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a b s t r a c t
Methinium colorimetric sensors 1 and 2 were studied for the determination of cholesterol sulfate by
UV–Vis spectroscopy in 0.001 M NaCl (H2 O:MeOH; 7:3), pH = 7.34. Both of the tested sensors displayed
high afﬁnity, excellent selectivity and sensitivity for cholesterol sulfate against other steroids (estrone
sulfate, pregnenolone sulfate, cholesterol, cholic acid and taurocholic acid). The determined values of
conditional binding constants, linear ranges and detection limits demonstrated the high usability of
these sensors for the determination of cholesterol sulfate. For example, the detection limits of tested
sensors 1 and 2 for the detection of cholesterol sulfate were 0.16 M (0.07 mg/L; R2 = 0.9966) and 1.3 M
(0.59 mg/L; R2 = 0.9872), respectively. Our detection limit strongly indicates the potential usability of
these sensors for the determination of biologically important levels of cholesterol sulfate.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Cholesterol sulfate is one of most intensely studied
biomolecules [1]. It is present in various body ﬂuids and tissues, including urine, bile, blood seminal plasma, skin, adrenal
glands, kidneys, and the liver [1,2]. Despite research efforts, the
explanation of its function is limited. It is known that cholesterol
sulfate signiﬁcantly participates in a number of important biochemical, cellular and physiological process such as the immune
response [1,3,4]. Cholesterol sulfate is also an essential part of
the cellular membrane; it serves as a binding site for important
protein factors such as matrix metalloprotease 7 [5]. In the cells,
this compound works as a second messenger, an activator of
protein kinase C and a regulator of syntheses of steroid hormones
[3,6].
A number of recent works show that an imbalance of cholesterol
sulfate metabolism was observed for many pathological states.
An increased concentration of cholesterol sulfate is associated
with X-linked ichthyosis, Down’s syndrome, diabetes mellitus type
l, prostate cancer, and hepatocellular and squamous carcinomas
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[7–11]. On the other hand, its deﬁciency is signiﬁcantly correlated
with many serious diseases such as autism and those associated
with preeclampsia and pernicious anemia [12]. The determination of cholesterol sulfate can also be an effective tool for prenatal
diagnostics. For example, Seneff et al. found a correlation between
maternal cholesterol sulfate deﬁciency and autism in children [13].
Additional works show its usability in therapies for serious
diseases and disturbances. For example, Shi at al. published that
application of cholesterol sulfate can lead to inhibition of hepatic
gluconeogenesis and stimulation of insulin sensitivity and thereby
treatment of obesity and type 2 diabetes [14]. Other therapeutic effects of cholesterol sulfate include possible suppression of
hypoxia in cancer treatment [15].
Therefore, the development of chemosensors for the recognition and determination of cholesterol sulfate has become a hot
topic in analytical chemistry. Its determination is usually realized
by MS spectroscopy and chromatographic methods [16–19]. Nevertheless, the above methods are expensive and time consuming,
involving multi-step sample pre-treatments. For simplicity, convenience and low cost, easily prepared colorimetric sensors are in
highly demand. They are especially attractive, as they may allow
“naked-eye” detection of the analyte without involving any expensive equipment. A number of recent works show that this approach
can be a prospective way to sense biologically important anions
[20–23].
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Problematically, synthetic receptors with afﬁnity for cholesterol
sulfate are limited to only a few methylene blue and methinium
salts [24–26]. While methylene blue can be used for the determination cholesterol sulfate in a mixture of chloroform and methanol,
methinium salts were successfully tested for the recognition of
cholesterol sulfate in a buffered aqueous medium.
Methinium salts are known for their excellent spectral properties (high extinction coefﬁcients) and anion recognition capability.
A number of recent studies have shown that suitably designed
methinium salts can display high afﬁnity and selectivity for various biologically important anionic analytes [24,27–31], especially
sulfated steroids [24] such as cholesterol sulfate, and exhibit signiﬁcant spectral changes.
Unfortunately, this sensor type can also display a spectroscopic
response for other sulfated steroids. Overcoming this obstacle could
be realized by the derivatization of suitable groups with afﬁnity for alkyl derivatives such as cholesterol’s alkyl parts. Some
research groups found that derivatives of Tröger’s base can be
very promising receptors for the complexation of alkyl analytes
[32,33]. Structural motif of Tröger’s bases can be also utilized
in the construction of anticancer agents [34,35]. Therefore, we
tested conjugates of Tröger’s base and quinolinium salts as naked
eye colorimetric sensors for the determination and recognition of
cholesterol sulfate in an aqueous solution.

2. Experimental
2.1. Material and methods
Sensors 1 and 2 were prepared according to the synthetic protocol described in our previous work [36]. Cholesterol sulfate and
other guests were acquired from Sigma–Aldrich (Czech Republic,
Prague).
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Fig. 1. Structures of sensors 1 and 2 used in this study.

2.4. Determination of the detection limit of sensors 1 and 2 for
cholesterol sulfate
The detection limit was determined from the titration data
according to a broadly used method [39] in 1 mM NaCl (H2 O:MeOH;
7:3) at pH = 7.34. According to the results of the titration experiments, the values of absorbance of sensors 1 and 2 at their maxima
(550 nm and 570 nm, respectively) were normalized between the
maximum absorbance (0.0 equiv. free cholesterol sulfate) and the
minimum absorbance. A linear regression curve was then ﬁt to the
normalized absorbance. The detection limits were calculated using
the following equation:
Detection limit =

D
k

where D is the absolute value of the above curve for zero concentration of cholesterol sulfate, and k is the slope between the
normalized absorbance ((A − Amax )/(Amin − Amax )) and the concentration of cholesterol sulfate.
3. Results and discussion

2.2. Determination of conditional binding constants and complex
stoichiometry of sensors 1 and 2 with cholesterol sulfate and other
studied guests
The association of 1 and 2 with guests was studied by means of
UV–Vis spectroscopy in 0.001 M NaCl (H2 O:MeOH; 3:7), pH = 7.34.
Before the start of the titration, the pH of solutions of analytes and
receptors was adjusted to pH 7.34. Since the solvent environment
always affects the binding constants signiﬁcantly, the titrations
were performed in the same environment, with a constant ratio
of MeOH to water. Conditional constants (Ks) were calculated from
the absorbance changes of 1 and 2 using their maxima (A) by
nonlinear regression with the program Letagrop Spefo 2005. The
computational model was described in detail and discussed by
Sillén [37]. The concentrations of 1 and 2 were 7.4 M. The wavelength maxima of salt sensors 1 and 2 were 570 and 550 nm,
respectively. Concentrations of guests varied in the range from 0
to 0.2 mM.

2.3. Determination of the cooperative binding parameter (˛) for
the complexes of sensors 1 and 2 with cholesterol sulfate
The ˛ values were calculated using the following equation,
˛=

4K2
K1

where K1 is the conditional binding constant for the 1:1 complex
and K2 is the conditional binding constant for the 2:1 (guest:sensor)
complex [38].

3.1. Interaction studies of sensors 1 and 2 with analytes
The usability of sensors 1 and 2 for the recognition and
determination of cholesterol sulfate was studied using UV–Vis
spectroscopy. The chemical structures of used sensors 1 and 2 and
the tested sterol derivatives are shown in Figs. 1 and 2, respectively.
Because sensors 1 and 2 form aggregates in water, the binding
results are reported for a mixed solvent: 1 mM NaCl (H2 O:MeOH;
7:3), pH = 7.34.
In line with our expectations, sensors 1 and 2 displayed excellent sensitivity for cholesterol sulfate against other studied guests
(Fig. 3). While the presence of 2 and 3 equivalents of cholesterol
sulfate caused a strong change in the absorption spectra, much
higher levels of potentially competitive guests (20 and 30 equivalents of estrone sulfate, pregnenolone sulfate, cholesterol, cholic
acid, taurocholic acid, citrate and phosphate) produced no signiﬁcant changes in the absorbance of the studied sensors 1 and 2. The
sensors’ interactions with cholesterol sulfate led to a decrease in
intensity of their origin band (approximately one third of the original value) and a shift to a higher wavelength (from 570 to 574 nm
and 550 to 553 nm, respectively). This phenomenon caused a color
change in solutions of sensor 1 and 2 from violet and red to blue
and magenta, respectively.
On the basis of these analytical studies (Figs. 4 and 5), the conditional binding constants (K) of sensors 1 and 2 with cholesterol
sulfate and the stoichiometry of these complexes were determined.
The conditional constants were calculated from the absorbance
changes of 1 and 2 using their maximum (A) by nonlinear regression with the program Letagrop Spefo 2005. Their values are shown
in Table 1. The structural motifs of these sensors enable their
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Fig. 2. Structure of sterol derivatives studied.

Fig. 3. UV–Vis spectra of tested sensors (7.4 M) 1 (A) and 2 (B) and absorbance of tested sensors (570 and 550 nm) 1 (C) and 2 (D) in the presence of 2 and 3 equivalents
) alone sensor, (
) cholesterol sulfate, (
)
of cholesterol sulfate and 20 and 30 equivalents of control guests in 1 mM NaCl (H2 O:MeOH; 7:3 (v/v)), pH = 7.34. (
) estrone sulfate, (
) taurocholic acid, (
) cholic acid, (
), citric acid, (
) cholesterol, (
) phosphate.
pregnenolone sulfate, (

interaction with more molecules of cholesterol sulfate. Tested sensors 1 and 2 have two binding units for cholesterol sulfate (two
methinium salts). In contrast, cholesterol sulfate can interact with
only binding units. First, it carries only one anionic charge. Second,
control experiments revealed no interaction between cholesterol
and sensors 1 and 2. This indicates that the aliphatic part of cholesterol sulfate cannot by itself interact with other receptors and
thereby form other types of complexes. This implies two possible binding modes for the interaction of both tested sensors with
cholesterol sulfate. At lower concentrations of cholesterol sulfate,
the observed complex stoichiometry is 1:1. After adding another

supplement of cholesterol sulfate, its concentration is improved,
and a second molecule can be bound to sensors. As shown in
Figs. 4–6, this binding model had a good ﬁt with measured experimental data.
Among the tested sensors for cholesterol sulfate, a higher afﬁnity was observed for the sensor 1 without a cationic charge in its
Tröger’s base region. This shows not only that the afﬁnity of the
tested sensors for the cholesterol sulfate depends on their opposite charges but also that the hydrophobic interaction between the
sterol part of cholesterol sulfate and the sensors is also important for complex formation. In accord with the above results, a
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Fig. 4. The titration (A) and titration curve (B) (570 nm) of sensor 1 (7.4 M) with respect to cholesterol sulfate in 1 mM NaCl (H2 O:MeOH; 7:3 (v/v)), pH = 7.34.

Fig. 5. The titration (A) and titration curve (B) (550 nm) of sensor 2 (7.4 M) with respect to cholesterol sulfate in 1 mM NaCl (H2 O:MeOH; 7:3 (v/v)), pH = 7.34.

Fig. 6. Titration curves of sensors 1 (A) and 2 (B) (7.4 M) with respect to cholesterol sulfate from 0 to 2.4 and 2.7 equivalents at 570 and 550 nm, respectively, in 1 mM NaCl
(H2 O:MeOH; 7:3 (v/v)), pH = 7.34.
Table 1
Logarithmic values of conditional constants and the complex stoichiometry of studied guest molecules with sensors 1 and 2.
Guest

Sensor 1

Sensor 2

Log K
Estrone sulfate
Pregnenolone sulfate
Cholesterol sulfate
Cholesterol
Taurocholic acid
Cholic acid
Citrate
Phosphate
a
b

Sa

Log K

2:1
1:1
2:1

n.d.
6.2
12.6

b

n.d.
6.8
7.4
13.5

n.d.

n.d.
4.5

2:1
n.d.
n.d.

2.2

Stoichiometry of complex (guest:sensor).
No interaction was observed.

S

1:1

1:1
2:1
n.d.
n.d.
n.d.
n.d.
n.d.

number of high impact works show that molecular recognition
between aliphatic guests (e.g., steroids and alkyl chains) and aromatic receptors can be controlled by hydrophobic interactions
[24,40–44].
To obtain more information about the properties of the 1:1
complex and the subsequent formation of a 2:1 complex, the cooperativity parameter ˛ was determined. This parameter is used to
quantify the extent of the cooperativity between the two host sites
in 2:1 complex formation. If ˛ > 1, the system displays positive
cooperativity; if ˛ < 1, the system displays negative cooperativity;
and if ˛ = 1, this can be indicative of non-cooperative binding [38].
The calculated values of ˛ for sensors 1 and 2 were 0.20 and 6.3,
respectively.
As shown in Figs. 4–6, incorporation of another cationic
charge into the sensor structural motif strongly inﬂuences its
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Fig. 7. The determination of the detection limits of sensors 1 (A) and 2 (B) (7.4 M) for cholesterol sulfate using the normalized absorbance at 570 nm (A) and 550 nm (B),
respectively, in 1 mM NaCl (H2 O:MeOH; 7:3 (v/v)), pH = 7.34.

Fig. 8. The UV–Vis spectra changes of tested sensors 7 and 8 (7.4 M) at 570 nm (A) and 550 nm (B), respectively, upon the addition of different concentrations of cholesterol
sulfate in 1 mM NaCl (H2 O:MeOH; 7:3 (v/v)), pH = 7.34.

interaction with cholesterol sulfate. Sensor 1 can form a complex
even in the presence of a very low concentration of cholesterol
sulfate, while sensor 2 requires a signiﬁcantly larger guest concentration for interaction. This fact could be explained by hydrophobic
interactions between the sensor and the sterol part of cholesterol sulfate. The obtained value of the binding constant strongly
indicates that sensor 1 has a more optimal electron density for
hydrophobic interaction with sterol guests than sensor 2. Bound
cholesterol sulfate suppresses the complexation of other sterol
guests. In the case of sensor 2, the presence of another cationic
charge leads to a lower electron density and thereby most likely a
decrease in its afﬁnity for sterol guests. However, the interaction of
sensor 2 with cholesterol sulfate can optimize its electron density
and thereby promote complexation of a second guest molecule.

tested sulfated steroids (estrone sulfate, pregnenolone sulfate, and
cholesterol sulfate) contain a sulfate group at the same position,
the interaction of cholesterol sulfate with sensors 1 and 2 must
be controlled by another factor. It is most likely that hydrophobic
interactions between the aliphatic part of sterol and sensors 1 and
2 play an indispensable role in binding between sulfate and the
sensors. In accord with this hypothesis, the obtained data indicate
a possible correlation between the number of potential aliphatic
CHx groups participating in these interactions and the afﬁnity of
sensor 1 for sulfate steroids.
Weak or no afﬁnity of both tested sensors for cholic and taurocholic acid can be explained by the different position of the
sulfate or the carboxyl group (alkyl part of the steroid). This ﬁnding suggests that the regioselectivity is highly important for the
recognition of cholesterol sulfate.

3.2. Selectivity of sensors 1 and 2 for cholesterol sulfate
One of the important conditions that can be determined by the
application of sensors for the determination of cholesterol sulfate
is their high selectivity against normal cholesterol. It is well known
that biological samples contain more normal cholesterol molecules
than sulfated ones. For example, in human plasma, cholesterol sulfate comprises approximately 0.1% of the total cholesterol present
[45].
Both tested sensors display an insigniﬁcant interaction with
the other studied analytes (estrone sulfate, pregnenolone sulfate,
cholesterol, cholic acid, taurocholic acid, phosphate, citrate) (Fig. 3
and Table 1). Only slow interactions of sensor 1 with taurocholic
acid and pregnenolone sulfate, accompanied by a slight decrease
in the absorption band, were observed. These facts conﬁrmed the
high usability of the designed structural motif of the tested sensors
for the speciﬁc determination of cholesterol sulfate. Because three

3.3. Determination of the detection limit and linear range of
sensors 1 and 2 for cholesterol sulfate
The detection limits of 1 and 2 as colorimetric sensors for
the analysis of cholesterol sulfate were determined from a plot
of normalized absorbance versus the concentration of the added
cholesterol sulfate (Fig. 7). Both studied sensors 1 and 2 displayed very low limits of detection, 0.16 M (0.07 mg/L) and
1.3 M (0.59 mg/L), respectively. Additionally, their linear ranges
(0–12 M (0–5.85 mg/L) and 2–21 M (0.98–10 mg/L)) indicated
their usability for the determination of biological concentrations of
cholesterol sulfate (Fig. 8).
The human plasma level of cholesterol sulfate is approximately in the range of 1.34–2.78 mg/L [16–18]. In the case of
some serious diseases, such as liver cirrhosis (4.4 mg/L), hypercholesterolemia (4.1 mg/L), Down’s syndrome (2.4 mg/L), X-linked
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ichthyosis (33 mg/L) and diabetes mellitus type I (3.5 mg/L), the
level of cholesterol sulfate was found to be signiﬁcantly increased
[2,9,19,46,47]. These facts indicate that the tested sensors are
suitable for the determination of biological concentrations of
cholesterol sulfate.
4. Conclusion
In summary, we successfully tested two methinium colorimetric sensors, 1 and 2, for cholesterol sulfate. These sensors exhibited
high afﬁnity, sensitivity and selectivity for cholesterol sulfate over
other studied guests in aqueous media. The detection limits of sensors 1 and 2 for the determination of cholesterol sulfate were found
to be 0.16 M and 1.3 M, respectively. The above facts strongly
imply that this sensor type can be a very useful tool for the detection
of biologically important levels of cholesterol sulfate.
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[27] T. Bříza, Z. Kejík, I. Císařová, J. Králová, P. Martásek, V. Král, Optical sensing of
sulfate by polymethinium salt receptors: colorimetric sensor for heparin,
Chem. Commun. (2008) 1901–1903.
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