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A colorimetric chemosensor array based on an indicator displace-
ment assay has achieved not only visualization of differences in
hormone structures but also quantitative detection of sex hor-
mones in their mixtures. Furthermore, the chemosensor array has
allowed the detection of a steroid hormone in diluted human saliva.

Steroid hormones are essential biomarkers playing significant roles
such as sexual functions in the human body.' For example, testos-
terone (H2) is the representative sex hormone related to the health
status of men.'? Testosterone is converted into 17B-estradiol (H7) by
aromatase.’ The levels of both testosterone and 17p-estradiol
involve sexual functions and their disease." In addition, dehydroe-
piandrosterone (H5), 17B-estradiol (H7), and progesterone (H13) are
salivary markers to examine burning mouth syndrome.'? Therefore,
the qualitative and quantitative detection approaches are important
for the practical analysis of steroid hormones. Among macrocyclic
hosts,” cucurbit{n]urils (CB[x]) with hydrophobic inside cavities are
capable of encapsulating not only hydrophobic (e.g:, testosterone
(H2) and progesterone (H13)) but also cationic steroids (e.g;, pancur-
onium bromide (H11) and vecuronium bromide (H15)).> Moreover,
the hydrophilic portals made of ureidyl C—0O moieties can be used
to recognize the binding sites of analytes through non-covalent
interactions (e.g., hydrogen bonds), which contribute to distinguish-
ing analyte geometries with structural similarities.* Considering the
geometries of target steroid hormones (H1-H15), cucurbit[8]uril
(CB[8]) was used as a macrocyclic receptor in this assay. Compared
with CB[7], the larger cavity size is superior to the encapsulation of
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hydrophobic steroid hormones depending on their size and
structure geometry.>

Chemosensors comprising indicator and receptor units are
potent analytical tools to visualize molecular recognition
information.® Based on inherent cross-reactivities of artificial
receptors, chemosensors can bind to various analytes with
similar structures through intermolecular interactions.® Such
chemosensors show cross-reactive optical responses depending
on the types of analytes and their concentrations, which allow
simultaneous discrimination based on pattern recognition.®
Herein, indicator displacement assay (IDA)-based chemosen-
sors were employed to detect various steroid hormones simulta-
neously based on pattern recognition. Although macrocyclic-
type chemosensors including CB[z] have been vigorously devel-
oped for the detection of steroid hormones in supramolecular
chemistry fields,>* simultaneous discrimination has not been
achieved yet. The difficulty of the quantitative assay is attrib-
uted to non-linear sensor responses in analyte mixtures or the
presence of interferents. Herein, we propose a colorimetric
chemosensor array system combined with pattern recognition
methods for simultaneous and quantitative discrimination of steroid
hormones. In this study, 4{N,N'-dimethylamino)-azobenzene deri-
vatives (ie., X = -NH, (1), -OH (2)) and a 4-phenylazopyridine
derivative (3) were selected as indicators to achieve colorimetric
detection (Fig. 1). A transformation of the indicators (1 and 2) to
azonium structures causes drastic color changes,” which is induced
by CB[n] encapsulation. In addition, the 4-phenylazopyridine
derivative (3) shows unique optical properties because of a pyridine
unit as a proton acceptor.®

The complexation based on displacement among an indi-
cator (i.e., 2), CB[8], and a steroid hormone (i.e., testosterone)
was evaluated by "H NMR and MS analyses. Considering the
solubility of the indicator and CB[8], and optical properties
according to azonium formation,*”* all measurements were carried
out in an aqueous DMSO solution (DMSO:water = 1:9, v/v) at pH
3.2 at 25 °C. Fig. S1(a) and (b), ESI+ show upfield shifts in aryl proton
peaks of 2 upon the addition of CB[8]. In particular, the chemical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Chemical structures of indicators (1-3), a receptor (CBI8]), and
target steroid hormones (H1-H15) for an indicator-displacement assay-
based colorimetric detection.

shifts of aryl protons of 2 marked with a red circle and a purple
square indicated that the 4-(N,N’-dimethylamino)benzene unit
was encapsulated by CB[8] (Fig. S1(b), ESIt).* In addition, the
DFT calculation result for the complexation of 2 and CB[8]
suggested the encapsulation of the 4-(N,N’-dimethylamino)
benzene unit (Fig. S3, ESIT). Meanwhile, a pattern of the aryl
proton peaks of 2 in the presence of CB[8] and testosterone
(Fig. S1(c), ESIt) showed a similar to that of the indicator only
(Fig. S1(a), ESIf). The return back of the chemical shifts
indicated the removal of 2 from the complex of 2-CB[8] upon
the addition of testosterone.* Furthermore, MS analysis results
supported 1 to 1 binding stoichiometric complexations of
2-CB[8] (Fig. S5(a)) and CB[8] and testosterone (Fig. S5(b)), ESL,t
respectively. These analyses supported the displacement assay
among the indicator, CB[8], and the steroid hormone.

Next, colorimetric responses derived from the complexation
between the indicators and CB[8] were evaluated by UV-vis host
titrations. The absorption bands of 1 and 2 showed redshifts
upon the addition of CB[8], which suggested an increase in the
number of azonium forms (Fig. S6 and S7, ESIt).” Indeed, DFT
calculation results for the complexations of 1 or 2 and CB[8]
revealed a hydrogen bond between an N-H bond of the indi-
cator and an ureidyl C—0 moiety of CB[8] (Fig. S2 and S3,
ESIt).> Meanwhile, the 4-phenylazopyridine derivative (3)
responded to CB[8] accompanied by blueshifts (Fig. S8, ESIT),
which can be explained by the role of the pyridine unit as a
proton acceptor.® Moreover, the DFT calculation result sug-
gested the encapsulation of 3 by CB[8] (Fig. $4, ESIt). The binding
affinities based on the UV-vis titration isotherms were estimated to
be (3.7 + 0.6) x 10> M~ " for 1, (9.0 & 2.1) x 10> M ' for 2, and
(4.7 + 0.55) x 10> M ™" for 3, respectively.

This journal is © The Royal Society of Chemistry 2025
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Subsequently, the detection ability of the IDA-based chemo-
sensors (i.e., 1-CB[8], 2-CB[8], and 3-CB[8]) was assessed for 15
types of target steroid hormones. The evaluated target steroid
hormones are categorized based on their structural geometries,
such as cyclohex-2-en-1-one structures at ring A with methyl
groups at carbon 10 positions, cationic skeletons, cyclohexanol,
and phenol structures (Fig. 1). Fig. 2 shows examples of UV-vis
titration profiles of 2-CB[8] for testosterone (H2) and 3-CB[8] for
progesterone (H13), respectively. According to the difference in
optical properties in the presence of CB[8], the different color
changes between 2-CB[8] and 3-CB[8] were observed upon
analyte addition (Fig. 3, inset). Among the target steroid hor-
mones, testosterone (H2), progesterone (H13), and drospire-
none (H14) induced drastic color changes, which showed
higher binding affinities to the chemosensors (Table S1, ESIT).
These steroid hormones possess common cyclohex-2-en-1-one
structures at ring A with methyl groups at carbon 10 positions.
The methyl substitution allows the depth immersion of the
hydrophobic analytes into the CB[8] cavity. In this regard,
three chemosensors showed different binding affinities
between testosterone (H2) and nandrolone (H10) because of
differences in the absence or presence of a methyl group at the
carbon 10 position. However, binding affinities for cortisol (H1)
and corticosterone (H3) were moderate even in the same back-
bone. The difference in the binding affinities might be
explained by the increase in hydrophilicity of steroid skeletons
owing to substitution groups such as hydroxy and carboxy
groups.*® Moreover, the inherent nature of CB[8] allowed
drastic colorimetric changes against cationic analytes such
as pancuronium bromide (H11) and vecuronium bromide
(H15).>>? Meanwhile, weak and/or moderate responses were
observed by adding cyclohexanol (i.e., cholic acid (H4)) and
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Fig. 2 UV-vis absorption spectra of the complex of indicator (10 uM) and
CBI8] (20 uM) upon the addition of target steroid hormones in an aqueous
DMSO solution (DMSO :water = 1:9, v/v) at pH 3.2 at 25 °C. (a) 2 for
testosterone and (b) 3 for progesterone. The titration isotherms were
obtained by collecting the maximum absorbance at 517 nm for 2 and
460 nm for 3. Insets show color changes in chemosensors before and
after adding (a) testosterone (300 puM) and (b) progesterone (150 uM),
respectively. [Indicator] = 10 uM, [CB[8]] = 20 uM.
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Fig. 3 Qualitative assay for 15 steroid hormones using LDA. The inset data
contained UV-vis absorption spectra of three chemosensors (1-CB[8], 2
CBI[8], and 3-CBI[8]) before and after adding steroid hormones. [Indicator] =
10 pM, [CB[8]] = 20 uM, and [steroid hormone] = 30 pM. Control means
cluster in the absence of analytes.

phenol structures (ie., estrone (H6), 17p-estradiol (H7), 17a-ethinyl
estradiol (H8), and prednisolone (H12)). Although dehydroepiandros-
terone (H5) is classified into cyclohexanol, obvious color changes were
observed because of the methyl group at the carbon 10 position.
Indeed, three chemosensors showed cross-reactive responses for
15 analytes depending on differences in their chemical structures
and properties, which provided various orders of association con-
stants (Table S1, ESIt). Thus, the differences in molecular geometries
and hydrophobicity of analytes are significant factors in discriminat-
ing analyte structures based on pattern recognition. The limit of
detection of each chemosensor was estimated based on the 3c
method (Table S2, ESIT).”

As the next attempt, a qualitative assay was carried out to
reveal the potential of the colorimetric chemosensors for the
discrimination of 15 analytes. A data matrix was constructed by
UV-vis absorption spectra of three chemosensors before and
after adding the target steroid hormones at 30 uM. The
obtained inset data contained multidimensional information
corresponding to three chemosensors, 15 analytes, and 20
repetitions for each validation. Therefore, linear discriminant
analysis (LDA) was employed to decrease the dimension of the
inset data and classify each component based on their
differences."® As shown in Fig. 3, 16 clusters including control
and 15 analytes were distributed with a 93% correct classifica-
tion rate. Notably, the cluster distribution almost depended on
the order of the binding affinities. In particular, the clusters on
the right side of factor 1 (F1) were categorized based on
cyclohex-2-en-1-one structures at ring A with methyl groups at
carbon 10 positions (i.e., testosterone (H2), progesterone (H13),
and drospirenone (H14)) and cationic skeletons (i.e., pancur-
onium bromide (H11) and vecuronium bromide (H15)). More-
over, the position of clusters of cortisol (H1) and corticosterone
(H3) indicated lower binding affinities than the above-
mentioned analytes. Moreover, the clusters on the left side
of F1 included cyclohexanol (ie., cholic acid (H4) and
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Fig. 4 Semi-quantitative assay using LDA for simultaneous discrimination
of testosterone (H2) and 17B-estradiol (H7) in their mixtures at different
molar ratios. The inset data contained UV-vis absorption spectra of three
chemosensors (1-CBI8], 2-CBI[8], and 3-CB[8]) in the presence of mixtures
of steroid hormones. The total concentration for analyte mixtures was set
as 25 pM. [Indicator] = 10 uM, [CBI[8]] = 20 uM.

dehydroepiandrosterone (H5)) and phenol structures (ie.,
estrone (H6), 17B-estradiol (H7), 17a-ethinylestradiol (HS),
and prednisolone (H12)).

In the qualitative assay, the chemosensor array achieved the
categorization of analyte structures based on the difference in the
skeletons of ring A. Such beneficial power of the chemosensor array
can determine levels of steroid hormones in metabolism based on the
difference in ring A skeletons (e.g:, testosterone (H2) and 17-estradiol
(H7))." Therefore, the colorimetric chemosensor array was applied to a
semi-quantitative assay of testosterone (H2) and 17f-estradiol (H7) in
their mixtures. The LDA canonical score plot (Fig. 4) indicates cluster
distribution depending on the molar ratios (H2 : H7) at 100: 0, 80: 20,
60:40, 40:60, 20: 80, and 0:100, which achieved the discrimination
of levels of sex hormones with a 100% correct classification rate.

Furthermore, the applicability of the colorimetric chemo-
sensor was evaluated by quantitative assay for salivary markers
(i.e., dehydroepiandrosterone (H5), 17p-estradiol (H7), and
progesterone (H13)). The employed method, a support vector
machine (SVM) allows building a linear calibration line from
datasets showing nonlinear sensor responses.*®'! The discri-
minatory power of the chemosensor array for the above salivary
markers in their mixtures was revealed by regression analysis
with SVM (Fig. S45, ESIT). Thus, we further demonstrated the
detection of progesterone (H13) in diluted human saliva sam-
ples (ethics authorization code: 24-385). The assay aimed to
predict concentrations of progesterone (H13) in the human
saliva samples. The predicted datasets (light blue diamonds)
were distributed on the calibration line (blue squares) with
SVM (Fig. 5), which suggested that the accurate prediction of
the target hormone was achieved with low root-mean-square
errors for calibration (RMSEC) and prediction (RMSEP) values.

In summary, we designed colorimetric chemosensors for
qualitative and quantitative detection of steroid hormones

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Regression analysis using SVM for progesterone (H13) in diluted
human saliva. RMSEC and RMSEP represent root-mean-square errors for
calibration and prediction, respectively.

based on pattern recognition. The chemosensors consisting of
indicators (1-3) and CB[8] showed obvious color changes upon
adding the target steroid hormones based on displacement
manners. The molecular self-assembled system provided dif-
ferent binding affinities, which suggested the possibility of
pattern recognition-driven chemical sensing. The LDA canoni-
cal score plot in the qualitative assay showed a high classifica-
tion rate for 15 steroid hormones. The result indicated the
potential of the chemosensor array allowing the cluster cate-
gorization based on chemical information including analyte
structures and their hydrophilicity. Moreover, the chemosensor
array was applied to discriminate levels of testosterone and
17B-estradiol in their mixtures. Each cluster was distributed by
changing the molar ratio of the sex hormones with 100%
correct classification, which suggested the quantitative discri-
minatory power of the chemosensor array. Furthermore, the
chemosensor array was applied to the quantitative assay for the
mixtures of steroid hormones using SVM. The regression
analysis results revealed that the self-assembled chemosensor
array allowed the detection of the steroid hormone in diluted
human saliva. Overall, we first achieved quantitative detection
of steroid hormones using the CB[n]-based colorimetric che-
mosensor array, which revealed the potential of machine
learning methods for IDA-based quantitative detection of ster-
oid hormones. We believe that the proposed chemosensing
approach combined with pattern recognition methods will lead
to new analytical tools to not only visualize slight differences in
chemical structures and their properties of steroid hormones
but also the quantitative detection of steroid hormones in their
mixtures and the presence of interferents.
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