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The aminothiol cysteamine, derived from coenzyme A degradation in mammalian cells, presents several
biological applications. However, the bitter taste and sickening odor, chemical instability, hygroscopicity,
and poor pharmacokinetic profile of cysteamine limit its efficacy. The use of encapsulation systems is a
good methodology to overcome these undesirable properties and improve the pharmacokinetic behavior
of cysteamine. Besides, the conjugation of cysteamine to the surface of nanoparticles is generally pro-
posed to improve the intra-oral delivery of cyclodextrin-drug inclusion complexes, as well as to enhance
the colorimetric detection of compounds by a gold nanoparticle aggregation method. On the other hand,

Keywords: . . . LS. . e
cyjslteamme the detection and quantification of cysteamine is a challenging mission due to the lack of a chromophore
Detection in its structure and its susceptibility to oxidation before or during the analysis. Derivatization agents are

Encapsulation therefore applied for the quantification of this molecule. To our knowledge, the derivatization techniques
Skin and the encapsulation systems used for cysteamine delivery were not reviewed previously. Thus, this
Stability review aims to compile all the data on these methods as well as to provide an overview of the various
biological applications of cysteamine focusing on its skin application.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cysteamine (cys) or 2-mercaptoethylamine is an aminothiol
endogenously synthesized by human body cells during the co-
enzyme A metabolism cycle (Fig. 1).

In 1953, cys was found to be one of the most potent thiol de-
rivatives in the protection against ionizing radiation [1]. Numerous
studies have tested the radioprotective effect and the mechanism of
action of this compound using human cell lines [2,3], bacteria [4],
and mice models [5].

In 1976, cys was first used for the treatment of cystinosis,
approved by the US Food and Drug Administration (FDA), and
commercialized in the 1990s [6]. Till now, cys is the only specific
targeted therapy available for patients with cystinosis. The latter is
a rare autosomal recessive metabolic disease, characterized by the
accumulation and crystallization of cystine within the lysosome,
which eventually results in apoptosis and tissue damage in all
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organ systems including the cornea [7]. Following oral adminis-
tration, cys enters the lysosome by an unknown transporter and
breaks down cystine into cysteine and cysteine-cys disulfide, which
are removed by specific transporters. Consequently, cys rapidly
depletes cells and tissues of lysosomal cystine.

Another interesting application was recently discovered for cys, as
it was shown to be clinically efficient in treating hyperpigmentation
disorders [8,9]. Despite the presence of many potent depigmenting
agents, namely hydroquinone and derivatives and kojic acid, they
were found to possess local side effects (irritation, permanent
depigmentation, etc.) and presented mutagenic and carcinogenic
potentials [10]. Cys has shown to be a well-tolerated compound,
demonstrating its non-mutagenicity and non-carcinogenicity criteria
[11]. Interestingly, it may inhibit the mutagenic effect of some potent
mutagens. Besides, it may exert an anti-cancer effect in several

HS\//\NH2

Fig. 1. Structure of cys.
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2 HS\/\NH2 + 050, — » HZN/\/S\S/\/NHZ + H,0

Fig. 2. Oxidation of cys to cystamine.

cancers, such as melanoma, in in vivo studies [12].

Regardless of its numerous and remarkable biological applica-
tions, the efficacy of cys may be limited by its unpleasant organo-
leptic properties, strong hygroscopicity, chemical instability, and its
poor pharmacokinetic profile (Tyj = 1.75 h) [13]. Moreover, cys is
often susceptible to degradation through its rapid oxidation in air
or solution to its disulfide form cystamine (Fig. 2).

Consequently, the encapsulation of this molecule into delivery
systems has been commonly used as a good approach to over-
coming these problems [14—16]. Cys was mainly incorporated into
three different types of encapsulating agents: liposomes, cyclo-
dextrin (CDs), and emulsions. For example, its encapsulation in li-
posomes was used to selectively release cys in lysosomes [17] and
to enhance its gastrointestinal absorption [15]. Besides, CDs and
emulsions were successfully shown to remove cys odor [13] and to
improve cys stability [18], respectively. On the other hand, cys was
employed to modify the surface of encapsulation systems for many
purposes. For example, cys was linked to the surface of CDs to
improve intra-oral drug delivery [19,20], and to the surface of gold
nanoparticles to enhance the colorimetric detection of compounds
by these particles [21,22].

This review highlights the biosynthesis, the physicochemical
properties, and the stability of cys. The quantification of this com-
pound using different analytical methods, as well as the challenges
encountered in these techniques, will be for the first time analyzed.
Then, we will discuss the biological activities of this compound
emphasizing its topical effects. Finally, the encapsulation of cys in
different encapsulation systems and the use of cys to modify the
surface of these carriers will be presented.

2. Metabolism of cys

Cys is an aminothiol derived from coenzyme A (CoA) degrada-
tion. The degradation of CoA leads to the formation of pantetheine,
which is hydrolyzed by pantetheinase to obtain cys and pan-
tothenic acid (Fig. 3) [23,24]. Then, the oxidation of cys by cys
dioxygenase produces hypotaurine. Later, cys is eliminated by the
taurine pathway in the form of bile salts [25]. After the adminis-
tration of a high dose of cys, an alternative catabolic route is
manifested, involving its conversion to S-methylcys by a thiol-
methyltransferase, which is consequently metabolized into meth-
anethiol and acetamide by cytochrome P450. Then, methanethiol is
converted to dimethylsulfide by another thiol-methyltransferase
[26,27].

3. Physicochemical properties and stability of cys

Cys possesses high aqueous solubility (23.5 g/L), a
pKay(sh) = 8.19 and pKaynnz) = 10.75 with a melting point of 67.3°C
(Table 1 [16,28—31]). This molecule exists in three ionic forms: the
positively charged form (cys*), the zwitterionic form (cys-ZW), and
the negatively charged form (cys™) (Fig. 4) [32].

Besides, cys, as a thiol compound, has a very offensive odor that
makes it difficult to be used as a depigmenting agent [9]. Different
forms of cys have been used: cys hydrochloride (HCl), phosphocys,
and cys bitartrate. Cys hydrochloride forms a eutectic equilibrium
with water with a low eutectic temperature of 240 K. A eutectic
mixture is composed of two or three components with a melting
point significantly lower than that of its one component [33]. This

low temperature causes the rapid dissolution of cys in the presence
of water. The presence of a minor quantity of water vapor affect the
stability state of cys hydrochloride, and cys mass remains stable
until a 35% relative humidity. In fact, above this water vapor pres-
sure, cys hydrochloride melts immediately to form a very concen-
trated saturated solution of 0.85 mass fraction or 0.47 mol fraction
of cys hydrochloride [31].

Cys is unstable in solution; a rapid conversion to cystamine
occurs due to the rapid oxidation of the sulfhydryl group. The re-
actions of oxygen with thiols in aqueous solutions are presented in
Eqgs.(1)and (2), according to which the reactions give disulfides and
hydrogen peroxide or water.

Alkaline pH stimulates the oxidation of cys because the thiolate
anion (cys™) is more reactive. Moreover, this reaction is catalyzed
by metal ions such as Cu®*, Fe>*, and Zn?*. In fact, the reduction
reaction of cys by metal ions produces the reduced ion (Eq. (3)); the
latter reacts with oxygen and peroxide. The following series of re-
actions would explain this fact.

The reaction between Cu™ and oxygen produces superoxide (Eq.
(4)), then superoxide reacts with a thiol to generate thiol radical
(Eq. (5)) that reacts with itself to produce the disulfide (Eq. (6)).

On the other hand, oxygen consumption is stimulated by a re-
action of a reduced metal ion with peroxide producing, the potent
hydroxyl radical (Eq. (7)); the latter reacts with a thiol group
leading to the formation of a water molecule (Eq. (8)). The thiol
radical reacts with itself to produce the disulfide (Eq. (6)) as
described previously. Therefore, the use of a chelating agent, such
as diethyldithiocarbamate, inhibits this reaction [34].

2 RSH + 0, »RSSR + H,0, (1)
4RSH+ 0, — 2RSSR + 2 H,0 (2)
2RSH+2 Cu?" -2 Cu* + 1/2 RSSR+ 2H* (3)
Cu™+0,;—Cut +0; (4)
RSH +0; +H'—>RS + H,0, (5)
2 RS —RSSR (6)
H,0, + Cu™ ->OH™ + OH" + Cu®* (7)
OH +RSH—RS" + H,0 (8)

The degradation of cys is a zero-order reaction, indicating that
the concentration of cys decreases linearly with time [35]. The
removal of oxygen from a solution of cys by packing under nitrogen
and the presence of ascorbic acid (antioxidant) increase the sta-
bility of the molecule, but show a lower efficacy in comparison with
chelating agents such as disodium edetate [36].

Pescina et al. [16] examined the stability of cys after being dis-
solved in 0.9% NaCl at different pH, temperature, and in the pres-
ence of a-CD, ethylenediaminetetraacetic acid (EDTA), and sodium
phosphate. They showed that cys oxidation is a pH-dependent re-
action. It is very fast at pH 7.4 because of the presence of the ionized
thiol groups while the oxidation decreases at an acidic pH of 4.2. As



C. Atallah, C. Charcosset and H. Greige-Gerges

Journal of Pharmaceutical Analysis Xxx (XxXx) XXX

Cysteamine  Pantothenate i
r 1 r 1 2
N X
o OH o o N
Coenzyme A S iC, FHs o n </ | )
A ; 0—P—0—P—0. NN
biosynthesis u u q 6‘ 1. o
Methionine OH Coenzyme A
L )3 Coenzyme A
Methylation\ Pantothenate Pantetheine ? OH degradation
Transsulfuration 0o {Vit BS) 0=p-0
&
HS OH i
Glutathione
NH,
Cysteine
dioxygenase Cysteine \
HaS o o)
H! H
o
HO
HO\S/\/U\OH .
i | Pantetheine
O NH,
Cisteine sulfinate Cysteamine
\_’ HO\S/\/NH2 dioxygenase Hs\/\NHz Pantetheinase / vanin
1l < /
Cysteine disulfinate ]
decarboxylase Hypotaurine m jL/\
Hypotaurine HO N . H
dehydrogenase ¢ Methyltransferase Hud 4
NH.
HOL, ~_NH; g AR Pantothenic acid
oo
) S-methylcysteamine
Taurine
o]
/ Cytochrome P450 )k
. NH.
Bile Salts _ 2
HS Acetamide
Methanethiol
l Methyltransferase
Excretion \S/
Dimethylsulfide

Fig. 3. Metabolism of cys [24] (with permission from John Wiley and Sons).

Table 1

Physicochemical properties of cys.
Physicochemical properties Detailed information Refs.
Melting point 67.3 °C [16]
pKa values pKa; = 8.19; pKa; = 10.75 [28]
Molecular weight 77.15 g/mol [29]
Physical description Solid [29]
Color Crystal [29]
Odor Disagreeable odor [29]
Chemical formula HSCH,CH,NH,
Boiling point 133.6 + 23.0 °C at 760 mmHg (predicted)
Vapor pressure 0.03167 bar at 25°C [30]
Density 1.0 + 0.1 g/mL (predicted)
 LogP 0.1 [31]
¢ Water solubility 23.5g/L [31]

2 Soluble in methanol, ethanol and freely soluble in alkaline media [31]

for the influence of the temperature (—20, 4, and 25°C), they found
that the stability decreases when the temperature increases. While
EDTA plays a crucial role in preventing cys oxidation, the presence
of a-CD or sodium phosphate does not affect its stability.

The degradation of 0.1 mg/mL cys has been reached within 18 h
in phosphate buffer saline (PBS) with a rate of degradation of

Fig. 4. Chemical structures of cys

3

-S\/\NH3+

8.19<pH<10.75

126 pg/h. A similar rate (132 pg/h) was also observed but with a
higher concentration (4.4 mg/mL) [18]. In order to improve the
stability of cys, the addition of different types of antioxidant to
0.1 mg/mL cys has been evaluated to out-compete cys for oxygen
consumption and compared to the degradation rate of free cys
(126 pg/h). Nevertheless, the presence of the hydrophilic antioxi-
dant vitamin C increased the degradation rate of cys (523 pg/h).
This rate was not also influenced by the presence of the hydro-
phobic antioxidants, vitamin E, and soybean oil since they are
scarcely soluble in aqueous solution. Tween 80 surfactant induced a
reduction in degradation rate to 112 pg/h, suggesting some in-
teractions with either dissolved cys or oxygen molecules. While, an
emulsion of vitamin E, soybean oil, and Tween 80 surfactant
resulted in a greater decrease in cys degradation (101 ug/h). How-
ever, these results are not significant because the degradation rate
of cys was not well decreased. The use of catalase enzyme, which
can revert peroxide species to diatomic oxygen and potentially
starving the system of radicals essential to oxidize cys, reduced the
degradation rate to 58 pg/h. On the other hand, a decline in the cys
degradation rate to 20%—30% was obtained after the addition of
hydrophobic film (a soybean oil layer) to slow oxygen diffusion [18].

— .
—~

S
~""NH,

pH>10.75

forms obtained at different pHs.
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4. Analytical methods for cys detection

Different analytical methods have been suggested to detect and
quantify cys in biological samples (i.e., plasma and urine) in the
literature, including enzymatic assay, high-voltage electrophoresis,
ion-exchange column chromatography, high-performance liquid
chromatography (HPLC) with fluorescence and ultraviolet (UV)
detection, and gas chromatography with flame ionization and
photometric detection. These methods will be for the first time
presented in this review.

4.1. Cys derivatization

Due to the lack of a chromophore in cys structure, the quanti-
fication of this compound using conventional analytical methods
with UV absorbance or fluorescence detection is a challenging
mission. Therefore, the derivatization of cys is used for cys sepa-
ration or quantification. For this purpose, numerous derivatization
agents were utilized and optimized according to the analytical
method used. In Table 2, the structures of all these agents, as well as
the derivatization reactions with cys, are presented [37—53].

4.1.1. Pivaldehyde
Cys is derivatized with pivaldehyde before its analysis with gas
chromatography [37].

4.1.2. Bis (trimethylsilyl) trifluoroacetamide (BSTFA)

The sample containing cys is placed in a screw-capped reaction
vial, followed by the addition of dimethylformamide and BSTFA.
The mixture is allowed to stand overnight before the analysis [38].

4.1.3. Monobromobimane (mBBr) or
monobromotrimethylammoniobimane (qBBr)

mBBr or gBBr were dissolved in methanol, stored at 4°C, and
protected from light for up to 4 months. This agent was used to
quantify cys in plasma, red blood cells, and urine. A certain volume
of this agent was added to cys solution and incubated for 15 min in
the dark. For biological samples, perchloric acid was added to allow
protein precipitation [39—42].

4.1.4. Ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate
(SBD-F)

SBD-F was prepared in borate buffer. Borate buffer (125 mM; pH
9.5) containing 4 mM EDTA was added to cys sample solution. After
vortex-mixing for 30 s, the reaction mixture was heated at 60°C for
60 min and then cooled at 4°C for 15 min to stop the labeling reaction
[43,44].

4.1.5. o-Phthalaldehyde

Cys solution was mixed with sodium hypochlorite followed by
the addition of o-phthalaldehyde in the presence of 2-
mercaptoethanol. The latter was used as an antioxidant. Sodium
hypochlorite increased several times the fluorescence intensity of
cys coupled to o-phthalaldehyde [45].

4.1.6. Isobutyl chloroformate (isoBCF)
IsoBCF and NaOH were added to cys sample, and the mixture was

o
ik /\/s OH
2 \/\SH + Br OH —— = i\

o

Cysteamine Bromopyruvate
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shaken at 300 rpm for 5 min at room temperature. The mixture was
extracted with n-pentane, and the pentane extract was evaporated
to dryness at 80°C. The residue was dissolved in ethyl acetate [46,47].

4.1.7. 2-Chloro-1-methylquinolinium tetrafluoroborate (CMQT)

CMQT was synthetized as follows: 2-chloroquinoline, nitro-
methane, and trimethyloxonium tetrafluoroborate were mixed.
Then, diethyl ether was added to the reaction mixture. The white
precipitate was filtered off, washed with diethyl ether, and dried
over phosphorus pentoxide under vacuum. Unfortunately, the
synthesis reaction of CMQT was not presented.

Cys was derivatized by an excess of CMQT in tris buffer solution
(pH 8.2), and hydrochloric acid was added to the mixture [48].

4.1.8. N-(1-pyrenyl) maleimide (NPM)

NPM solution was prepared in acetonitrile. Cys solutions were
derivatized with 1.0 mM NPM solution and left to stand for 5 min at
room temperature. HCI solution (2 M) was added to stop the re-
action and stabilize the adducts at the end of the reaction time. The
final pH of the solution was kept at about 2, which is necessary for
the stability of the NPM-cys adduct [49].

4.1.9. 7-Chloro-N-[2-(dimethylamino )ethyl]-2,1,3-benzoxadiazole-
4-sulfonamide (DAABD-CI)

DAABD-CI was synthesized as follows (Fig. 5): 4-chlorosulfonyl-
7-chloro-2,1,3- benzoxadiazole was dissolved in CH3CN. After the
addition of N,N-dimethylethylenediamine and triethylamine, the
mixture was stirred at room temperature for 10 min. The reaction
mixture was evaporated to dryness under reduced pressure to form
DAABD-CI [50].

DAABD-CIl is prepared in acetonitrile. A mixture of tris (2-
carboxyethyl) phosphine hydrochloride, EDTA, and 3-[(3-chol-
amidoproryl) dimethylammonio] propanesulfonic acid was prepared
in borate buffer. This mixture was added to cys solution, borate buffer,
and DAABD-CI. The reaction mixture was heated at 40°C, and aliquots
of the reaction mixture were taken out at intervals of 5—20 min, fol-
lowed by the addition of 20% trifluoroacetic acid to stop the deriva-
tization reaction [51].

4.1.10. 4-Fluoro-7-sulfamoyl benzofurazan (ABD-F)

Cys solutions were directly derivatized with ABD-F reagent. The
alkylation reaction was completed at 55°C for 15 min and stopped
with HCl 12 N [52].

4.1.11. 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate (ACQ)
Cys solutions were derivatized with ACQ in the presence of

borate buffer and heated at 55°C for 10 min. The mixture was

allowed to cool at room temperature before HPLC analysis [53].

4.2. Analytical methods

4.2.1. Enzymatic assay

This assay consists of the inhibition of p-amino acid oxidase
enzyme activity by the product of the reaction occurring between
cys and bromopyruvate (Eq. (9)). The enzyme activity is propor-
tional to the amount of cys [54].

o]

[¢]

©)



Table 2

Structure and reaction of derivatization agents with cys.

Derivatization agents Structures Reaction products Ref.
Pivaldehyde CH; H CHs [37]
HaC o N CH;
HsC & CH
3~ CH, S °
BSTFA HaC, O CHs, cH (38]
H3C’/SI_O E éi/CH3 T s
HaC %N\H_,CHS - N"7"CH, * HsC-Si-SH
F Si~cH, FoH CH3
F F  CH,
mBBr or QBBr BrH,C CH,X XH,C RS [39-42]
77NN
HsC { CH N
TN : Hse— 3 H—CHs
(¢] [e]
X=H,mBBr (0] o
X="N(CH3)3, qBBr
ABD-F F SO,NH, [43,44]
/N\ /N
.0 je
N =N
O:S|:O S._~_NH;
NH,
o-Phthalaldehyde CHO IOH [45]
X S
CHO @NISH
isoBCF fo) o [46,47]
CI/U\O/\/ 3 HN o/\(
CH, CH;,
SH
I
|
_ CH;BF4
NPM f\A\ L [49]
¢ -l
9@ 0
\‘ =
DAABD-CI cl NH, [50,51]
. o
N CHs N,
SO,NHCH,CH,N, .9
CHs N CH,
SO,NHCH,CH,N_
3
SBD-F F o (52]
/N\ N\ /
_ 0 o) s—< >—SO3‘NH4*
N —
HO
SO  NH,*
ACQ 0o N OH (53]
2,00 TRt
N
0~ NH Z HS\/\NJLNH@ T
0 H

BSTFA: bis (trimethylsilyl) trifluoroacetamide, ABD-F: 4-fluoro-7-sulfamoyl benzofurazan, isoBCF: isobutyl chloroformate, CMQT: 2-chloro-1-methylquinolinium tetra-
fluoroborate, NPM: N-(1-pyrenyl) maleimide, DAABD-Cl: 7-chloro-N-[2-(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide, SBD-F: ammonium 7-fluorobenzo-2-

oxa-1,3-diazole-4-sulphonate, ACQ: 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate.
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Fig. 5. Synthetic route for DAABD-CL.

Another method described by Duffel et al. [55] involved the
oxidation of cys to hypotaurine by cys dioxygenase (Eq. (10)).
Therefore, the quantification of oxygen uptake is proportional to
cys concentration with standard solutions between 10 and
100 nmol.

HZN\/\
SH +

Journal of Pharmaceutical Analysis Xxx (XxXx) XXX

resumes the analytical conditions and elution time for each deriv-
atization agent.

4.2.3.2. UV detection. CMQT was synthesized and used as a deriv-
atization agent for UV detection of cys. The elution time was
25 min, the limit of detection was 0.1 and 0.2 umol/L, and the
detection wavelength was 355 nm. This method is highly sensitive
and specific. But, it is labor-intensive, as the derivatization reagent
has to be synthesized initially for the preparation of stable de-
rivatives [48].

4.24. Gas chromatography
Gas chromatography with flame ionization and photometric
detection were used to quantify cys (Table 4 [37,38,46,47]).

4.2.4.1. Flame ionization. Pivaldehyde (2,2-dimethylpropanal) [37]
and (trimethylsilyl) trifluoracetamide [38] were used as derivative
agents of cys. The conditions used in the analysis are presented in
Table 4.

HoN
0 ——— > \/\soz + H

cysteamine dioxygenase (10)

4.2.2. lon-exchange column chromatography

Hsiung et al. [56] worked on the detection of cys by ion-
exchange column chromatography using an amino acid analyzer
with a short column of Beckman analyzer. Cys was detected after
268 min, a long time that may lead to the oxidation of the product
during the analysis and therefore, an underestimation of the
product concentration.

Derivatization of cys with qBBr and mBBr has been realized by
Fahey et al. [39], followed by separation of the derivatives by cation-
exchange chromatography and detection by fluorometry. The
principal limitation of this method was the time required for
sample analysis, 3—4 h, for each of the bromobimane derivatives.

Later, Ida et al. [45] used as derivatization agent the o-phtha-
laldehyde in the presence of 2-mercaptoethanol and sodium hy-
pochlorite. Cation-exchange chromatography, using cation
exchange resin (ISC-05/S0504), sodium borate buffer (pH 11.10) as
mobile phase, 70°C as temperature and with a linearity range of
2—200 pmol, was used to separate the derivatives, and the elution
time was decreased to attain 7.5 min based on a fluorometric
detection. For the application of this assay method to biological
materials, the pretreatment with a cation exchange column (Dowex
50WX8) was essential for removing interfering o-phthalaldehyde-
reactive substances. This method was found to be suitable for
evaluating the cys plus cystamine content in various organs and
tissues because cys was quantitatively converted to cystamine in
biological materials during these sampling procedures.

4.2.3. HPLC

The detection of cys by HPLC was performed using fluorescence,
UV, and electrochemical detections. Electrochemical detection does
not require any derivatization, while cys needs to be derivatized
when using fluorescence and UV detections (Table 3
[40—44,48—53]). Herein, we will present two methods of HPLC
that use derivatization agents.

4.2.3.1. Fluorescence detection. HPLC using fluorescence detection
is widely used to detect cys. Many derivatization agents are used
inducing different analysis conditions and eluting time. For
example, mBBr [40—42], qBBr [43,44], NPM [49], DAABD-CI [51],
ABD-F [52], and ACQ [53] were all selected to detect cys. Table 3

4.2.4.2. Flame photometric detection. The detection of cys in mouse
tissues [46], in urine, and plasma samples [47] using isoBCF as a
derivatization agent was studied. It is a sensitive and selective
method but requires the preparation of stable derivatives, which is
a time-consuming procedure.

4.2.5. Ultra-high performance liquid chromatography-electrospray
ionization tandem mass spectrometry (UHPLC-ESI-MS/MS)

5-Aminoisoquinolyl-N-hydroxysuccinimidyl carbamate (5-
AIQC) and N-(acridin-9-yl)-2-bromoacetamide (AYBA) were used
as derivatization agents for cys quantification using UHPLC-ESI-MS/
MS. The different conditions of the analysis are described in Table 5
[57,58].

4.2.6. Colorimetric method using Ellman’s reagent

In 1958, George Ellman [59] described a method for the deter-
mination of mercaptan based on interchange of bis(p-nitrophenyl)
disulfide and mercaptan anions (S™) at pH 8.0 (Fig. 6). The kinetics
of the reaction between cys and bis(p-nitrophenyl) disulfide
showed that the full absorbance was settled after 60—90 min.

In 1959, bis(p-nitrophenyl) disulfide was replaced by its
carboxylated derivative DTNB (5,5'-dithiobis (2-nitrobenzoique
acid)) because of its poor solubility in water (Fig. 7) [60].

An easy and rapid method was developed by Ellman [60] to
quantify sulfhydryl groups based on colorimetric detection after a
reaction between sulfhydryl groups and DTNB, resulting in a
yellow-colored product (2-nitro-5-thiobenzoic acid). The absor-
bance of the latter was measured spectrophotometrically at a
wavelength of 412 nm, reflecting the concentration of cys.

The detection and quantification of cys using Ellman’s reagent can
be achieved using many techniques such as UV—visible spectroscopy
[15], HPLC [61], ultra-performance liquid chromatography-tandem
mass spectrometer [62], and using microtiter plate [63]. This
method is easy to be applied since it does not need any synthesis of the
reactive agent, can be used with different analytical techniques from
the simplest to the most complicated ones, and the reaction between
the reactive and the sulfhydryl group is rapid without the require-
ment of heat or enzyme (Fig. 8).

Some difficulties could be encountered in the detection of cys by
this method in some samples, for example in cloudy solutions such
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Table 3
Detection of cys by HPLC.
Derivatization ~ Flow rate (mL/ Stationary phase Mobile phase T Elution time  Limit of Refs.
agent min) (°C) (min) detection
cMQT? 1 Cys (5um; Gradient elution or isocratic elution (trichloro acetic acid and 25 9 0.1 uM [48]
4.6 mm x 150 mm) acetonitrile)
mBBr® 1.5 Cyg (5 um; Gradient elution (methanol, acetic acid and water) RT 125 nmol [40]
4.6 mm x 150 mm)
1.5 Cys (3 pm; Acetonitrile RT 43 50 nM [41]
4.6 mm x 150 mm)
0.3 Cyg (5 pum; Water: methanol (65:35) — 11 2 nM [42]
2.1 mm x 100 mm)
SBD-F® 1 Cq5 (8—10 um; Gradient elution (methanol and sodium acetate) RT 10 0.07 pmol [43]
3.9 mm x 300 mm)
0.3 Cys (5um; Phosphate buffer: CH3CN (96:4) 30 5 0.47 uM [44]
2.0 mm x 250 mm)
NPMP 1 Cyg (5um; Acetonitrile: water (70:30) RT 10 0.01 nM [49]
4.6 mm x 250 mm)
DAABD-CIP 0.6 Cis (2 nm, Gradient elution (water, acetonitrile and trifluoroacetic acid) 50 6.4 154 fmol [51]
4.6 mm x 150 mm)
ABD-F° 1 Cyg (3um; 2.5% methanol and ammonium acetate - - - [52]
3.9 mm x 150 mm)
ACQP 0.3 Cqs (5pum; Gradient elution (sodium acetate and trimethyl- amine, RT 29 0.77 pmol [53]

2.1 mm x 150 mm)

acetonitrile and water)

CMQT: 2-chloro-1-methylquinolinium tetrafluoroborate, mBBr: monobromobimane, SBD-F: ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate, NPM: N-(1-pyrenyl)
maleimide, DAABD-CI: 7-Chloro-N-[2-(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide, ABD-F: 4-Fluoro-7-sulfamoyl benzofurazan, ACQ: 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate. a HPLC coupled with UV detection; b HPLC coupled with fluorescence detection.

Table 4

Gas chromatography detection of cys.
Derivatization agent  Carrier gas Column used T (°C) Internal standard Limit of detection  Refs.
Pivaldehyde® Helium (35 mL/min) 5" x 1/8" column From 80° to 250°C at 10°/min  — 8 pmole [37]
BSTFA? Helium (80 mL/min) 6 ft. /4 column From 75° to 230° at 8°/min - Sub nanomole [38]
isoBCF” Nitrogen (10 mL/min) 15 m x 0.53 mm column  From 170° to 250°C at 5°/min  p-Toluene sulphonyl anilide 2 pmole [46]

Nitrogen (8 mL/min) 15 m x 0.53 mm column From 170° to 250°C at 5°/min  Thianthrene 2 pmole [47]

2 Flame ionization.
b Flame photometric detection.

Table 5

UHPLC-ESI-MS/MS detection of cys.
Derivatization = Mobile phase Stationary phase Flow rate (mL/ T Gas flow (L GasT LOD Refs.
agent min) (°C) min) (°C) (fmol)
5-AIQC Gradient elution (ultra-pure water and methanol containing Cqs (1.8 pm; 0.6 50°C 10 315 4 [57]

0.1% formic acid) 2.1 mm x 100 mm)

AYBA Gradient elution (0.1% (v/v 1:999) HCOOH and MeOH) Cig (1.7 pm; 04 ND. 3 250 0.0120 [58]

2.1 mm x 100 mm)

5-AIQC: 5-Aminoisoquinolyl-N-hydroxysuccinimidyl carbamate, AYBA: N-(acridin-9-yl)-2-bromoacetamide, N.D.: not determined.

s NO, RS-S NO,

e
O Do

Fig. 6. Reaction between bis(p-nitrophenyl) disulfide and mercaptan anion.

S

as liposomes loading cys. This issue is not well elaborated in the
literature. However, Butler et al. [ 17] tried to overcome this problem
by adding 2% deoxycholate solution in the assay buffer to solubilize
liposomes and/or by using matching amounts of liposomes sus-
pension in the reference cuvette. This method is not selective since
many compounds possessing a sulfhydryl group may react with
DTNB.

4.2.7. Ion pair and micellar chromatography

The quantification of cys was also assessed with the addition of a
surfactant into the mobile phase which interacts with cys, affecting
its retention through a reversed-phase column. The addition of
sodium dodecyl phosphate (40 mM) using micellar chromatog-
raphy and sodium 1-heptanesulfonate (4 mM) using the ion pair
chromatography to the mobile phase were able to separate and
quantify cys and cystamine (Table 6 [16,64]).

4.2.8. Electrochemical detection of cys

Electrochemical reactions involve the loss or gain of electrons
followed by subsequent rearrangements or reactions. If these re-
actions occur on physically separated metals in a conducting me-
dium, a difference in electrical potential is generated; the electrical
signal depends on the analyte concentration [65]. Cys is known for
its oxidation to cystamine and therefore can be detected electro-
chemically. This was realized in literature using different types of
electrodes. Cys was first analyzed by HPLC with an electrochemical
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Fig. 7. Structure difference between bis(p-nitrophenyl) disulfide and DTNB.
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Fig. 8. Reaction between cys and Ellman’s reagent DTNB: 5,5'-dithiobis (2-nitrobenzoique acid), TNB: 5’-thio-2-nitrobenzoic acid.

detector using platinum electrode [66] or a single gold/mercury
electrode [67,68]. However, the use of unmodified electrodes has
proved a high overpotential and low electrical signal. Therefore, the
electrochemical determination of cys was assessed using modified
electrodes such as single-wall carbon nanotube modified glassy
carbon electrode [69], carbon paste electrode [70—74], multiwall
carbon nanotubes paste electrode [75—78], and screen-printed
electrode [79]. The electrooxidation of cys was catalyzed using
different types of mediators cited in Table 7 [69—79]. The electro-
catalytic mechanism for cys determination at the surface of an
electrode in the presence of the mediator is illustrated in Fig. 9.

Each method was applied in a certain range of cys concentration
where the catalytic oxidation peak current showed a linear rela-
tionship with the concentration of cys. The limit of detection was
determined for each method and the quantification was evaluated
in different biological samples such as urine, tablet, capsules and
serum.

Herein, we present the different methods of cys quantification.
The choice of an adequate method is hard, and it is based on various
parameters. First, the type of sample used should be widely
considered. For example, the Ellman method cannot be applied to
plasma samples because of the interference of other thiol

Table 6
Cys detection using ion pair and micellar chromatography.
Method Surfactant Mobile phase Stationary phase Flow rate (mL/min) T(°C) LOD (uM) Refs.
Micellar Sodium dodecyl Water: acetonitrile: Cqg (5 pm; 1.6 50 4.15 [16]
chromatography phosphate (40 mM) methanol (38:30:32) with 4.6 mm x 250 mm)
phosphoric acid, and
sodium dodecyl sulfate
Ion pair Sodium 1- Acetonitrile: water (0.1% Cyg (5 pm; 1 25 12.9 [64]
chromatography heptanesulfonate phosphoric acid + Sodium 4.6 mm x 250 mm)
(4 mM) 1-heptanesulfonate)

(85:15)
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compounds during cys detection. Moreover, some derivatization
agents (CMQT and cystine thiosulfonate) are not commercialized,
and thus they should be synthesized. Additionally, the time
required to detect cys seems to be crucial. For instance, the use of
ACQ as a derivatization agent elutes cys after 29 min while SBD-F
elutes cys after 5 min using HPLC with fluorescence detection.

5. Pharmacokinetics of cys

Limited information is available on the pharmacokinetics of cys.
The bioavailability of cys is less than 10%. After the ingestion of cys
(15 mg/kg) by children with nephropathic cystinosis, a peak con-
centration (0.03—0.07 mM) in plasma is reached around 1 h later
[80]. The absorption of this molecule in the small intestine is much
better than in the stomach or colon [81]. In addition, this
bioavailability can be affected by the type of food administered as
this drug can potentially bind to food such as fats and high-protein
meals. A study showed that taking cys with foods may reduce its
absorption by 30%, particularly with a high-protein diet [82]. Cys
absorption is enhanced by iron in the proximal duodenum, iron
loading accelerates, and iron depletion slows [*C] cys uptake in
intestinal epithelial cells [83]. Armas et al. [84] showed that the
pharmacokinetics of cys bitartrate delayed-release capsules are not
affected by co-administration with orange juice, water only, or
omeprazole (with water).

Cys, after oral administration in rats, is primarily distributed in
the kidney, the gastrointestinal tract (mainly the duodenum), and
the liver. Regardless of the route of administration, cys uptake
reaches a maximum in the duodenum after 6 h, which is main-
tained for up to 12 h, and the efflux is observed only after 24 h. At a
concentration higher than 20 mM, cys uptake is blocked, suggest-
ing that the uptake system is saturable. Two studies suggested a
carrier-mediated system for cys uptake. Based on an in vitro sys-
tem, the first study suggested the presence of an unknown cys
carrier for the human fibroblast lysosomes [85]. The second one
confirmed that cys uptake by intestinal epithelial cells is mediated
by an organic cation transport (OCT) system. The latter is inhibited
by cys analogs and modulated by inhibitors of the OCTs and by
suppression of OCT gene expression [83]. Moreover, these studies
showed that cellular uptake of cys is more favorable at alkaline pH,

Journal of Pharmaceutical Analysis Xxx (XxXx) XXX

NH,
2
Reduced mediator

HS
%) Fas NH,
5 Oxydized mediator
()
z s. +2H*

S\
NH,

Fig. 9. Electrocatalytic mechanism for cys determination at the surface of an electrode
in the presence of a mediator.

compared to pH 5, due to the reason of pK; of NH;; the protonated
form is presumably less well transported into the lysosome and
intestinal epithelial cells, compared to its thiolate form [83,85].

After being metabolized to taurine and bile salts, cys is elimi-
nated from the body after 6 h of administration, and this is the main
reason of cys administration every 6 h for patients with cystinosis.
The problem of repeated administration of cys was resolved in
2013, where Cystagon®, an immediate release cys approved by FDA
in 1994, was replaced by PROCYSBI® (Horizon Pharma), an enteric-
coated delayed-release cys bitartrate formulation. This formulation
bypasses absorption in the stomach, resulting in sustained ab-
sorption in the small intestine and thus improving gastro-intestinal
tolerability [82]. Consequently, the drug is eliminated after 12 h,
reducing the drug administration and thus the treatment side ef-
fects [86].

Table 8 shows the pharmacokinetic parameters after the oral
and gastrointestinal administration of cys in human body cells. Tiax
is the time corresponding to Ciax, half-life (t1/2), the area under the
curve between time 0 and the last sample (AUCy_,,), and clearance
(CL) are represented in this table [87,88]. The best pharmacokinetic
values were obtained for gastro-intestinal administration in
humans, more specifically in the small intestine.

Table 7
The different electrochemical detection methods.
Electrode Mediator Concentrations range (M) LOD Samples Ref.
(hM)
Single-wall carbon nanotube 1,2-Naphthoquinone-4-sulfonic acid sodium 5.0—-270 30 - [69]
modified glassy carbon
electrode
Carbon paste electrode N,N-dimethylaniline/ferrocyanide 80—1140 79.7 Capsules [70]
(9, 10-dihydro-9, 10-ethanoanthracene-11, 12-dicarboximido)-4- 0.01—-250 0.007 Tablet and urine [71]

ethylbenzene-1, 2-diol and nickel-oxide-carbon nanotube

Ferrocene carboxaldehyde and nickel-oxide nanoparticle
N-(4-hydroxyphenyl)-3,5-dinitrobenzamide and magnesium

oxide nanoparticles

Acetylferrocene and nickel-oxide-carbon nanotube

Multiwall carbon nanotubes Ferrocene

paste electrode

3,4-Dihydroxycinnamic acid
Isoproterenol
Promazine hydrochloride

Screen printed electrode La;03/Co304

0.09—-300 0.06 Urine and capsule [72]
0.03—-600 0.009 Capsule and [73]
pharmaceutical serum
0.1-600 0.07 Drug and [74]
pharmaceutical serum
0.7-200 0.3  Pharmaceutical, [75]
serum, and urine
samples
0.25—400 0.09 — [76]
0.3—450.0 0.09 Urine and drug [77]
Two dynamic ranges of 2.0 0.8  Urine and drug [78]
—346.5 uM and 346.5
—1912.5 yM
1.0-700.0 0.3  Urine and capsule [79]
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6. Biological applications of cys

A low concentration of cys induces the transport of cysteine into
cells. The latter is a precursor of glutathione (GSH) synthesis, an
important antioxidant, thus influencing the oxidative state of a cell
[89]. The oxidative state regulates several signaling pathways
involved in cell proliferation and influences the gene expression of
several redox-sensitive genes [90]. Moreover, the thiol group of cys
can react with free thiol or the disulfide bonds of peptides and
proteins, ending by interference with their function [91]. The
alteration in gene expression and the interference with the protein
function are the main causes behind the ability of cys to treat
Huntington and Parkinson diseases. At high concentration, the
oxidation of cys in the presence of transition metals produces
hydrogen peroxide (HO,) molecules, responsible for oxidative
stress. Additionally, it induces the inhibition of GSH peroxidase
responsible for cys toxicity at high concentrations (104 to 107> M)
[92]. Therefore, the dose selection is very important to avoid any
complications in the treatment of any diseases by cys.

Cys has shown several biological applications: treatment of
cystinosis, Huntington and Parkinson diseases, malaria, neuropsy-
chiatric disorders, cancer, and non-alcoholic fatty liver disease, and
is used as a radioprotective agent (Fig. 10). Many reviews have
profoundly discussed these applications [7,23,24]. We will focus on
the main applications of cys as a radioprotective agent, in the
treatment of cystinosis, and for anti-tumor proliferation. However,
the topical application of cys, for the treatment of hyperpigmen-
tation, has not yet been well elaborated and reviewed. Conse-
quently, all the data in the literature concerning this topic are
collected and described below.

6.1. Radioprotective effect

Cys was first used in 1954 as a radioprotective agent [1]. This
radioprotective effect is attributed to its sulfhydryl group. It is a
great scavenger of hydroxyl radical (‘OH). It also reacts slowly with
hydrogen peroxide (H,03), but this reaction can lead to significant
rates of H,O, removal if high concentrations of cys are present [93].
Cys enters the cells rapidly and provides the maximum level of
protection within 10 min [94]. Cys radioprotection in vitro is based
on three different mechanisms [4]. First, cys can undergo an
oxidation reaction with molecular oxygen in the cells, leading to
hypoxia. Besides, cys donates hydrogen atoms to hydroxyl radicals
("OH), decreasing their indirect radiation effect. Moreover, cys ac-
tivates specific repressor molecules that interrupt the DNA tem-
plates activity necessary for DNA replication. A metabolically active
DNA molecule is more sensitive to ionizing radiation; thus cys leads
to the diminishment of radiation injury to the DNA molecule [5,95].

6.2. Treatment of cystinosis

Cystinosis is a rare autosomal recessive metabolic disorder
characterized by a defect in lysosomal cystine transport, leading to
the intralysosomal accumulation of cystine crystals in many tissues
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(kidneys, bone marrow, intestine, etc.) including the eye (retina,
conjunctiva, iris, and cornea) [96], affecting muscles and the central
nervous system [86]. This disease can cause a generalized proximal
tubular damage (called renal Fanconi syndrome), resulting in
polyuria, polydipsia, and a development failure within the first year
of life [97]. If left untreated, cystinosis can cause end-stage renal
disease around the age of ten.

In 1976, cys in the form of cys bitartrate was introduced as a
treatment of cystinosis [98]. Cys is a weak base that enters the
lysosome and reacts with cystine to form a mixed disulfide of half-
cystine and cys. The mixed disulfide has a stearic resemblance to
the amino acid lysine; consequently, it rapidly leaves the lysosomes
via lysine transporter [99]. However, this treatment presents many
side effects such as gastrointestinal complaints, disagreeable
breath, sweat odor, development of lupus nephritis, proliferative
vascular lesions on their elbows, skin striae, and bone and muscular
pain [23]. These side effects are mainly caused by the metabolism of
3% of cys to dimethyl sulfide (Fig. 3) [100].

6.3. Treatment of cancer

Cys has been shown to inhibit gastric [101] and mammary [12]
tumors formation. Besides, a study conducted by Wan et al. [102]
demonstrated that cys caused autophagosome accumulation in
cancer cells and sensitized doxorubicin-elicited chemotherapeutic
killing in HeLa, B16 melanoma, doxorubicin-resistant MCF-7 cells,
and in a mouse melanoma model. Besides, cys inhibits matrix
metalloproteinases conducting to the suppression of invasion,
metastasis, and prolonging survival in a mouse model of human
pancreatic cancer [103] and human ovarian cancer [104].

6.4. Treatment of hyperpigmentation

There are three types of skin color alteration: darkening, light-
ening, and the occurrence of unusual skin color [105]. Eumelanin
and pheomelanin are the two forms of melanin. Eumelanin is
responsible for the brown pigmentation of the skin while pheo-
melanin produces yellow and red colorations [106]. Pigmentary
disorders can occur after an increase or decrease in melanocyte
activity. They are divided into two different categories: hyperpig-
mentation and hypopigmentation [107]. Hyperpigmentation is
divided into three main types: melasma, post-inflammatory hy-
perpigmentation, and sun damage or sunspots. Melasma is a psy-
chologically distressing skin disorder divided into three types:
epidermal, dermal, and mixed melasma. Epidermal and dermal
melasma is the accumulation of melanin in the epidermis and the
dermis, respectively, and mixed melasma is a combination of
epidermal and dermal melasma [108]. Post-inflammatory hyper-
pigmentation is an acquired hypermelanosis occurring after cuta-
neous inflammation or injury that can arise in all skin types [109],
and sunspots are usually light brown (generally called freckles) and
appear mostly on the face, neck, chest, and hands, which are pri-
marily exposed to UV rays [110].

Several natural and synthetic skin depigmenting agents have

Table 8
Pharmacokinetic parameters of cys after different routes of administration.
Route of administration of cys Crmax (mg/L) Tmax (Min) t1/2 (min) AUCy_, (mg-min/L) CL (L/min) Refs
Oral (450 mg cy) 2.86 72 222 9.62 1.5 [87]
Gastro-intestinal (500 mg cy) Stomach 8.8 50 94.5 880 N.D. [88]
Small intestine 11 21 112 983 N.D.
Caecum 5.2 64 98 713 N.D.
Mid-ileum 11 30 124 1034 N.D.

cys: cysteamine, Cpax: maximum concentration, Trax: the time to reach Ciax, ty/2: half-life, AUCq_: the area under the curve between time 0 and the last sample, CL: clearance,

N.D.: not determined.
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been developed. Their mechanisms of action may occur before,
during or after the melanin synthesis. Moreover, depigmentation
by any exogenous agent is induced by the destruction or the loss of
melanocytes, alteration of the melanin present in melanosomes,
and the interference with (i) the biosynthesis of premelanosomes
and melanosomes, (ii) the conversion of tyrosine to 3,4-
dihydroxyphenylalanine (DOPA) to melanin, (iii) the biosynthesis
of tyrosinase or the active center of the enzyme, and (iv) the
transfer of melanosomes to keratinocytes (Fig. 11) [111].

Cys hydrochloride has been known to be a potent depigmenting
molecule for over 5 decades. Chavin et al. [112] examined, for the
first time, the ability of several compounds (quinhydrone, cys, N-(2
mercaptoethyl)-dimethylamine HCI, sodium cys-S-phosphate,
cystamine, 3-methylcatechol, fluphenazine, hydroquinone, etc.),
to induce a specific destructive effect in the melanin synthesizing
cells (melanocytes and melanophores). These compounds were
injected by subcutaneous injection in black goldfish. They found
that all the molecules induced lysis of melanophores and melano-
cytes locally and systemically; however, hydroquinone was the
most potent anti-pigmentary compound. Another study

1

demonstrated that cys was an effective depigmenting agent when
applied to the skin of black guinea pigs, and conversely to the
previous result, was shown to be more potent than hydroquinone
[113]. In fact, melanocytes are the specific target of cys since a
noticeable decrease of the epidermal melanocyte was observed
after the topical application of this compound to the skin of black
guinea pigs. The treatment with cys did not affect the keratinocytes
cells adjacent to melanocytes cells [114]. The minimum dose
required for depigmentation is 100 puM, and this concentration
decreases the percentage of melanin by 21% [11].

The mechanism of cys as a depigmenting agent is not yet deeply
studied. It may act through the inhibition of tyrosinase and
peroxidase and the increase of intracellular GSH levels.

6.4.1. Inhibition of tyrosinase and peroxidase activity

Tyrosinase is responsible for the conversion of tyrosine to DOPA
and of DOPA to DOPA quinone. As for peroxidase, it catalyzes the
final step of the oxidative polymerization reaction of the formed
indoles to eumelanin pigments [115]. Thiolic depigmenting agents
such as cys and GSH [116] are known to be inhibitors of tyrosinase
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Fig. 11. Schematic illustration of the mechanism of action of skin whitening agents [111] (with permission from Elsevier).

and peroxidase, the two key enzymes involved in melanin
biosynthesis [117]. The inhibition of tyrosinase will produce the
scavenging of DOPA quinone affecting the production of melanin.
Arbutin, azelaic acid, flavonoids, kojic acid resveratrol, tretinoin,
and vitamins C and E act by the same mechanism [111]. Qiu et al.
[11] reported that the depigmenting action of cys is due to its
interaction with the products of the reactions catalyzed by tyrosi-
nase activity (DOPA oxidation products are isolated) inhibiting
pigment synthesis. They confirmed that the cys mechanism of ac-
tion is a melanogenesis inhibition, but not melanocytotoxicity, in
contrast to hydroquinone.

6.4.2. Increase in the level of intracellular GSH

The interaction of DOPA-quinone with the thiol groups of GSH
or cysteine shifts the melanogenesis from eumelanin to phaeo-
melanin synthesis (Fig. 10) [118]. Cys enhances the intracellular
levels of GSH, thus delaying the melanogenesis procedure. Among
the different depigmenting agents, only vitamin E exhibited this
action as well [111]. Djurhuus et al. [119] demonstrated the
enhancement of GSH content in C3H/10T1/2 cells after the addition
of cys. De Matos and Furnus [89] proved that the addition of cys to
the culture medium during in vitro maturation of bovine oocytes
increased the GSH levels in the mature oocytes, while Wilmer et al.
[120] showed that cys increased total GSH and restored GSH redox
status in a renal cystinosis cell mode [121]. Cys stimulates GSH
synthesis by increasing the rate of cellular cysteine uptake through
the formation of mixed disulfides with cysteine. Mixed disulfides of
cysteine and cys enter cells via transport system L and are reduced
intracellularly to release both thiol compounds. The cysteine is then
used in GSH synthesis [122].

Several skin whitening agents such as retinoic acid, kojic acid or
hydroquinone proved high efficacy. However, they present
numerous side effects like hypersensitivity to the sun, skin irrita-
tion, inhibition of new melanin formation, and they are responsible
for itching, peeling, dryness, and redness of the skin [123]. Cyste-
amine is a natural skin whitening agent as powerful as hydroqui-
none, does not present any risk, and is compatible with light
exposure. The main obstacle in the use of cys as a depigmenting
agent is its fast oxidation once in contact with air as well as the
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strongly unpleasant organoleptic features of this molecule [13],
which can not be covered by perfumes [124]. Recently, Scientis
Pharma®© developed a new technology that stabilizes cys molecules
and significantly reduces its odor. Cys Cream® is eventually the first
and only depigmenting agent commercially available based on cys
molecule. Hsu et al. [124] applied cys cream® to the ear of black
female guinea pigs. Evaluation with dermatoscopic, chromametric,
and histologic instruments was performed, and the cys cream®
showed a potent depigmenting effect in guinea pig skin. Then,
Mansouri et al. [9] evaluated the efficacy and safety of cys cream®
for the treatment of epidermal melasma in a randomized, double-
blind vehicle-controlled clinical trial. After an evaluation of
melanin content and erythema levels, they concluded that the
treatment with cys cream® decreased the content of melanin and
consequently it was a good treatment for epidermal melasma [8,9].

7. Cys and encapsulation systems

Cys encapsulation into liposomes, CDs, and emulsions was
conducted to enhance its effects; studies dealing with encapsula-
tion are addressed in this section. Moreover, the conjugation of cys
to the surface of CD induces the formation of disulfide bonds with
cysteine-rich substructures of the ocular and glycoproteins mucus,
providing a prolonged residence time of the incorporated drugs at
the site of action. On the other hand, the conjugation of cys to the
surface of gold nanoparticles improves the colorimetric detection
of compounds using the gold nanoparticles aggregation method by
decreasing the electrostatic repulsion force between the
nanoparticles.

7.1. Liposomes

Liposomes are enclosed spherical vesicles organized in one or
several concentric phospholipidic bilayers with an internal aqueous
phase. Liposomes can entrap lipophilic drugs within the lipid
membrane, hydrophilic agents in their internal aqueous compart-
ment, or amphiphilic ones at the water-lipid interface [125]. These
carriers are biodegradable, biocompatible, and non-immunogenic
[126]. Since liposomes mimic natural membranes, their use in
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topical applications is generally favorable [127]. Liposomes can be
prepared by classical and large-scale techniques [125,128]. In fact,
cys was first encapsulated in liposomes by Butler et al. [17], to
reduce cystine accumulation in cells. Since cys is a water-soluble
compound, it can be incorporated in the internal aqueous cavity
of the liposomes, thus facilitating the selective uptake of cys by
endocytic target cells. The authors compared different types of li-
posomes formed from saturated and unsaturated or positively and
negatively charged lipids. The best type of liposomes selected for
subsequent experiments was those containing saturated dipalmi-
toyl phosphatidylcholine and negative charge by the inclusion of
phosphatidic acid. This is explained as follows: saturated fatty acids
are not subject to autoxidation as are unsaturated ones; the use of
dipalmitoylphosphatidylcholine liposomes avoids some of the toxic
effects of peroxides or epoxides on cells in tissue culture and
negatively charged liposomes made with phosphatidic do not
present any aggregation contrary to those with positive charge. The
encapsulation of cys in liposomes provides a better efficacy to
reduce cystine in cystinotic cells in tissue culture [17]. In addition,
liposomes serve as a targeting agent to the lysosome since cys
incorporated into liposomes will be mainly taken up by phagocytic
cells and concentrated in lysosomes. They confirmed that the li-
posomes were disrupted by lysosomal enzymes releasing cys
intralysosomally, followed by the diffusion of mixed disulfide from
lysosome [17].

Roman et al. [129] reported the encapsulation of cys in lipo-
somes. It was delivered orally in mice with an evaluation of its
radioprotective effect. They found that the liposome encapsulating
cys protected the drug up to 3 h after administration in contrast to
free cys. In order to investigate the effect of liposome-encapsulation
on cys absorption through the intestinal wall, the distribution of
the molecule after in vivo administration was studied by Jaskier-
owicz et al. [15]. They used mixed egg yolk lecithin and cholesterol
(4:1, mol/mol) and reported that radioactivity was higher and more
persistent in blood, plasma, liver, and spleen in encapsulated cys
than that in the free form. The digestive absorption of cys was more
important when entrapped, and the drug was protected from
digestive degradation.

On the other hand, the encapsulation of cys in liposomes formed
from egg yolk phospholipid and cholesterol (4:1) extended the
presence and duration of action of cys in pituitary glands, after oral
administration. It led to reduce tumor proliferation through the
modification of hormone status where cys could reduce somato-
statin and/or prolactin levels near the tumor. 10.8% of the initial cys
was encapsulated in liposomes. Cys loaded liposomes were stable
during storage for six days [130]. Table 9 shows the different studies
conducted to encapsulate cys in liposomes [15,17,130].

Unfortunately, liposome’s characteristics (size, shape, homoge-
neity, encapsulation efficiency, and loading rate) were not investi-
gated in these studies.

7.2. Cyclodextrins

CDs are a family of cyclic oligosaccharides composed of ¢-(1,4)
linked glucopyranose subunits [131]. Three native CDs are known
as follows: a-CD, $-CD, and y-CD, composed of siX, seven, and eight
a-(1,4)-linked glycosyl units, respectively [132]. CDs possess a
lipophilic inner cavity and a hydrophilic outer surface that allow
the formation of non-covalent inclusion complexes with numerous
types of guests [133].

Table 10 shows the methods of preparation and the effects of
different molar ratios of cys to CD on cys properties. In fact, the
presence of hydroxyl groups (OH) outside the molecule prevents
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the inclusion of hydrophilic drugs in CDs. To evaluate if the
complexation between cys and CDs can be realized, Lahiani-Skiba
et al. [13] studied the interaction between lyophilized complexes
of cys hydrochloride and a-CDs. Inclusion complexes were pre-
pared from solutions obtained by the dissolution of cys hydro-
chloride in a-CD solution. Lyophilized products were obtained with
molar ratios of 1:1, 2:1, 3:1, and 4:1 (cys hydrochloride/a-CD). After
the analysis of the lyophilized products by differential scanning
calorimetry, mass spectrometry analysis, 'H nuclear magnetic
resonance (NMR), and Fourier transform infrared spectroscopy,
they confirmed the complex formation. The nuclear over Hauser
effect spectroscopy technique showed the proximity of the meth-
ylene groups of cys protons with protons H2 and H4, located at the
outside of a-CD (Fig. 12). They obtained odorless powder of cys with
moderate flavor, storable at room temperature [13].

Pescina et al. [16] reported the encapsulation of cys in -CD to
improve the trans-corneal permeation of cys. An increase of
permeation was observed when CD concentration was added to the
range between 3% and 5.5%. The increase of permeation was CD
concentration-dependent; for example, a 5.5% concentration of CD
increased the amount permeated up to 20 times compared to free
cys [16].

7.3. Emulsions

Emulsions are metastable colloids made out of two immiscible
fluids, one being dispersed in the other, in the presence of surface-
active agents [134].

Gresham et al. [14] reported the use of sustained-release mul-
tiple emulsion to extend the period of cys radioprotection. They
compared the radioprotective effect in irradiated mice protected by
cys with those unprotected. They found that emulsions prolonged
the radioprotective effect of cys from 15 min obtained using free cys
to 1.5 h when cys was administered in an emulsion [14].

Recently, Dixon et al. [ 18] tried to enhance cys stability using an
emulsion of vitamin E, soybean oil, and Tween 80 surfactants, since
emulsions have been shown to decrease the transport of oxygen
and increase the stability of other hydrophilic antioxidants [135].
Vitamin E and/or soybean oil were prepared at the solubility limit
by adding an excess of the hydrophobic component(s) to PBS and
stirring at 300 rpm for 24 h, followed by the addition of cys (0.1 mg/
mL). The emulsion formulation was prepared by first mixing
vitamin E (0.45 mg/mL) and soybean oil (0.45 mg/mL), followed by
the addition of the surfactant solution Tween 80 (0.1 mg/mL) with
sonication for 30 min. The degradation rate of cys decreased from
126 pg/h for free cys (0.1 mg/mL) to 111 ug/h for cys, oil, and vitamin
E at the solubility limit in PBS. This rate was decreased to 101 pg/h
for cys in the emulsion. The solubilization of the antioxidants
increased their concentrations in the formulation and consequently
allowed the stabilization of cys [18].

7.4. Modification of encapsulation systems by cys

7.4.1. Cyclodextrins

The synthesis and characterization of thiolated - and a- CD
[19,20] as a novel mucoadhesive excipient for intra-oral drug de-
livery was studied. The synthesis of the thiolated CD was achieved
in two steps: the oxidation of CD and the covalent coupling of cys
via reductive amination (Fig. 13). a-CD-cys and B-CD-cys conjugates
displayed an increase in the retention time of cetirizine on the
ocular mucosal surface and miconazole nitrate on porcine intestinal
and buccal mucosa. This could be due to the improvement of CD
drug encapsulation properties after being thiolated, where the
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Table 9
Liposomes prepared by thin lipid film hydration method encapsulating cys.
Liposomes composition Model used Administration  Biological effects Refs.
routes
Mixed egg yolk lecithin and cholesterol (4:1) In vivo Intragastric Enhancement of cys absorption through the [15]
intestinal wall

- Cystinotic cells in  Intravenously Reducing cystine contents and improvement of [17]

Negatively charged, saturated phosphatidyl choline cholesterol-
uptake into target tissues

phosphatidic acid (7:2:1) tissue culture

- In vivo
Mixed egg yolk and cholesterol (4:1) In vivo Orally Enhancement of prolactin depletion action [130]
period
cys: cysteamine
Table 10
Interaction of cys with CDs.
Interaction of CD Molar ratio (cys: Preparation method Freeze dried Effect Refs.
cys type CD)
Encapsulation a-  1:1, 2:1, 3:1, 4:1 Direct dissolution of cys hydrochloride in Freeze-dried on a shelf An odorless powder and moderate flavor of cys is [13]
CD (best ratio) a-CD solution at 50°C for 3 h at least. obtained, storable at room temperature
1:7,1:10, 1:11,  Dissolution of cys in a-CD solution Increase in the permeation of the trans corneal diffusion [16]
1:12.5 (best of cys (ex vivo model)
ratio)
Modification f- 1:2 The oxidation of CD prior to the covalent _ Improved water solubility and retention time of [19]
CD coupling of cys via reductive amination miconazole nitrate on porcine intestinal and buccal
mucosa
a- 10:3 Prolong drug residence time of cetirizine on the ocular [20]
CD mucosal surface

cysteamine, CD: cyclodextrins.
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Fig. 12. Representation proposed for the interaction between cys and o-CD according to the results of NMR technique (A) interactions of CH, of cys with H2 and H4 of two different
glucopyranose (B) interactions of CH, of cys with H2 and H4 of a same glucopyranose [13] (with permission from Springer).

gold salt in aqueous or/and organic phase. The physical methods
involve the y-irradiation technique, the technique of microwave
irradiation, and heat or photochemical reduction. Finally, the bio-
logical method was also reported using citrus fruit juice extracts or
edible mushrooms [137].

Cys modified AuNPs were prepared by the attachment of cys
mercapto group to the surface of the AuNPs by the formation of
Au-S bonds with the —NH2 groups exposed on the outer surface of
the citrate-capped AuNPs [138].

solubility of miconazole nitrate was enhanced. In addition, local
mucosal irritating effects of cetirizine were significantly reduced
after being complexed with a-CD-cys and applied on the rabbit’s
ocular mucosa (Table 10). These findings could be a promising tool
for the delivery of poorly water-soluble therapeutic agents.

7.4.2. Gold nanoparticles

7.4.2.1. Synthesis. Gold nanoparticles (AuNPs) are a diverse group

of nanomaterials ranging in size from 5 to 110 nm with different

forms, including spheres, cubes, nanorods, and nanoribbons [136].
There are a variety of methods to synthesize AuNPs. We can find

chemical methods of synthesis based on the chemical reduction of
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7.4.2.2. Colorimetric detection of compounds via cys AuNPs.
The use of AuNPs as a colorimetric reporter to detect several
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Fig. 13. Synthetic pathway for the generation of thiolated a-CD. cys: cysteamine, CD: cyclodextrins.

AuNPs
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molecule

Aggregated cys-AuNPs

Fig. 14. Colorimetric detection strategy of molecules based on cys modified AuNPs. cys: cysteamine, AuNPs: gold nanoparticles.

compounds of large numbers of samples, such as milk products,
eggs, and feeds, has received great attention in the last few years, to
substitute the classical techniques like HPLC and gas chromatog-
raphy which are expensive and need dedicated instruments. This
method was developed since AuNPs possess a surface plasmon
resonance changing from red to blue corresponding to their
dispersion or aggregation state. The development of a more sen-
sitive assay involves the modification of the AuNPs surface by cys to
decrease the electrostatic repulsion force between AuNPs. The cys-
AuNPs solution is wine-red and displays an absorption peak at
524 nm. An electrostatic repulsion occurs because of the positive
charge of cys-AuNPs inhibiting the aggregation of the latter. When
the compound is added to the cys-AuNPs solution, the absorption
spectrum exhibits an obvious decrease at 524 nm and a strong
increase at 650 nm. The color of the conjugates changes from wine-
red to purple within several minutes, indicating the aggregation of
cys-AuNPs (Fig. 14) [21,22].

The colorimetric detection of gentamycin melamine [21,139],
heparin [139], lipopolysaccharides [140], mercury (II) [21], glyph-
osate [22], trinitrotoluene [141], clenbuterol [ 142], and sulfate [143]
using cys modified AuNPs has been reported.

This method presents a lot of advantages like simplicity of
preparation and manipulation and high sensitivity. It is more robust
and less expensive than the conventional methods.

8. Conclusion and perspectives

Due to the important role of cys in medical and cosmetic fields,
it has been extensively studied in literature. However, this molecule
suffers from different drawbacks mainly related to instability,
organoleptic and pharmacokinetic properties. The quantification of
this agent is also challenging because of its low absorptivity. This
review presents a broad overview of cys characteristics; it can serve
as a reference for novel works focusing on the improvement of cys
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properties through encapsulation in delivery systems which may
enlarge cys application.
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