyl
sulfoxide,DTDP: 4,4'-Dithiopyridine DTT: Dithiothreithol, FFT: 2-Furanmethanethiol, FID: Flame Ionization Detector, FPD: Flame Photometric Detector, GC: Gas
Chromatography, GSH: glutathione reduced, GSSG: Glutathione oxidized, HCI: hydrogen chloride, HHQ: hydroxy hydroquinone, HS-SPME: Head Space Solid Phase
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Micro Extraction, LC: Liquid Chromatography, MS: Mass Spectrometry, NA: Non-Applicable, NaOH: sodium hydroxide, ND: non-determined, PBS: Phosphate Buffer
Solution, pHMB: p-hydroxymercuribenzoate, PLP: pyridoxal 5'-phosphateSPME: Solid Phase Micro Extraction, SPE: Solid Phase Extraction, TNB>: 2-nitro-5-thioben-
zoate, TCEP: Tris(2-carboxyethyl) phosphine, 3MH: 3-mercaptohexanol, 3MHA: 3-mercaptohexyl acetate, 4MMP: 4-mercapto-4-methyl-2-pentanone. When detection

method is not specified, it is considered to be UV-vis detection.

f: LOD not appropriate = above thiol concentration in biomatrices (blood, plasma, saliva, urine...).
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Fig. 2. LOD comparison of current thiol quantification methods (data extracted from Table 1: means of all LOD values).

functionalities to the original material [114-116] (Fig. 3). Indeed, NP
with a specific affinity toward one substrate present a real interest in
nanomaterial development. Before starting, the term nanomaterials will
refer to colloidal NP, nanotube, nanofiber... While nanostructurated
materials will described materials with new abilities granted by the
addition of nanomaterials. Nanomaterials have been at the forefront of
research for thiol quantification.

NP can act as sensors to detect thiol traces through specific in-
teractions, allowing capture, purification or pre-concentration of a thiol
from a sample. Considering that thiols are present at low concentrations,
nanomaterials can be used to directly quantify these molecules or as a
pretreatment step for extraction, enrichment or purification from their
matrices. The most described in literature are gold nanomaterials [117]
due to their strong affinity for SH function (binding energy around
40-50 kcal/mol) [70]. NP characteristics (size, shape, composition ...)
play a key role in their analytical capacity. For instance, NP shape and
size will influence the number of available sites for thiol bounding.
Table 2 summarizes, in a non-exhaustive way, nanosensing thiol
methods developed over the past 10 years.

3.1. Optical methods

3.1.1. Colorimetric sensing

Based on optical properties of NP, and more specifically the presence
of surface-plasmon resonance characteristic of metallic NP, different
colorimetric assays have been developed to detect and quantify thiols.
These methods are easy to develop, rapid and low cost.

Thiol colorimetric detection methods are mostly based on AuNP
aggregation and/or resonance plasmon band modification. Colorimetric
methods have been developed and published, based on AuNP aggrega-
tion [118,120,121]. He et al. has developed a colorimetric detection
method for GSH and Cys [119]. It is based on chronometric method of
blue methylene and hydrazine catalyzed by AuNP. In absence of the two
thiols, the blue solution becomes colorless due to the presence of AuNP
in 10 min. The presence of thiol, that are known to show high affinity for
AuNP, inhibits their catalytic activity, increasing the reaction time up to
several hours. It is directly related to GSH or Cys concentration [119].
The selectivity of this method for the two thiols compared to other
amino acid was investigated and showed non-significative changes of
reaction time.

Although AuNP are the most described nanomaterials, other com-
positions have been developed. Ju and his team synthesized silver NP
(AgNP) on nitrogen-doped graphene quantum dots (N-GQD). In
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Fig. 3. NP properties for thiol detection methods.

presence of tetramethylbenzidine (TMB) and H,05, oxidation of TMB in
oxTMB occurs. This oxidation resulted in 2 absorption peaks at 652 and
890 nm. Adding GSH to this previous solution, reduction of 0xTMB in
TMB resulted in decrease of adsorption peak at 652 nm which is
dependent on GSH concentration. Absorbance monitoring at 652 nm
allows to quantify GSH concentration in blood plasma with a LOD of
31.10° fM [135]. In the same way, Zhou et al. developed a thiol sensing
method using silver nanoprism based on wavelength displacement after
thiol adsorption on silver [152]. This method allows GSH, Cys and
dithiothreitol (DTT) selectivity in serum with a LOD of 10.10° fML.
Even if they present good selectivity and sensitivity, these methods
used colloidal NP with stability issues [164]. Furthermore, physico-
chemical properties greatly influence thiol interaction and detection.
Thus, a routine use of these methods requires a rigorous knowledge and
control of NP characteristics which is restrictive for industrial produc-
tion [165]. Finally, NP aggregation makes the probe non-reusable.

3.1.2. Fluorescence-based sensing

Most of nanomaterials for fluorimetric thiol sensing are based on
fluorescence quenching which refers to the process by which fluores-
cence intensity of a sample decreases or increases (Fig. 4). This deacti-
vation/activation mechanism is caused by molecular interaction [154].
The changes in fluorescence intensity can be used as source of infor-
mation for some biological systems (like quencher accessibility to fluo-
rophore or quencher/fluorophore quantity).

Metallic nanomaterials (AuNP, AgNP ...) show interesting optical
properties and high fluorescence quenching efficiency [167], which are
affected by NP size and geometry. Combination of chromophores and
metallic NP can therefore serve as sensor. The strong bond between
AuNP and -SH groups allows a preferential adsorption with a desorption

of a chromophore presenting lower affinity. Among the different fluo-
rescent ligand, Nile Red (NR) is one of the most described in literature.
However, Kapur et al. synthesized protein functionalized AuNP using
mCherry protein which is quenched when bound to AuNP. These NP
targeted thiols are based on the competitive displacement of mCherry
for adsorption of thiols. It resulted in an increasing fluorescence due to
mCherry release in the medium, correlated with the quantity of adsor-
bed thiols. They also showed that kinetics and thiol types played a key-
role in chemical adsorption on AuNP, and therefore on the observed
fluorescence [136]. Other nanoparticles-based methods were developed
using different ligands. Luo and his team designed a nanoprobe
composed of AuNP functionalized with a Redox responsive Silica (ReSi)
matrix linked with Fluorescein IsoThioCyanate (FITC). In presence of
GSH (or other thiols) at relatively high concentrations (10 mM), a
destruction of the disulfide-linked ReSi-FITC resulted in the release of
FITC and recovery of native fluorescence of the free-probe [137]. Based
on the same mechanism, Xu and co-workers designed an AuNP sensor
functionalized with BODIPY (fluorescent molecule) quenched by the
presence of Cys or GSH in living cells. The signal response was thiol
specific, fast and with a LOD of 30.10° fM [139]. Other identical
methods are described in literature with LOD of nanomolar level
[134,138,140,142,168].

Even though AuNP are more widely described, researchers have
developed similar method based on fluorescence properties of other NP.
Zhang et al. who used turn-off fluorescence-based method with AuNP
and Silicon NP (SiNP) [148]. Addition of Cys led to a release of AuNP
adsorbed from SiNP surface and restored the fluorescence. LOD was
estimated at 35.10° fM in ethanolic solution. AgNP was also widely used
as for example by Li and his team who developed Silver nanocluster
(AgNC) stabilized by single-stranded DNAs (DNA-AgNC). In presence of
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Table 2
Nanomaterial based methods for thiols analysis and quantification.
NP Analytes matrices Mechanisms Analytical methods ~ LOD Drawbacks REF
Core Ligand Size (fmol/L)
(nm)
AuNC polyvinylpyrrolidone 9 Cys PBS Competitive Fluorimetry 35.10° ND [118]
(PVP) (Dp) GSH displacement
HCys
AuNP Citrate 13 Cys Fetal Reaction between Spectrophotometry ~ 10.10° Reaction time: [119]
(Dy) GSH bovine methylene blue 8.10° 2 h30 with
serum and hydrazine GSH
catalyzed by AuNP. LOD not
Reaction time appropriate
decreased when Non-reusable
thiol interact with
AuNP.
ND GSH Water Detect oxidative ND Non-reusable [120]
stress. GSH

generate AuNP
aggregation with
APTES and not

GSSG.
8 (Do) Thiourea Waste Aggregation of 2.14.10°  Non-reusable [121]
water AuNP and
wavelength
displacement
10.8 Cys Water Aggregation of 10.10° Selectivity [122]
(Dy) AuNP and with other
wavelength thiols
displacement Non-reusable
13 Cys Water Aggregation of 100.10° Selectivity [123]
(Dy) AuNP and with other
wavelength thiols
displacement Non-reusable
ND GSH Cells Thiol selective SALDI-MS 3.10° GSSG [124]
GSSG probe on detection need
nanoporous silicon reduction step
chip
13 GSH Liver Thiol selective MALDI-TOF-MS 2.10° ND [125]
(Dn) probe
20 GSH Saliva AuNP immobilized LC 5.10° Loss or [126]
(D) urine on syringe to act as desorption of
solid-phase AuNP not
extraction evaluated
followed by DTT
desorption
6 GSH PBS Immobilization LC 0.5.10° Non- [127]
(Dy) NAC Plasma onto a cellulosic recyclable

membrane to
selectively capture

thiol
16 GSNO Plasma Indirect GSNO Amperometric 100.10° Non-reusable [128]
(D) quantification by Blocking step
denitrosation for other free
thiols
10-20 GSH Skin Immobilization of Visual 6.9.10° Analysis based [129]
(8] AuNP on a paper on
for thiol sensing by photography
color change of
paper due to AuNP
aggregation
Tween-20 13 (Do) GSH Seawater Selective thiol CZE 2.10° Selectivity [130]
enrichment with with other
AuNP followed by thiols not
DTT desorption tested
and CZE analysis
13(Do) Plasma Selective thiol 10.10° Non-reusable [131]
Cys enrichment with -65.10°
GSH AuNP followed by
Hcys DTT desorption
and CZE analysis
13 (Do) Cys Buffer Selective thiol 554.10° Insufficient [132]
GSH enrichment with 28.10° extraction due
Hceys AuNP followed by 456.10° to AuNP or
DTT desorption DTT low
and CZE analysis concentration
ND Saliva 5.10° Non-reusable [133]

(continued on next page)
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Table 2 (continued)

NP Analytes matrices Mechanisms Analytical methods ~ LOD Drawbacks REF
Core Ligand Size (fmol/L)
(nm)
Cys Selective thiol
GSH enrichment with
Hceys AuNP followed by
Methionine DTT desorption
and CZE analysis
Rhodamine G 20 Cys Buffer Reduced thiols Fluorimetry 0.57.10°  Pretreatment [134]
(Dy) GSH were blocked with 0.68.10° needed
N-ethylmaleimide Non-reusable

and oxidized thiols
was quantified by
competitive
displacement
ND 19(D) GSH water AgNP catalyzes Spectrophotometry ~ 31.10° Non-reusable [135]
oxidation of TMB
with H,O4 and
GSH reduced
oxTMB (color

change)
mcherry 13(Do) Cys Buffer Competitive Fluorimetry ND Non-reusable [136]
GSH displacement of
mcherry (thiol
dependent)
Silica + fluorescein 10 (Do) GSH Cells Release of ND Non-reusable [137]
isothiocyanate fluorescein by GSH Selectivity not
tested
NaYF,:Yb3 " Er** 40 GSH Buffer Competitive 30.10° Non-reusable [138]
(Dy) displacement Selectivity not
tested
BODIPY 15 Cys Cells Competitive ND Non-reusable [139]
(Dy) Hceys displacement
Patterned poly(acrylic 25 (Do) GSH Buffer Thiol selective SALDI-MS 0.1.10° Not thiol [140]
acid) probe selective
Non-reusable
Citrate 20 GSH plasma Aggregation of Spectrophotometry  1.5.10'2 Non-reusable [141]
cetyltrimethylammonium 152.5 Cys AuNP and -
bromide (Do) GSSG wavelength 1.10°
Sodium borohydride displacement
Chitosan ND Cys Water Aggregation of 0.1.10° Non-reusable [142]
AuNP and
wavelength
displacement
AuNP ND 10-20 GSH Cells Thiol selective SALDI-MS ND Selectivity [143]
AgNP (Do) probe with other
thiols not
tested
Non-
applicable to
GSSG
quantification
AuNP citrate 3.74.7 Cys milk Competitive Fluorimetry 12.10° Selectivity not [144]
Carbon QD (Do) displacement tested
Non-reusable
AuNC ND ND Cys Competitive Fluorimetry 10.10° Selectivity not [145]
SiQD displacement tested
Long NP
synthesis
process
Nanoporous ND ND Dodecanethiol Ethanol solid-phase GC-MS 0.1.10° Use of harmful ~ [146]
Gold microextraction chemicals
Nanoporous ND ND Alkanethiol Ethanol solid-phase ND Use of harmful [147]
Gold microextraction chemicals
Silicon NP AuNP 40 Cys Buffer Competitive Fluorimetry 35.10° Non-reusable [148]
(Dy) displacement Selectivity not
tested
AgNP DTNB 20-60 GSH PBS Immobilization Raman 74.9.10° Selectivity [149]
(Dn) DTNB onto a porous Spectroscopy 10.10° tested with Cys
silicon disk for and HCys only
surface-enhanced
Raman scattering
application
AgNC DNA 7 Cys Water Competitive Fluorimetry 0.45.10°  Non-reusable [150]
(De) GSH displacement 4.50.10°

(continued on next page)
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NP Analytes matrices Mechanisms Analytical methods ~ LOD Drawbacks REF
Core Ligand Size (fmol/L)
(nm)
sodium dodecyl sulfate ND Cys Aggregation of 83.10° Selectivity [151]
AuNP and with other
wavelength thiols not
displacement tested
Non-reusable
Silver Citrate 30(D) Cys serum Wavelength Spectrophotometry ~ 10.10° Non-reusable [152]
nanoprism GSH displacement
dimercaptosuccinic
acid
mercaptopropionic
acid
DTT
Graphene QD  ND 2 (Dn) Cys serum Competitive Fluorimetry 2.5.10° Non-reusable [153]
GSH displacement 5.0.10° Interferences
Hcys 5.0.10° with amino
acids
Carbon dots ND 2 (D.) Cys Buffer Competitive 69.10° Non-reusable [154]
GSH displacement 80.10°
Heys 76.10°
Rhodamine B 2-3 GSH Water Competitive 20.10° Non-reusable [155]
(Do) Plasma displacement Selectivity
food with other
thiols not
tested
Metal ions 16 2-mercaptoethanol fetal Competitive 1.10° Non-reusable [156]
(Do) mercaptoacetic acid ~ bovine displacement Selectivity
serum with other
thiols not
tested
LOD not
appropriate
Au 7 (Do) 6-Thioguanine NA Competitive 10. 10° Non-reusable [157]
displacement Selectivity
with other
thiols not
tested
nitrogen- ND 2.2 Cys Water Competitive 36.10° Non-reusable [158]
doped (Do) GSH displacement 34.10°
graphene
QD ND 3-5 GSH PBS Competitive 30. 10° Non-reusable [159]
(Do) displacement Selectivity
with other
thiols not
tested
ND 10(Dy) Cys PBS cobalt Amperometry 1.10° LOD not [160]
GSH phthalocyanine appropriate
immobilized on
nitrogen-doped
graphene QD onto
a glassy carbon
electrode showed
electrocatalytic
activity towards
the oxidation of
three different
thiols
nitrogen- ND 2-8 Cys Serum Competitive Fluorimetry 50.10° Non-reusable [161]
doped (Do) displacement Selectivity
graphene with other
QD + V505 thiols not
nanosheets tested
ZnO NR AuNP 4.32 GSH Water Thiol selective SALDI-MS 150.10°3 ND [162]
(Do) probe with ZnO NR
desorption
improvement
AuNP ND 14 GSH Water Thiol selective 1.4.10% Desorption [163]
Pt NS 37 probe 2.3.10* problems for
Fe;0,4 NP 13 8.3.10° Pt NS
TiO, NP 5 2.2.10%
Se NP 100 3.3.10*
CdTe QD 3 1.9.10%
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APTES: 3-Aminopropyltriethoxysilane, AgNC: Silver Nanocluster, AgNP: Silver Nanoparticles, CdSe: Cadmium selenide, CdTe: Cadmium telluride, Cys: Cysteine, CZE:
Capillary Zone Electrophoresis, Dc = core diameter, Dh = Hydrodynamic Diameter, DNA: Deoxyribonucleic Acid, DTNB: 5,5-dithio-bis-(acide 2-nitrobenzoique), DTT:
Dithiothreitol, GC: Gas Chromatography, GSH: Glutathione reduced, GSNO: S-nitrosoglutathione, GSSG: Glutathione oxidized, Hcys: Homocysteine LC: Liquid
Chromatography, LOD: Limit Of Detection, MALDI-MS: Matrix Assisted Laser Desorption Ionization, MALDI-TOF-MS: Matrix Assisted Laser Desorption Ionization -
Time of Flight — Mass Spectrometry, MS: Mass Spectrometry, NAC: N-Acetylcysteine, ND: non-determined, NP: Nanoparticles, NR: NanoRod, NS: NanoSponge, NT:
NanoTube, OxTMB: 3,3',5,5'-Tetramethylbenzidine oxidized, PVP: polyvinylpyrrolidone, QD: Quantum Dots, SALDI-MS: Surface-Assisted Laser Desorption/Ioniza-
tion- Mass Spectrometry, TGA: Thioglycolic Acid, TMB: 3,3',5,5 -Tetramethylbenzidine, ZnO: Zinc Oxide.

When detection method is not specified, it is considered to be UV-vis detection.

T : LOD not appropriate = above thiol concentration in biomatrices (blood, plasma, saliva, urine...).

12 -

10 1

LOD (Log(fM))

2
[ Classical Method M Nanosensing

Fig. 4. Direct LOD comparison between classical methods (grey box) and
nanosensing methods (black box) (Data extracted from Tables 1 and 2).

GSH or Cys, an adsorption on AgNC occurred, leading to formation of a
nonfluorescent complex and/or aggregation of AgNC, decreasing fluo-
rescence intensity. LOD were reported to 0.134.10° fM and 0.172.10° fM
for GSH and Cys, respectively [150]. Wu et al. developed a fluorescent
probe using graphene QD (GQDs) which emitted strong blue fluores-
cence in aqueous buffer solution, quenched in presence of mercury (II)
ions. In presence of GSH, Cys and Hcys, Hg>" release occurred and a
fluorescence turned on, directly correlated to thiol concentration. The
assay was highly sensitive with LOD of 5.0.10°, 2.5.10° and 5.0.10° fM
for GSH, Cys and Hcys, respectively. However, some interferences with
amino acids and proteins were observed [153]. Many similar methods
were developed using carbon dots (CD) [155-157,159] or nitrogen-
doped graphene QD [158,161].

Nanoparticle fluorescence-based methods have been extensively
used for rapid thiol detection, however they present few limitations. In
the same way as colorimetric assays, these methods are linked to NP
stability and are for single-use.

3.2. Other non-separative methods

The main goal of using NP-based materials is thiol amplification/
separation/ extraction from their matrices for chemical and biological
detection. Recently, NP have been widely employed for determination of
thiol analysis in Matrix Assisted Laser Desorption/Ionization Mass
Spectrometry (MALDI-MS) and SALDI-MS. The use of NP presents two
interests: the first is energy absorption of laser and its transfer that will
induce desorption and ionization of the analyte with a high efficiency.
The second advantage is the specific interaction between NP and the
analyte, acting as a selective probe. Most of studies report the use of
AuNP [124,125,140,143,162] because of their strong affinity for thiols
but other NP can be used. That is why Chiang et al. investigated six
different types of colloidal NP for GSH quantification in SALDI-MS. This
paper is older than 10 years but presented for the first-time interesting
comparisons between different nanomaterials in terms of thiol sensing:
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AuNP, TiO3 NP, Se NP, CdTe QD, Fe3O4 NP and Pt Nanosponges (Pt NS).
Previously mentioned NP employed reached LOD of femtomolar level.
The sensitivity of Pt NS for SALDI-MS appeared to be less important than
other NP because of too strong interaction with the analyte. Pt-S bound
energy is 50 kcal/mol [169] which is too strong to efficiently desorb
GSH and explained the high values of the obtained variation
coefficients.

Concerning RSNO compounds, nanomaterials are useful for deni-
trosation (from RSNO to RS® + °NO). Baldim et al. developed an
analytical method based on the use of AuNP for the decomposition of
RSNO. The NO release is monitored by amperometry and can be directly
related to the initial RSNO concentration. They also studied GSNO
saturation of the colloidal AuNP suspension by successive additions of
GSNO. They showed that a saturated state was achieved with 30 pM of
GSNO for 9 nM AuNP suspension. Considering the specific interaction
between other blood plasma thiols and AuNP, authors decided to block
SH function with iodoacetic acid. Thus, only RSNO can interact with
AuNP. They determined the blood plasma volume saturating an AuNP
suspension and the effect of other RSNO present in plasma ampero-
metric signal, steric hindrance caused by albumin for example [128].
This method employed an indirect quantification of RSNO through NO
quantification. However, NO have a very short half-life (few seconds)
which may lead to underestimation of RSNO concentration.

3.3. Separative methods

Separative methods can be associated to nanomaterials to increase
selectivity and sensitivity for thiols. Shen et al. developed a method
using CZE coupled to Tween 20 capped AuNP [130]. The first step is the
extraction of thiols from the matrix (seawater). The use of Tween 20 as a
ligand allows AuNP dispersion in highly saline solution. After a release
of adsorbed molecules by ligand exchange with DTT, desorbed thiols
were derivated with o-phtalaldehyde (OPA), resulting in the formation
of isoindole. Authors proved that their process is able to separate five
thiols with LOD down to 0.1.10% -6.0.10° fM. Drawback of this method
is the possible interaction with amino containing molecule because OPA
is not thiol specific. It is a reagent normally used for amine quantifica-
tion. Method without derivatization using also Tween 20-capped AuNP
was developed by Wang et al. [133]. Thiols were adsorbed on NP (60
min) followed by a release step and a CZE quantification. 3 different
releasing agents, commonly used were tested (DTT, 2,3-Dimercapto-1-
propanol and 2-mercaptoethanol). The lower LOD was obtained for
GSH (5.10° fM) with a 2-mercaptoethanol release. Literature report
other AuNP nanomaterials coupled to CZE method [130,131,133].
These methods employed Tween 20-capped AuNP for GSH extraction
and desorption (through DTT ligand exchange) with the highest LOD
being 2.10% fM.

Less described, nanostructurated devices allowed to get rid of sta-
bility issues and pretreatment step (in previously described methods)
such as centrifugation to remove colloidal NP. Researchers created an
AuNP-coated syringe for GSH extraction from biological matrices fol-
lowed by a release step using DTT and a LC quantification [126]. Sy-
ringes were coated using layer-by-layer method and allowed to reach a
LOD of 5.10° fM for GSH in saliva. Nanostructurated materials coupled
with separative methods were also described for alkanethiol quantifi-
cation. GC-MS methods were developed with Solid Phase Micro
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Extraction (SPME) fibers coated with AuNP to capture thiols compounds
while being thermally desorbed in GC headspace. Efficiency of SPME
coated fibers appeared to be 11 times higher than non-coated fibers in
term of sensitivity [146]. This method was able to selectively analyze
and quantify mixture of alkanethiols (hexanethiol, octanethiol, and
dodecanethiol) with higher extraction efficiency than a classical GC-MS
headspace analysis but requiring higher desorption energy [147]. In the
same way, a syringe filter cellulosic membrane has been developed in
our lab, with AuNP adsorbed through electrostatic interactions with a
positively charged polymer previously immobilized on the substrate
[127]. Thiols (either in simple or complex matrices) were adsorbed by
filtration without any pretreatment of the sample and released by
chemical desorption (ligand exchange) before HPLC analysis. The
coated filter was able to adsorb NAC and GSH quantities up to 270 and
70 nmol respectively. Thiol specificity and concentrating power have
been demonstrated and results suggest the possibility to apply the device
on any type of biological or food matrices. A similar strategy was also
developed by Mompo6-Rosell6 et al, through the direct coating of a sy-
ringe core. However, we observed that AuNP attached to plastic walls
are removed with each piston passage, suggesting that immobilization
developed by Mompd-Rosell6 et al. may be unstable against strong shear
stresses. Among nanostructurated devices developed, literature
described AuNP immobilization on a glass microfluidic channel surface
in electrophoresis (fluorescent mode) microchips for GSH quantification
in bacteria (E. coli, S. aureus and S. enterica) with 0.01.10° fM LOD [132].
AuNP Nanostructurated papers were developed by Markina and his
team to visually evaluate presence of thiol in human skin [129]. The
detection procedure implied the assessment of the color change of the
paper sensor resulting from aggregation of gold nanoparticles caused by
thiols with 6.9.10° fM LOD.

Separative methods using nanomaterials present better selectivity
and specificity than optical methods. However, strong interactions be-
tween NP and thiols lead to desorption issues for SALDI/MALDI-MS
methods. Furthermore, to increase thiol selectivity, many methods use
derivatizing agent implying an increase in pretreatment time. Finally,
promising results were obtained with nanostructurated materials as
sample pretreatment support, avoiding stability and pretreatment
issues.

4. Conclusion

This review offers an overview of thiol analysis issues, intrinsically
linked to their properties and characteristics. Most of current method-
ologies present a lack of sensitivity, or require many pretreatment steps
to overcome these drawbacks. In that way, analytical methods based on
nanomaterials were developed. The overwhelming majority employed
metallic nanoparticles, with more than 73 % being constituted of Au
according to our reading (Table 2). New methods were developed, based
on aggregation, coupling, fluorescence enhancement, fluorescence
quenching, resonance light scattering and so on. Those reach nanomolar
LOD and restrict the need for pretreatment steps since AuNP share
specific interactions with thiols. Considering the literature, we noticed
that LOD depends on NP size and type but also on ligand nature when
functionalized. However, as most of them are based on fluorimetric or
colorimetric detection without hyphenation to separative methods, thiol
discrimination remains a challenging step. Moreover, some of these
methods are unsuitable for routine use in a laboratory due to several
issues: non-recyclability of nanomaterial, poor colloidal stability of NP
(Iong term storage, pH sensitivity...) or handling complexity. There is
therefore a compromise between an affordable method without selec-
tivity (metallic NP and UV-vis detection for example) and an expensive
equipment or nanomaterials harder to develop for routine use but
reaching expected sensitivity and selectivity. When it comes to LOD,
some nanosensing methods are able to reach values of a few femtomolar,
even if median LOD appear to be similar as classical methods (Fig. 4).

Finally, few methods using nanostructurated materials (immobilized
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NP, nanosized pores ... [146,147,171]) were developed and appeared
promising. Their principal advantages lie in easy handling, potential
reuse and an absence of colloidal instability or interferences from
matrices. Those devices still require further development steps with
strict NP control (monodispersed sizes, controlled charges, homogenous
functionalization...) and device characterization (immobilization den-
sity, fabrication reproducibility, stability...).

Whether it is for nanomaterial or nanostructurated material, disad-
vantages were highlighted: the lack of stability of colloidal nanoparticles
and the impossibility to obtain a reusable method for thiol sensing.
Indeed, phenomena on which detection and/or separation are based
lead to nanoparticles and/or sensor destruction. In the next few years,
main challenge will remain in the development of a nanostructurated
device, such as a kit, for fast, sensitive and specific thiol sensing in
different matrices. It should have the following characteristics: high
density of immobilized NP, applicable to different media (pH, salt
concentration, complexity ...) with the possibility of hyphenation to
several analytical methods. Finally, the reusability would be an asset in
terms of green chemistry and/or ecology.
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