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The cross-reactivity to many analytes is one major limitation of
most synthetic receptors (SRs) known so far. Herein, we show that
through time-resolved competitive binding assays, even unselec-
tively binding SRs can be utilized for analyte distinction and quan-
tification. Furthermore, our methodology has also been applied to
analyte mixtures and can be used in a microplate format.

Chemosensors have great prospects for medicinal diagnostics,
drug discovery and food safety monitoring, as they can be
superior to biosensors in terms of chemical and thermal
stability, equilibration time, price and scope for small molecule
detection.' Many synthetic receptor molecules, macrocyclic
hosts, and host-dye assemblies have already been utilized as
chemosensors in analyte sensing assays.”> ' In most designs, it
was attempted to achieve complementarity of the chemosensor
to the target analyte, e.g., in size, shape, and charge, such that
they can engage in selectivity-ensuring lock-and-key-type non-
covalent interactions with each other."”*° Unfortunately, the
rational design of chemosensors has not often yielded systems
that possess sufficiently high binding strength besides the
desired selectivity for detecting the target analyte at physiolo-
gically relevant concentrations.*>

In contrast, macrocyclic hosts with a deep hydrophobic
binding pocket, such as cucurbit[z]urils (CBn), deep cavitands,
and pillar[n]arenes, are amongst the most strongly analyte-
binding systems available to date.””®>%?' However, such sys-
tems suffer from a low binding selectivity due to their highly
symmetric cavity interior that is diploid of selectivity-providing
functional groups. For instance, CBn bind a wide range of
analytes, including amino acids and their derivatives, peptides,
proteins, drugs, dyes, and hydrocarbons, with a high affinity in
aqueous media and often outperforming all other synthetic
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binders in terms of affinity.”**">* Consequently, many reports
utilizing CBn and their chromophoric CBrn>dye complexes for
label-free analyte detection and reaction monitoring through
absorbance, fluorescence, circular dichroism, and NMR have
emerged.>*>*2® However, despite this, it remains challenging
to apply CBn-type chemosensors for selective sensing applica-
tions, see Fig. 1a.>°' For e.g., while CB8 has been used for
capturing and solubilizing steroids, its immediate utility for
steroid-sensing applications is limited because many hydro-
phobic compounds are bound with micromolar to nanomolar
affinities by this macrocyclic host.®*> For instance, the three
structurally closely related steroids testosterone (Tes), proges-
terone (Prog) and nandrolone (Nan) possess very similar bind-
ing affinity values for CBS8 (Fig. 1b), and were thus chosen as
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Fig. 1 (a) Schematic representation of two scenarios for the complexa-
tion of two analyte molecules, analyte 1 (Al) and analyte 2 (A2), by a
macrocyclic host (H). Scenario i: If the binding affinities of analyte 1 (K5*%)
and analyte 2 (K{"?) for H are sufficiently distinct; differentiation of the two
analytes by conventional binding assays is possible. Scenario ii: (A1) and
(A2) show a similar affinity for H, preventing their distinction. (b) Chemical
structures of the steroids investigated in this study. Their K{ values with
CB8 host in deionized water are given in parentheses.
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model analytes to develop a kinetics-based sensing assay as an
alternative to common thermodynamics-based binding assays.

In this contribution, we demonstrate that access to the
kinetic data dimension can - at least in parts — alleviate the
cross-reactivity problems of CBn as representative synthetic
receptors. Specifically, kinetic methods that enable analyte
identification and quantification even in situations of poor
thermodynamic selectivity are introduced herein.

Recently, the importance of elucidating both thermo-
dynamic and kinetic parameters of evolving supramolecular
systems has become more evident.>**® We contributed to this
field by the development of time-resolved competitive assays,
i.e., the kinetic analyte-displacement assay (kinADA, Fig. 2a),
the kinetic indicator-displacement assay (kinIDA, Fig. 2b),
and the kinetic simultaneous-analyte-indicator binding assay
(kinSBA).>’*® These assays allow assessing the kinetic para-
meters of host-analyte inclusion complexes with spectroscopi-
cally silent analytes and thereby address the physicochemical
supramolecular community.*”*® In this work, we introduce a
twist into the assay design to assess the potential of time-
resolved competitive binding assays for sensing applications.

While the assay concept may appear similar at first glance,
the requirements for developing sensing assays differ from
those for fundamental physiochemical binding studies. In the
latter case, the accuracy and reproducibility of the measured
and fitted parameters are crucial. The operator can thereby
choose and control the concentrations of all molecular com-
pounds and also has a free choice of the experimental methods
and equipment. Conversely, in a practical sensing task, one
typically encounters a situation where both the identity and the
quantity of the target analyte in the sample is unknown and
where additional cross-reactive compounds can be present.

Starting from these considerations, neither the kinIDA nor
the kinSBA method appeared promising as a starting point for
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developing a sensing assay that can identify an analyte; Firstly,
kinSBA shows a fast signal change directly after assay initiation.
Thus, a sophisticated technical setup (e.g., rapid mixing)
is needed for kinSBA, complicating its adaptation to the high-
throughput microplate reader format. Secondly, for both
kinIDA and kinSBA, the identity and concentration of the
analyte influence the measurable kinetic traces. In our experi-
ence, such parameter coupling somewhat complicates the data
analysis of kinSBA and kinIDA traces, as finding suitable para-
meter guesses for curve fitting typically involves several trial-
and-error rounds.

Fortunately, the experimental setup and data analysis
become facile through the pseudo-first-order kinetic analyte-
displacement assay (kinADAP"), a modified version of kinADA.

In kinADAFF®, the analyte-containing solution is first pre-
mixed and equilibrated with a solution of the host. Then a
solution of a high-affinity indicator dye is introduced by a
spiked addition, and the signal recording is started. In the
course of the dynamic re-equilibration of the system, the
analyte leaves the binding cavity of the host, which is then
rapidly and nearly irreversibly re-occupied by the indicator dye.
In essence, the supramolecular kinADA™® setup produces a
behaviour akin to Sy1 reactions of a substrate R-X with a
nucleophile Nu in organic chemistry. Thus, kinADA™ kinetic
curves are only dependent on the concentration and the
dissociation-rate constant of the host>analyte complex but
not on the type or concentration of the indicator dye. Impor-
tantly, kinADA*™® curves are also independent of analyte
concentration if [hostoanalyte] — const. and [host]gee — 0
at t = 0, ie., if (nearly) all of the added host is bound to the
analyte. This can readily be achieved by adding only a sub-
stoichiometric amount of host to the analyte-containing sam-
ple. Furthermore, as a result of the desirable parameter
decoupling, the fitting of kinADA'"® traces is convenient and
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(a and b) Working principle of the kinetic analyte displacement assay (kinADA) and kinetic indicator displacement assay (kinIDA). The kinetic

parameters kﬂA and kout describe the rate constants for association and dissociation of the H> A complexes. Analogously, kmD and kout refer to the kinetic
parameters of the H> D complex. (c and d) Chemical structures of the macrocycles CB7 and CB8 and the environment-sensitive fluorophores MPCP and

BC utilized in this study as host (H) and indicator dyes (D), respectively.
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Fig. 3 (a) Simulated kinADA and (b) experimental kinADA™® traces mon-
itored at 533 Nm (Lexe = 376 NmM) upon varying analyte concentrations of
Nan (1.2-35.3 uM) in the presence of 1 uM CB8 in water, followed by the
spiked addition of MPCP indicator dye (50 pM). See Fig. S2 in ESIf for
further details and parameters used for the simulations. The insets show
the slope of the initial linear part of the kinetic traces for different analyte
concentrations (c) Simulated kinIDA and (d) Experimental kinIDA traces
monitored at 540 NnmM (Aexc = 462 Nm) upon varying analyte concentrations
for Nan (1.2-35.3 uM) while keeping the concentration of the CB7 > ber-
berine complex at 1 puM. See Fig. S4 in ESIt for further details and
parameters used for the simulations. (e and f) Plots of the initial slopes
of the kinetic traces versus the analyte concentration. The calibration
curves obtained from a linear fit are shown as a red line.

fast as the underlying coupled linear differential equations
network for time-resolved kinetic assays simplifies to a single
exponential equation (see Section 5.3 in the ESIT):

L=1944 ¢ (1)

Thus, the kinADAP"© method readily yields the kinetic dissocia-
tion rate constant of host > analyte complex [kg{ﬁ), which can be
used as a kinetic fingerprint to identify an analyte.

Based on these thoughts, we expected that the kinADA
can be utilized to identify the analyte in an analyte-
concentration-independent fashion. A comparison of the simu-
lated and measured kinetic traces presented in Fig. 3 supports
this prediction. As a first showcase, we explored the behaviour
of the steroid Nan as an analyte in the concentration range
from 1.2 uM to 35.3 uM in water, to which each a substoichio-
metric amount (1.0 pM) of CB8 as the host was added.
Subsequently, the ultra-high affinity indicator dye MPCP?*’
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was introduced in a spiked addition to this host-analyte
mixture, upon which the time-resolved sensing assay was
initiated. Indeed, the simulated and experimentally recorded
fluorescence-monitored kinetic traces (Fig. 3a and b) were
completely independent of the analyte concentration. This is
also evident from the slope obtained from a linear fitting of the
initial linear part of the kinetic traces, which was independent
of the analyte concentration (Fig. 3a and b insets).

Fitting of the kinADA"™® trace shown in Fig. 3b by eqn (1) yielded
the kinetic parameter of 8.14 x 10 > s ' (Fig. S2a and Table S1 in
ESIt), which is within error in agreement with the expected ko
value for the analyte Nan, and succinctly different from the expecta-
tion for Tet and Prog (see Table S3 in ESIt). Future use of the herein
introduced time-resolved supramolecular competitive assays for
analyte identification will require setting up a reference database
of kinetic parameters for combinations of analytes, hosts and
indicator dyes at a defined media composition (e.g., temperature,
pH, salt additives, co-solvents). In our opinion, the open-access
repository SupraBank.org is ideally suited for this task.*’

In addition to the possibility for analyte identification by
kinADA™®, also the quantity of the analyte can be determined
through a kinetic sensing methodology. For instance, the kinetic
traces strongly depend on the analyte concentration for a kinIDA
setup, which can be utilized for quantitive analyte sensing. Fig. 3c
and d shows a comparison of the simulated and measured kinetic
traces for Nan (1.2 pM to 35.3 uM in water) to which a pre-
complexed host>dye solution containing CB7 and BC (each at
1.0 uM) was introduced. Unlike for kinADA™, all concentration-
dependent kinIDA traces are distinct, and the initial slope shows a
linear dependence on the concentration of the analyte (Fig. 3e and
f). Hence a linear calibration curve can be obtained from the
measured slopes for a range of analyte concentrations.

In a practical sensing assay, one must also account for the
interference from other cross-reactive analytes in the media. For
instance, the steroids Tes, Prog, and Nan exhibit a lack of
thermodynamic selectivity for the host CB8. A kinetic-based sen-
sing assay is depicted in Fig. 4a and b, which shows the simulated
and experimentally recorded fluorescence-monitored kinetic traces
upon spiked addition of MPCP to the three solutions containing
each one of the CB8 D steroid complexes in water. The CB8 O ster-
oid indicative khu parameter obtained by fitting the traces to the
exponential decay function (eqn (1)) is listed in Table S3 in the
ESL} The CB8 host exhibits kinetic selectivity for all three steroids
studied. For instance, CB8 exhibit a thermodynamic selectivity
(=KSB5TeS/KSP8P™8) of only 1.2 for Tes over Prog, while the kinetics
analysis displays a much higher kinetic selectivity (=kSee: °8/

CB8Tes) of 3.5. Hence, investigations into the binding kinetics
aid in analyte differentiation and selective sensing even in the
absence of thermodynamic selectivity.

Finally, as the most complicated scenario, we investigated
the occurrence of mixtures of analytes. Fig. 4c and d displays
the kinetic traces for a solution containing CB8 and an equi-
molar mixture of two steroids as analytes, followed by a spiked
addition of MPCP. The kinetic traces obtained were initially
compared to the traces obtained for individual analytes along
with a bi-exponential decay fit which gave a sufficient
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Fig. 4 (a) Simulated kinADA and (b) Experimental kinADAP™® traces mon-
itored at 533 NM (lexc = 376 nm) for CB8>Tes (1 uM, blue), CB8 > Prog
(1 uM, green) and CB8>Nan (1 uM, black) host>analyte complex upon
spiked addition of MPCP dye (50 uM) in water. See Fig. S5 and S6 in the ESI
for further details and parameters used for the simulation. The red line in
Fig. 4b depicts the fitted data according to the kinADA™® binding model
(egn (1)). Experimental kinADAPF® traces monitored at 533 M (lexc =
376 nm) for a mixture of two steroids as analytes (red curve) in case of (c)
CB8 (1 uM), Tes (0.5 uM) and Prog (0.5 pM) and (d) CB8 (1 uM), Tes (0.5 uM)
and Nan (0.5 uM) upon spiked addition of MPCP (50 pM) in water. The
kinetic traces for individual steroids are shown for comparison.

indication for the components of the mixture (Fig. S7 and S8 in
ESIT). In addition, comparing the experimental data with the
simulated kinADA curves for a mixture of two analytes (refer to
Section 5.2 in ESIt for kinADA equations) enabled both the
differentiation of the mixture’s components and the determi-
nation of the concentration ratio of the analytes (Fig. S9 in
ESIT). Indeed, under kinADA®™ conditions, our simulations
revealed desirable independence of the absolute concentra-
tions, while the relative analyte concentration ratio can be
extracted from the data (Fig. S9(a) in ESIt).

Furthermore, we also adopted the time-resolved sensing
method to a microplate reader format (Fig. S10 in ESIt).

In conclusion, time-resolved competitive assays that evalu-
ate receptor-analyte binding and unbinding kinetics enable
selective analyte sensing even with unselectively binding syn-
thetic receptors. Both analyte identification and quantification
are feasible by combining the kinADA™® and kinIDA methods.
Therefore, we believe our method can become a valuable
addition to existing sensing concepts as it provides an alter-
native to the challenging development of selectively-binding
synthetic receptors. A further increase in the data dimensions is
envisioned when additional parameters that differentially affect
the binding and unbinding kinetics of host-analyte complexes
are tuned, e.g., temperature, viscosity, and presence of salts.
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