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ABSTRACT: Insufficient binding selectivity of chemosensors often renders biorelevant metabolites indistinguishable by the widely
used indicator displacement assay. Array-based chemosensing methods are a common workaround but require additional effort for
synthesizing a chemosensor library and setting up a sensing array. Moreover, it can be very challenging to tune the inherent binding
preference of macrocyclic systems such as cucurbit[n]urils (CBn) by synthetic means. Using a novel cucurbit[7]uril-dye conjugate
that undergoes salt-induced adaptation, we now succeeded in distinguishing 14 bioorganic analytes from each other through the
facile stepwise addition of salts. The salt-specific concentration-resolved emission provides additional information about the system
at a low synthetic effort. We present a data-driven approach to translate the human-visible curve differences into intuitive pairwise
difference measures. Ion mobility experiments combined with density functional theory calculations gave further insights into the
binding mechanism and uncovered an unprecedented ternary complex geometry for CB7. TThis work introduces the non-selectively
binding, salt-adaptive cucurbit[n]uril system for sensing applications in biofluids such as urine, saliva, and blood serum.

B INTRODUCTION

Synthetic receptors and chemosensing ensembles capable of
distinguishing structurally similar bioorganic analytes are
crucial for developing facile, low-cost, and parallelizable
sensing methods that are applicable in molecular diagnos-
tics.' > In particular, macroc?rclic systems, for example,
cryptands,”” calix[n]arenes," '® cavitands,''™'* naphtho-
tubes,””™"7 and cucurbit[n]urils'®"? can strongly bind
biorelevant analyte classes, such as metabolites, neuro-
transmitters, steroids, or metal cations in aqueous media.
Unfortunately, macrocyclic hosts are in most cases composed
of a fully covalently linked organic framework,”*~** and thus, it
can be challenging and time-consuming to tune their binding
properties through the synthesis of new macrocyclic
derivatives. Moreover, nearly all macrocyclic building blocks
are structurally highly symmetric and consequently are rather
unselective binders. In other words, they do not mimic the
asymmetric and selective binding pocket of proteins.”®

The installation of labile interaction motifs into supra-
molecular building blocks has become of recent interest as it
allows for an adaptation of the molecular constitution in
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response to internal or external factors.”’ ' Indeed, the
development and screening of some synthetic receptor families
have been facilitated and accelerated in this way.”” "
Nevertheless, it is unfortunately not obvious how to install
dynamic covalent bonds into the framework of the
aforementioned macrocyclic host classes.

For instance, while the propensity of cucurbit[n]uril (CBn)
macrocycles to strongly bind a wide range of biorelevant
organic compounds such as biogenic amines,” amino acids,*®
and steroids’” in water has spurred the development of
ingenious assays for monitoring biophysical and enzymatic
processes,” " successful applications of CBn chemosensing
ensembles in biofluids, for example, for molecular diagnostic
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Figure 1. (a) Schematic representation of the herein introduced unimolecular CBn-based chemosensor that undergoes salt-induced adaptation and
that can be used for the distinction of bioorganic analyte in aqueous media and biofluids. (b) Schematic principle of the salt-addition assay
workflow that enables the distinction of biorelevant analytes through the salt-adaptive CB7-NBD chemosensor.

: 40,41 .
purposes, remain scarce.” " There are two major obstacles

that hamper the transfer of aqueous CBn-model systems to
biofluids: (i) The analyte selectivity of CBn systems is
relatively low compared to that of established biosensors,
causing confounding cross-reactivity in complex media. (ii) As
a consequence of their remarkable affinity to metal cations—
for example, logK,(CB7) = 3.41, 3.46, and 4.25 for Na*, K*,
and Ca®', respectively’”—CBn-guest complexation is also
strongly subject to competitive binding by the salts occurring
in biofluids.**

With synthetic advances for the preparation of functionaliz-
able cucurbit[n]uril derivatives, new opportunities for the
design of responsive CBn systems have emerged**™*® with
which ultra-strongly binding guests such as the drug
amantadine can be detected in biofluids.” Nevertheless,
sensing of less strongly binding metabolites or drugs has so
far required the preparation and use of a library of differentially
selective chemosensors in combination with multivariant data
analysis.”**™° In principle, it would be thus desirable to
develop additional CBn derivatives and conjugates that display
differential selectivity for particular biorelevant analytes of
interest. However, despite many creative attempts yielding
structurally fascinating CBn analogues such as chiral CBn, nor-
seco-CBn, or acyclic CBn,"*'”°"** significant improvements of
the native binding selectivity of CBn macrocycles have not
been achieved yet.”*>*

Herein, we introduce a new concept that turns the
shortcomings of cucurbit[n]urils—their wide analyte-binding
scope (— low selectivity) and their propensity to bind metal
cations (— CBn-guest complex disintegration in saline
media)—into distinctive and desirable features. Our report
also demonstrates the future potential of sensing applications
in biofluids with adaptive chemosensors.

B RESULTS

Design of the Chemosensor. While adaptive chemo-
sensors were expected to possess fascinating and desirable
properties, it was not obvious to us how to integrate dynamic
covalent bonding motifs into the framework of macrocyclic
synthetic binders such as cucurbit[n]urils. Herein, metal
cation-host co-complexation is introduced for constructing an
adaptive chemosensor.
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The adverse effects of salts on the performance of non-
covalently bound CBnDdye chemosensing ensembles are well
known (see also Figure S1 for two instructive example dyes for
CB?7), which in the past prompted us and others to employ
“minimal” buffers (e.g, 10 mM sodium phosphate) when
setting up CBn-based assays.””*” We wondered if the sizeable
affinity of CBn for metal cations can be exploited instead of
mitigated for designing novel CBn-type chemosensors (Figure
1). In the ideal scenario, much more information about the
molecular composition of a biorelevant medium can be
harvested with a chemosensor whose analyte-binding proper-
ties and spectroscopic features are tunable through stepwise
concentration increase in a single salt type, or through use of
different salt types at a fixed concentration, or through a
combination of both.

We reasoned that a covalently tethered reporter dye is
needed to ensure the resistance of the chemosensing entity
toward dilution and competitive salt binding, both of which are
known to negatively impact the integrity of non-covalent
CBnDdye chemosensing ensembles (Figure la). However, all
the known CBn-binding reporter dyes*>® are likely not
suitable for devising a unimolecular CBn-based chemosensor
that is applicable for the detection and differentiation of
bioorganic guests: First, when covalently tethering any of the
known cationic and strongly binding reporter dyes such as
berberine to CB7, one inevitably enhances their binding
strength because the effective molarity is positive when using
an appropriate tether length.”” This results in a chemosensor
that can detect only ultra-high-affinity synthetic guests
concomitant with being unresponsive to weaker binding
biorelevant compounds.”” Second, a positively charged
reporter dye will electrostatically repel metal cations and
thus impede their binding to the carbonyl-fringed CBn-rim,
thereby arriving at a salt-unresponsive chemosensor. In
contrast, when grounding the unimolecular chemosensor
design on inherently weakly binding and non-charged reporter
dyes, a wide range of bioorganic guests will be targetable in
aqueous media, and co-complexation of metal cations by the
host framework will be exploitable for chemosensor adaptation
and selectivity tuning (Figure 1b, top).

Selection of a Suitable Dye for Tethering to CB7.
First, the available literature on environment-responsive non-
charged fluorescent dyes was screened as they are expected to
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provide an emission change upon inclusion into the hydro-
phobic CB7 cavity and at the same time likely tolerate co-
binding of metal cations to CB7. Only dyes with suitable size
dimensions for forming inclusion complexes with CB7 were
considered. This removed all xanthene dyes from the candidate
list. Furthermore, those dye candidates were excluded that
have already been reported as CB7-binding dyes as their
affinity would become too large upon their covalent tethering
to the CB7 macrocycle. Finally, we funneled down on the
small, non-charged, and highly solvent-polarity-responsive
fluorescent reporter dye nitrobenzoxadiazole (NBD)® as a
promising candidate for covalent tethering to CB7. Indeed, the
hardly detectable spectral change of NBD upon addition of
CB7 confirmed that CB7 and NBD do not form a binary
inclusion complex in aqueous solution in the low micromolar
concentration range (Figure S6), supporting our assumption
that this polar and non-charged chromophore has a weak
inherent affinity for CB7.

Synthesis of the CB7-NBD Chemosensor. In a first step,
4-chloro-7-nitrobenzofurazan (NBD-Cl) was conjugated to an
azide-terminated tetraethylene glycol (TEG) chain. See
Supporting Information for detailed synthetic procedures.
Second, this NBD-TEG was covalently tethered to a propargyl-
functionalized monosubstituted CB7 (prepared according to
literature procedures*’) via an azide-alkyne Huisgen cyclo-
addition reaction to obtain the CB7-NBD conjugate after
purification by HPLC (Scheme 1).

Scheme 1. Preparation of CB7-NBD via an Azide-Alkyne
Huisgen Cycloaddition
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"H NMR experiments were carried out to characterize the
conformation of CB7-NBD in an aqueous solution. It was
discovered that the NBD protons exhibit clear upfield shifts
upon dye tethering to CB7 (Figure 2a,b). This observation is
consistent with an inclusion of the NBD moiety in the CB7
cavity through the adoption of a folded, unimolecular complex
structure. Noteworthily, the addition of salts markedly
increased the solubility of CB7-NBD and the quality of the
"H NMR spectrum, giving first evidence that the desired co-
binding of metal cations to the chemosensor occurs.

Photophysical Features of CB7-NBD. As anticipated
from the known photophysical properties of NBD dyes and
self-inclusion complex formation, aqueous solutions of CB7-
NBD are highly emissive (4., = 475 nm, Ao, = S00—600 nm;
see Figure 3a, bold black curve), whereas the corresponding
NBD-TEG molecule on its own is very weakly fluorescent in
aqueous solutions at the same concentration (Figure 3a, blue

curve). Importantly, CB7-NBD responds uniquely toward the
addition of inorganic salts as it features an emission
enhancement and characteristic absorbance/emission maxima
shifts which can be attributed to a strengthening of the
unimolecular self-inclusion complex through cation co-binding
(Figures S8—9 and Table S1). In contrast, all binary CBnDdye
chemosensing ensembles that we are aware of undergo dye
expulsion from the CB#n cavity upon salt addition (Figure S10
showcases two examples).

Interaction of CB7-NBD with Bioorganic Analytes.
When typical CB7-binding guests,”"®* for example, cadaverine
or amantadine, were added to an aqueous solution of CB7-
NBD, inclusion complex formation with the analyte and
concomitant displacement of the NBD fluorophore from the
CB?7 cavity occurred as was concluded from the characteristic
"H NMR peak shifts (Figure 2c,d). Addition of excess analytes
into a solution of CB7-NBD results in the NBD protons
(marked with red and blue squares) undergoing significant
downfield shifts (A = 0.5 and 0.3 ppm, respectively). Note
the slight but significant differences between the aromatic 'H
signals of NBD-TEG and the different CB7-NBDDguest
complexes. These findings give the first indication that the
NBD moiety of the guest-bound chemosensor is located in
proximity to the CBn portals and may engage in additional
interactions with the bound guest, as graphically depicted in
Figure la. This mechanistic interpretation was further
supported by the strong intensity decrease and slight
bathochromic shift of the emission signal of CB7-NBD,
indicating that the reporter dye was exposed to the polar
solvent environment upon guest addition (Figure 3a).
Likewise, guest addition to the chemosensor also caused a
slight hypochromic and hyperchromic shift in the absorbance
spectrum (Figure S11). Subtle but significant differences were
discovered for the photophysical properties of the linker
molecule NBD-TEG in comparison to the different CB7-
NBDDguest complexes (Table S1).

Emission-based titration experiments were carried out to
assess the binding strength of CB7-NBD with typical CB7-
binding bioorganic guests (Figures S12—2S and Table 1).
Pleasingly, it was observed that CB7-NBD shows only
modestly reduced binding affinities compared to the parent
molecule CB7, for example, logK, = 7.0 versus 7.5 for PheGly®®
or 6.7 versus 7.4 for methyl viologen (M, V)% complexation in
deionized water. This supports that expulsion of the reporter
dye NBD from the CB7 cavity causes only a low energetic cost
instead of the previously observed stron ng guest-affinity
reduction of strongly self-bonded CB7-BC.”” Examples of
typical analytes’ binding affinities with CB7-NBD are listed in
Table 1, which also provides a comparison between deionized
water and 1X PBS (consisting of 137 mM NacCl, 2.7 mM KCJ,
10 mM Na,HPO,, and 1.8 mM KH,PO,) as the media.
Expectedly, logK, values are markedly attenuated in the
presence of the salts occurring in 1X PBS, yet they are still
large compared to many other supramolecular hosts. Thus, the
introduced chemosensor can be used to complex a wide range
of bioorganic analytes in aqueous media.

At first sight, it may seem limiting with respect to sensing
applications that CB7-NBD complexes many bioorganic
analytes with similar affinity. It is now presented how this
apparent shortcoming can be transformed into a useful feature
by involving the unique response of CB7-NBDDguest
complexes to the addition of salts.
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Figure 2. Overlay of '"H NMR (500 MHz, D,0) spectra of (a) NBD-TEG (black), (b) CB7-NBD (red), (c) CB7-NBD with an excess of
cadaverine (blue), and (d) CB7-NBD with an excess of amantadine (pink). The appearance of the singlet peak at 8.04 ppm (marked with a green

square) confirmed the triazole formation via click reaction.
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Figure 3. (a) Emission spectra (4., = 475 nm) of CB7-NBD (1.0 uM)
upon addition of cadaverine (from bold black curve to red curve) and
NBD-N; (1.0 uM) (blue curve). (b) Representative emission-based
titration of the CB7-NBDDcadaverine complex with NaCl,g (Aex =
475 nm).

Response of CB7-NBDD>Guest Complexes to Salts. A
unique behavior of CB7-NBDDguest complexes was observed
when titrating their aqueous solutions with salts. For instance,
Figure 3b shows the steep emission increase for CB7-
NBDDcadaverine upon addition of NaCl,, indicating the
expulsion of the dicationic cadaverine from the chemosensor
cavity and the re-binding of the NBD moiety upon Na'-co-
complexation. The corresponding absorbance spectra corrob-
orate this assumed binding model for cadaverine and other
positively charged guests such as spermidine (Figure S11le,f).
Conversely, NaCl,, addition to CB7-NBD inclusion complexes
with the non-charged guest pinacol did not fully reverse the
absorbance spectra to that of self-folded CB7-NBD (Figure
S11c), which suggests that the guest remains engulfed in the
host’s cavity (and consequently, the NBD remains mostly
outside the host’s cavity), as depicted in Figure 1. Finally, CB7-
NBD inclusion complexes with an ultra-high-affinity guest such
as amantadine and 1l-adamantanol were almost NaCl,g-
unresponsive. As will be discussed below, the interaction of
salts with CB7-NBD does not merely cause only the
competitive guest displacement from the CB7 cavity but
induces the adaptation of different supramolecular structures
(Scheme 2a) depending on the analyte type, salt type, and salt
concentration present. In this respect, it is justifiable to term
CB7-NBD a salt-adaptive chemosensor even though it lacks
dynamic covalent bonding motifs.”®

Table 1. Binding Affinities of CB7-NBD with Bioorganic
Analytes from Fluorescence Titration Experiments in
Aqueous Media“”

analytes logK, (M™")
H,O0 1x PBS

putrescine (Put) 52 <3.0”
cadaverine (Cad) 7.0 4.0
spermidine (Spd) 6.3 33
spermine (Spm) 7.8 39
agmatine (Agm) 5.5 <3.0°
tyramine (Tyr) 5.8 3.8
amantadine (AdNH,) >8.0” >8.0°
L-phenylalanyl glycine (PheGly) 7.0 4.5
nandrolone (Nan) ‘ 42
methyl viologen (M,V) 6.7 4.1
1-adamantanol (AdOH) >8.0° ¢
pinacol 5.2 4.1
4-fluorophenethylamine (4F-PEA) 6.4 4.1
1,8-octanediyl-bis(methylimidazolium) (Cgmim) >8.0" 5.9

“10 uM NaCl was added to CB7-NBD (1 uM) for solubility reasons.
The estimated error in logK, is 0.2. 1X PBS consisting of 137 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,.
bBinding curves too flat (Put, Agm) or too steep (others); thus K,
determination was not attempted. ‘K, determination not attempted
due to slow equilibration.

Opverall, it appears promising to devise a sensing assay where
the analyte distinction is achieved by the differential emission
responses of CB7-NBD analyte complexes to the addition of
different concentrations and types of salts.

Microplate Assay Utilized for Analyte Distinction. The
salt-based analyte distinction assay can be carried out in
microwell plates with fluorescent plate readers, enabling array-
based sensing strategies (see also Figure 1b). In this way, the
emission responses of different CB7-NBDDanalyte complexes
to various salts were accessible in a convenient fashion in
parallel experiments. The principle of our novel salt-addition
assay for analyte distinction is schematically depicted in
Scheme 2a. In the assay preparation step, CB7-NBD is added
at a fixed sub-stoichiometric concentration to an aqueous
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Scheme 2. (a) Schematic Representation of Salt-Induced Analyte Distinction by CB7-NBD.“b) Chemical Structures of the

Tested Analytes.”
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a function of salt concentration and salt type. These processes provide analyte-indicative information and enable their distinction. “All compounds

are shown in their native charge state in water, pH 7.

solution of the analytes, thereby ensuring that a high degree of
complexation of the chemosensor is reached relatively
independent of the binding affinity of the guest. Inorganic
salts, for example, alkaline chlorides, are then titrated stepwise
into the assay mixture for which the emission intensity is
recorded and plotted against the concentration of added salt.

The obtained salt concentration versus emission intensity
plots are shown in Figures 4a and S26—53. The contrast to
standard IDAs illustrates how our CB7-NBD-based salt-
addition assay provides unique opportunities for analyte
distinction in aqueous media. For instance, a much steeper
emission increase was observed when titrating NaCl,, to a
solution containing the CB7-NBDDbiogenic amine complexes
than the weak emission responses with the chemosensor in the
presence of, for example, nandrolone (Nan), PheGly, or
pinacol (Figure 4a). Moreover, CB7-NBD complexes with the
ultra-high-affinity guests, adamantanol and amantadine, were
almost unresponsive to NaCl,, addition and thus were directly
identifiable compared to all other analytes tested. Thus, a
subgrouping of guests can already be achieved by CB7-NBD
through addition of a single salt.

Note also that control over the added salt concentration
provides a facile path to harvest useful information for analyte
distinction. For instance, while Cgmim, pinacol, and the
control sample are difficult to distinguish when 300—500 mM
NaCl was added, their distinction becomes apparent at

13088

>800 mM. In contrast, the distinction of the control sample
from AANH, and AdOH is possible when 300—500 mM NaCl
is present but becomes infeasible when approaching 1000 mM
NaCl. Furthermore, standard IDA-type non-covalent
CBnDdye reporter pairs, for example, CB7DBC (Figure 4ac,
right side) and CB7DOMDAP (Figure S5S), or the cationic
unimolecular chemosensor CB7-BC (Figure SS57) were
incapable of distinguishing the bioorganic analytes.

Additional and complementary information for the analyte
distinction can be harvested when different salts are added, for
example, NH," or alkaline (Li* to Cs*) and earth alkaline
metals (Mg“ to Ba®"). For instance, a much steeper emission
increase was observed when titrating LiCl,, to a solution
containing the CB7-NBDDspermidine complex than when
adding LiCl,; to the CB7-NBDDspermine sample (Figure
S28), while these two biogenic amines were less distinguish-
able by NaCl,, addition.

Data Analysis and Quantification of Analyte Salt-
Response Differences. The chemosensor emission data
gathered for each analyte sensing experiment result in
additional data dimensions for each employed salt concen-
tration and salt type. To arrive at visually easy-to-analyze
graphs, the data dimensionality was reduced by principal
component analysis (PCA), an unsupervised data analysis
method that is widely employed in differential sensing
studies.””*” " First, PCA was performed solely on the
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Figure 4. NaCl salt-addition response curves of the unimolecular
chemosensor CB7-NBD, left, compared to a standard indicator
displacement assay (IDA)*® with a binary complex of CB7 and
berberine chloride (BC), right. The assay was initiated by preparing a
mixture of chemosensor (1.0 uM CB7-NBD or 1.0 uM CB7 + 1.2 uM
BC) and 200 uM of the analyte in 10 mM phosphate buffer, pH 7.45.
Note that the buffer contains 17 mM Na* cations. (a) Normalized
plot of the emission intensity as a function of the concentration of
added NaCl. Three replicas of the emission responses for each
analyte-NaCl combination are shown. Control/blank: Experiments
without CB7-binding analyte/without a chemosensor. (b) PCA biplot
of the first two principal components of I,,(c) after PCA with all
analytes upon addition of NaCl and 95% confidence ellipses. The
black loading vectors reflect the influence of each concentration on the
first two principal components. Orthogonal vectors indicate
uncorrelated information between the corresponding measurements,
whereas parallel vectors indicate redundant information. Each arrow
in the plot (c;—c,) corresponds to one concentration of NaCl (¢, =
285 mM, ¢, = 545 mM, ¢; = 782 mM, and ¢, = 1000 mM). (c)
Distances between any two replicas’ emission responses. Distances
were quantified through the normalized root mean squared deviation
of the emission values at four concentrations of NaCl. The three
replicas per analyte are depicted inside the blocks as smaller squares.
The blocks correspond to different analytes and are separated by thick
white lines. Yellow color marks small distances (curves are very
similar); violet color marks larger distances (curves are more
different).

single-salt NaCl-addition data with the data from all analytes
together. We visualized the first two principal components of
the I, curves and the loadings of the four concentrations

(Figure 4b). Distinct data clusters were observed for most
analytes, substantiated by non-overlapping 95% confidence
ellipses, which were computed from the replica measurements
for each analyte. In summary, NaCl and other alkaline salts
(Figures S28—35) performed excellently and enable the
simultaneous distinction of many bioorganic analytes from
each other. Titration with either KCI (Figure S31), NH,NO,
(Figure S41), or NaNO; (Figure S43) even sufficed to
distinguish all analytes in this study without the need for an
array-based setup. In contrast, the PCA graphs did not allow
for analyte differentiation when the IDA-type chemosensing
ensemble CB7DBC (Figure 4b) or other known CBn-based
systems (Figures S55—58) were used instead of the salt-
adaptive chemosensor CB7-NBD. This observation even holds
true if the emission data curves for the control sample (= no
CB7-binding analyte is present) and blank sample (= no
chemosensor was added) were removed prior to the cluster
analyses. While in this case, the PCA biplots expectedly
showed clearer clustering of the analyte data points than in the
presence of control and blank, the salt addition assay with
CB7-NBD still offers a superior analyte distinction capability
than the use of the standard IDA chemosensors (Figures S59—
60). Second, if a single salt does not provide sufficient
information to distinguish all pairs of analytes, additional
information can be obtained from repeating the assay with
further types of salts (Figures S26—53). For instance, while the
data clusters for AANH,, AdOH, and the blank sample overlap
for the NaCl addition data, AANH, can be distinguished from
AdOH by RbCl addition (Figure S32). Likewise, La(NO;),
addition can be used to identify the blank sample (Figure $48).

Third, it is also possible to jointly process the data from all
salt-addition measurements at once, that is, both the
concentration dependence (herein Ny conc = 4) and salt-type
dependence (herein Ny, ypes = 14) and thus to involve 4 X 14
= 56 values for each analyte, which can further enhance the
analyte distinction capabilities. Again, a common two-dimen-
sional PCA can be used for this analysis (Figure S54), but we
suggest involving a three-dimensional PCA or other machine
learning techniques to better reflect and leverage the additional
amount of information available (see the Supporting
Information for more details).

The opportunity to obtain additional data by salt addition to
a single chemosensor is a major asset of our assay format
compared to previous receptor-library-based approaches, for
which it is necessary to synthesize many artificial binders.
However, we found that it was not required to employ many
different salts for our analyte test set—the data obtained from
four concentrations of 1—2 different salt types (mostly alkaline
salts) appeared generally sufficient for analyte distinction.
Table S2 lays out which pairs of analytes can be separated by
which salts. It is worth noting that a growing number of salt
types, analogue to using a growing number of IDA receptors,
statistically increases the chance of false discoveries of
differences between analytes (multiple comparisons problem).
If necessary, this can be addressed with Bonferroni
correction.”’

In order to summarize the difference between the salt
responses of any pair of specimens a and b in a single, intuitive
quantity, the root mean squared deviation of the salt-induced
emission responses I, was calculated for each salt (offset-
corrected (I,,(c) = IL,(c) — L,(c = 0)) and normalized
(Im(c) = I,(c) /max ( | I, (all concentrations and analytes)l):
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The corresponding plots that depict the pairwise distance
A(I, I,) between any two replicas/samples are presented in
Figure 4c. It can be seen that except for the ultra-high-affinity
guests, adamantanol and amantadine, whose CB7-NBD
complexes are essentially salt-unresponsive, it is generally
feasible to pairwisely distinguish two analytes from each other
when selecting an appropriate salt as a titrant.

Differential sensing of analyte mixtures was also investigated
using the salt-addition approach. For demonstration purposes,
mixtures of spermine and nandrolone were utilized and found
to be clearly distinguishable from each other, for instance,
through the titration with NaCl,,, see Figures S61—62.

Differentiation of Biogenic Amines by Salt-Addition
Assays. In order to elucidate the future prospects of salt-
adaptive chemosensors, we attempted the distinction of the
most important biogenic amines, that is, putrescine, cadaver-
ine, agmatine, tyramine, spermidine, and spermine, which are
all polycationic, see also Scheme 2b for their chemical
structures and Table S3 for their physiological occurrences in
different biofluids. Figures S63—68 present the array-based
emission data for salt addition to solutions containing biogenic
amines (500 M) and CB7-NBD (1 M) in 10 mM phosphate
buffer, pH 7.45. Generally, the salt-adaptive CB7-NBD
chemosensor appears capable of distinguishing also these
structurally similar and thus challenging analytes from each
other. Similar observations were made for the salt-response
data obtained at 200 uM concentration of biogenic amines,
suggesting that the assay is not adversely disturbed by
concentration differences if the analyte occurs at concentration
excess compared to the chemosensor such that a high degree
of chemosensor complexation is ensured when initiating the
salt-addition assay (Figures S69—76). Salt-addition assays were
also carried out at 10 times lower concentration (20 M) of
biogenic amines in the presence of 0.1 or 0.25 uM of CB7-
NBD (Figures S77—84). Again, all analytes were clearly
distinguishable from each other in both corresponding PCA
and distance plots.

Application of CB7-NBD to Human Biofluids. Having
established the stability of CB7-NBD and its utility for analyte
differentiation in 10 mM phosphate buffer, we wondered if the
chemosensor can also be applied to biofluids. This is a scenario
where most supramolecular chemosensors, particularly also
contemporary CBn-based systems, lose any prospect due to
their disintegration or unselective binding properties. Thus, the
performance of the salt-addition assay with CB7-NBD was first
tested in analyte-spiked biofluids such as human urine and
deproteinized human serum (Figure Sa,b) as well as in artificial
saliva and artificial synthetic urine (surine), see Figures S85—
90.

It is very encouraging to see that our chemosensor in
combination with the salt-addition assay is well suited for
distinguishing all spiked biofluid specimens from each other.
The only difficulty arose again for the distinction of the ultra-
high-affinity guests, for which CB7-BC can be a more suitable
chemosensor choice.*”

where ¢ stands for the salt concentration and, again, N,
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Figure S. PCA biplots with 95% confidence ellipses resulting from the
emission intensity at S50 nm (4., = 475 nm) as a function of the
concentration of added NaCl with 1 pM CB7-NBD in (a) human
urine spiked with 200 uM analytes and (b) diluted human
deproteinized serum spiked with 200 #M analytes. The corresponding
colorimetric plots for differences in emission response between
pairwise replicas/samples were presented on the right side.

Finally, we also evaluated if different non-spiked urine
samples from healthy volunteer donors can be differentiated
from each other. This was indeed the case, both for the parent
urine samples (which also differed in their background
emission) and for pre-diluted urine samples that were adjusted
to a similar or nearly identical background emission prior to
chemosensor and salt addition (Figures $91—93). On the one
hand, such matrix effects are not desirable for specific analyte
sensing. On the other hand, we intend to apply our salt-
addition chemosensor protocol to urine samples from healthy
donors versus that of diseased patients to develop a method for
subgrouping of patient samples. In this scenario, a composite
response caused by the interplay of many analytes in the matrix
might not be a disadvantage. Note again that the information
content available can be easily increased by the use of
additional salts (see Supporting Information, Figures S85—88
show this for spiked saliva samples that were analyzed by CB7-
NBD through the addition of NaCl and CsCl) or other types
of chemosensors.

Characterization of the Binding Geometries by lon
Mobility Experiments and DFT Calculation. Encouraged
by the promising analyte distinction capabilities of CB7-NBD,
we aimed to uncover a molecular picture of its binding modes.
Thus, ion mobility experiments were combined with DFT
calculations to unravel the conformations of analyte-bound and
unbound CB7-NBD chemosensor. Further, we hoped to
identify differences to the com7p1ex geometries of literature-
known CBn-guest complexes.”"””

Figure 6a displays a representative structure of a Na*-CB7-
NBD complex that was geometry-optimized by dispersion-
corrected DFT calculations, see Supporting Information for
details. The energetically lowest conformer (out of 10
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Figure 6. Left: Structures of (a) [CB7-NBD-Na]* and (c) [CB7-
NBDDcadaverine-2H]** obtained at the DFT level (BP86/disp3-bj/
def2-SV(P)). The guest molecules and the NBD unit inside the cavity
are depicted with van der Waals spheres. Hydrogen atoms are not
shown for clarity, except for the two protonated amino groups of
cadaverine. The CB7 unit is shown in light gray. Atoms colored in
blue, red, and gray refer to nitrogen, oxygen, and carbon atoms,
respectively. The sodium cation is shown in purple. Right: Mass
spectra and ion mobilograms of (b) [CB7-NBD-Na]* and (d) [CB7-
NBDDcadaverine-2H]**.

investigated conformers) showed the expected inclusion
structure of the CB7-NBD linker and the bonding interaction
of Na* with —CO— groups of CB7 and the —NO, moiety of
NBD with Na—O distances of 2.34 and 2.23 A, respectively.
The structure and Mulliken charge distributions were then
used to calculate collision cross sections (CCSs) based on the
trajectory method (TM),”” see the Supporting Information.
Direct experimental support for this predicted conformer
structure was obtained from ion mobility experiments, where
only one conformer of the Na*-CB7-NBD complex (Figure
6b) was observed in the gas phase. Pleasingly, a good match
between the experimentally determined CCSs and the
calculated CCSs was found (Figure 6b and Table S4). For
comparison, hypothetical unfolded structures with an external
NBD moiety were calculated. These structures exhibit
considerably higher DFT energies and also much larger CCS
values that are not in agreement with the experimentally
obtained ion mobility cross sections (Figure S96a and Table
S4). A similar combined experimental-computational strategy
was pursued for characterizing three representative CB7-
NBDDguest complexes, namely, with cadaverine, adamantanol,
and amantadine as guests.

For the double protonated [CB7-NBDDcadaverine-2H]*
complex, DFT calculations suggest that a highly unusual dual
CB7-inclusion complex is formed when the guest occurs in its
native double protonated state (Figure 6¢c). The available
experimental evidence, that is, the measured CCS is in good
agreement with the computed complex structure (Figure 6d),
whereas the most “intuitive” simple cadaverine inclusion
complex with a dangling NBD chromophore can be excluded
both from its computed conformation energy and from the

discrepancy to the measured CCS value. Instead, both the
NBD chromophore and cadaverine-2H" reside side-by-side,
which provides a rationale why distinct photophysical
properties have been observed for this system also in solution
(see above). To the best of our knowledge, these computa-
tional and experimental results are the clearest indications
known so far that CB7 can form ternary complexes akin to the
well-known dual guest complexation mode of CB8. In contrast,
for the monoprotonated [ CB7-NBDDcadaverine-H]* complex,
an entirely different, exclusion-type structure was predicted by
DEFT calculations as the energetically lowest conformer which
corroborated with ion mobility experiments (Figure S101b and
Table S4). Likewise, calculations and ion mobility experiments
for the [CB7-NBD-NaDadamantanol]*and the [CB7-NBD-
NaDamantadine-H]** complex also suggest an exclusion-type
geometry with NBD remaining engulfed in the host’s cavity
(Figures S103a and S10Sa, Table S4). Conversely, in aqueous
solution, it is much more likely that the AJOH and AdNH,
guests are bound inside the CB7 cavity, while the NBD
chromophore is exposed to the solvent, see again the "H NMR
data in Figure 2. In the gas phase, the molecules are in an
isolated state, that is, devoid of solvent molecules. This might
lead to different topologies in the gas-phase compared to their
solution-phase structures.

B DISCUSSION

Two complementary approaches are typically pursued to
improve the applicability of synthetic binders for analyte
detection in complex mixtures: (i) Additional recognition
motifs (“lock-and-key elements”) are introduced into the
receptor design,”*’® which in turn increases the synthetic
requirements. Unfortunately, this strategy appears not to be
readily generalizable to many synthetic receptor classes. (ii)
Differential sensing routines have become popular as an
alternative strategy to circumvent the need for selectively
binding synthetic receptors and some notable examples for
drug sensing in (analyte spiked) buffers or biofluids have
appeared.***7%”7 Nevertheless, prevailing disadvantages of
the array-based sensing approach are the need for synthesizing
a library of differentially selective receptors and a hampered
analyte identification when its concentration is unknown. More
recently, a “dimer-dye disassembly assay” calix[n]arene-type
receptor’® and the “imprint-and-report”®® strategy for dynamic
combinatorial libraries were introduced that alleviate much of
the synthetic burden. However, it is not obvious if those
principles can be applied to cucurbit[n]uril-based sensing
systems.

We devised a unimolecular CB7-based chemosensor that not
only is dilution-stable and applicable in biofluids (other than
parent CBn chemosensing ensembles) but that nevertheless
maintains the high affinity and broad analyte-binding scope
typical of cucurbit[n]urils. The selectivity of the herein
introduced unimolecular CB7-NBD host-dye conjugate can
be readily modulated through the addition of metal cations
(salts), which in combination with the tethered non-charged
reporter dye can engage in secondary interactions with the
cavity-bound analyte. In-depth experimental measurements
such as 'H NMR, photophysics, ion mobility measurements,
and theoretical investigations (DFT calculations) provided
ample evidence for the proposed binding model. Our design
principle provides the first practically feasible approach for
modifying the native binding selectivity of CBn by the facile
addition of different types of salts. Consequently, the synthetic
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effort is kept low as one CBn-dye conjugate suffices to
distinguish several analytes from each other. Furthermore, the
herein proposed array-based sensing concept solves some of
the shortcomings of contemporary differential sensing
approaches. First, by using only a substoichiometric amount
of chemosensor (Figure 1b), our assay format is not only more
economical but importantly also reduces the impact of
complicating degree-of-complexation differences between
different analytes. In our case, a high degree of chemosensor
complexation was reached for all tested analytes.

The most important information that is harvested in our
assay format is the unique response of the chemosensor analyte
complexes to the addition of different concentrations or types
of salts. In contrast, established differential sensing assays
typically probe characteristic differences in the degree of
receptor complexation, which is not only subject to the type of
analyte but also to its concentration, such that analyte
identification can be hampered if the concentrations are
unknown.

Presently, it appears unlikely that the ultra-high selectivity
biosensors, for example, antibodies and aptamers, can be
reached with current CBn-based chemosensor designs. Yet, our
introduced CB7-NBD salt-addition assay already achieved the
distinction of biogenic amines at a 20 yM concentration level
that comes close to the physiological range in urine and saliva
(Table S3). However, microplate-based experiments did not
yield reliably distinct curves for biogenic amines at 1.0 yuM
concentration in buffer. Thus, further design improvements are
needed for the physiological detection of biogenic amines in
blood serum. Nevertheless, the herein described measurement
routines can be readily performed in a standard fluorescent-
based microplate reader that is equipped with an injector for
salt addition within a few minutes—the ec;uilibration time of
CBn-guest complexation is extremely fast’”* and no addi-
tional washing steps are needed. Moreover, the data analysis
can be carried out within a few seconds through automated
software scripts. Thus, the evaluation of CB7-NBD for the
analysis of urine or saliva in a clinical setting may be already
considered, for example, to attempt a subgrouping of biofluid
samples from patients, for example, into “healthy” and
“diseased”, for example, through pattern recognition and
machine learning protocols. In this case, it may be necessary
to account for the sample-inherent salt concentration, which
can be easily estimated by ion conductivity measurements.”’
For biofluids with relatively narrowly distributed sample-to-
sample salt concentration differences, for example, serum, the
salt-addition assay is likely not significantly affected by matrix-
to-matrix differences. Finally, it is worth pointing out again that
even the titration with one type of salt (e.g., KCl) sufficed to
clearly distinguish all 14 mixtures of bioorganic analytes with
CB7-NBD from each other. Thus, our proposed assay does not
need to be carried out in an array-based format, but can be if
desired.

B CONCLUSIONS

It was shown that the salt-adaptive behavior of cucurbit[7]uril-
type supramolecular host-guest complexes can be exploited for
differential analyte sensing. This novel unimolecular chemo-
sensor sidesteps the limiting low binding selectivity of
cucurbit[n]urils and the need to synthesize a library of
differentially selective receptors by offering an information-rich
data output that can be used for differential sensing analysis
and machine learning. The presented chemosensor can be used

for the sensing of bioorganic analytes in complex media such as
blood serum, urine, and saliva. Moreover, this study identified
a highly unusual ternary binding geometry for CB7 complexes.

The herein demonstrated salt-addition assay may be
transferable to other macrocyclic synthetic receptors that
possess an inherent affinity for inorganic anions or cations and
engulf their bioorganic analytes in a shielded binding pocket.
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