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Unimolecular Cucurbit[7]uril-Based Indicator Displacement
Assay with Dual Signal-Readout for the Detection of Drugs

Pierre Picchetti,*™ Maria Vittoria Balli,”’ Seth Baker,"” Nilima Manoj Kumar,™ Patrick Gruhs,®

Luca Prodi,™ and Frank Biedermann*®

Point-of-care diagnostics relies on optical and electrochemical
sensors to develop devices that are both compact and cost-
effective. Therefore, the search for new design principles for
chemosensors that enable multiple signal outputs is a partic-
ularly interesting concept. In this work, we present an
unimolecular chemosensor based on cucurbit[7]uril that com-
bines two signal readouts - namely fluorescent and electro-
chemical signals - in a single chemosensor design. This is
achieved by utilizing the tunable fluorescence and the electro-
chemical properties of the reporter molecule, which depend on
whether or not it is engulfed by the cucurbit[7]uril cavity in the
absence or presence of the analyte. By setting up an assay

Introduction

Synthetic macrocyclic receptors such as cryptands,” cavitands,”
calix[n]arenes,” pillar[n]arenes,” or cucurbit[n]urils®™ (CBn) have
shown much potential for the development of chemosensor
ensembles, hereafter referred to as chemosensors, for molecular
diagnostics.® It is generally anticipated that these chemo-
sensors if successfully translated into macroscopic sensory
devices, will provide cost-effective and user-friendly alternatives
to conventional clinical testing that relies on mass spectrometry
(MS) and high-performance liquid chromatography (HPLC).
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using the dual readout chemosensor, illicit drug formulations
containing pancuronium bromide or nicotine can be detected
at low micromolar concentrations (0-100 uM). This assay is
compatible with standard fluorescence plate readers and
electrochemical devices, including commercially available
screen-printed electrodes. Overall, the chemosensor presented
in this study represents a significant advance in the develop-
ment of cucurbit[7]uril chemosensors, characterized by multi-
modal detection capabilities. It uniquely combines traditional
optical and electrochemical detection methods in a single
molecular design.

Among the macrocyclic hosts to be used as chemosensors,
CBn are characterized by their exceptionally high binding
affinity to biologically relevant analytes, including metabolites
and neurotransmitters.®®” For example, by setting up a
competitive binding assay,® CBn chemosensors have been
successfully applied for the luminescence-based detection of
biomolecules and drugs,® and for bioimaging applications.'”
In addition, ongoing efforts are focused on improving the
stability of CBn-based chemosensors in complex biofluids.
These include the recent development of a cucurbit[8]uril-based
rotaxane design™ and the use of cucurbit[7]uril (CB7) based
unimolecular chemosensors in which the indicator dye is
covalently attached to the outer rim of the macrocycle via a
flexible linker.l"”

Existing CBn-based chemosensors rely mainly on an optical
signal readout. However, the development of CBn chemo-
sensors with multimodal signal readout, which goes beyond
purely optical detection, will offer considerable advantages. For
example, chemosensors that exhibit both luminescence and
electrochemical detection would be particularly useful given
the rise of miniaturized optical and electrochemical technolo-
gies in portable devices and for point-of-care diagnostics."” At
present, however, the realization of such dual-readout CBn-
based chemosensors has not yet been achieved.

Early studies by Kaifer, Ong, Kim, and Inue"¥ demonstrated
how the formation of CBneguest complexes modulates the
electrochemical properties of electroactive guest, such as a shift
in redox potential and a change in current intensity, depending
on whether the redox-active guest is bound to the macrocycle
or not. Since then, however, only a limited number of electro-
chemical CBn sensors have been developed to detect bioactive
molecules that function via a competitive binding assay. Wang,
Yu, and coworkers reported the self-assembly of CB7sferrocenyl
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alkane thiolate monolayers on gold electrodes and showed the
application of such electrodes to detect quaternary ammonium
or thiazole compounds via potentiometric methods."” Recently,
our group has developed an electrochemical detection method
with a CB7-based chemosensor using a platinum complex as
the electroactive indicator for detecting electro-inactive drugs
in buffered solutions and urine."® Apart from these examples,
CBn have been used to functionalize electrode surfaces to
capture and accumulate electroactive biomolecules at this
interface, mainly to improve the sensitivity and selectivity of
electrochemical detection."”

In this study, we present the first example of a CB7-based
and unimolecular chemosensor that enables the simultaneous
use of fluorescent and electrochemical signals for drug
detection. The assay is compatible with plate readers and
screen-printed electrodes (SPEs) and can be performed in
minutes. Furthermore, this work also highlights the potential of
chemosensors for future multimodal assays for the rapid
detection of analytes at the point of care.

Results and Discussion

Fluorescence and Electrochemical Changes of CB7-NBD in the
Presence of the Analyte TMA

Initially, we focused on the redox behavior of bimolecular CB7-
based chemosensors with fluorescent dyes such as berberine
chloride and neutral red in aqueous buffers to identify examples
with potential dual readout features. Unfortunately, these
examples provided unsuitable or suboptimal electrochemical

response features for our purposes (Further details and the
electrochemical reaction can be found in Figure S1).

Consequently, we focused our attention on the unimolecu-
lar cucurbit[7]uril-linked  4-chloro-7-nitrobenzofurazan (CB7-
NBD) chemosensor," in which the NBD indicator is covalently
tethered to the outer rim of CB7 via a flexible tetraethylene
glycol-based linker (Figure 1a). Notably, this chemosensor,
developed by our group, exhibits dilution-stable and salt-
adaptive binding properties, enabling the differentiated detec-
tion of bioactive analytes."* We were pleased to find that the
nitrobenzofurazan moiety in CB7-NBD exhibits a distinct
oxidation potential peak (vide infra) within the water window
(0-1.2 V), making it suitable for applications in aqueous systems.
This property formed the basis for the subsequent development
of a dual readout indicator displacement assay (drIDA) utilizing
CB7-NBD, as shown in Figure 1a.

As mentioned above, we investigated the electrochemical
properties of CB7-NBD by differential pulse voltammetry (DPV,
see Supporting Information for further details) since the
aromatic Ar-NH- moiety of NBD can be electrochemically
oxidized within the electrochemical window of water."® To this
end, a CB7-NBD solution (25 uM) in phosphate-buffered saline
(PBS, 1X, pH=7.4) was analyzed in the absence or presence of 1
equivalent of N,N,N-trimethyl-1-adamantylammonium
hydroxide (TMA; log K, g, = 12.2)."7

As shown in Figure 1b, the addition of TMA to the CB7-NBD
solution leads to an increase in the observed current density
peak (j,,) at an oxidation potential (E,,) of 0.76 V. This increase is
due to the facilitated electrochemical oxidation of unbound
NBD following its displacement from the CB7 cavity by the
competitive binder TMA."**?” Further evidence of the modified
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Figure 1. (a) Schematic representation of the dual-fluorescent and electrochemical-detection of drugs with CB7-NBD in the drIDA assay. Shown are also the
chemical structure of CB7-NBD and the analytes tested. For better visualization, the Na* cation bound to the opposite portal where NBD enters the
macrocycles has been omitted from the cartoons."?! (b) DPV and (c) fluorescence analysis of CB7-NBD in the absence and presence of 1 equivalent of TMA (in
1X PBS at pH =7.4; ccg7.nep =25 tM). When residing within the cavity of CB7, the fluorescence of NBD is significantly enhanced due to confinement effects.
However, its displacement from the CB7 cavity leads to a decrease in emission intensity, while at the same time electrochemical oxidation of the indicator at
the anode surface is facilitated, as shown by an increased j,,. The average j,, with the corresponding standard deviation (o) was calculated from three

independent measurements.
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oxidation behavior comes from the observed changes in E,. In
the absence of TMA, the E,, for CB7-NBD is observed at 0.76 V.
However, in the presence of TMA, this peak shifts to a lower
value by 23 mV, indicating the displacement effect of TMA and
the facilitated oxidation of NBD when it is not complexed with
CB7, as shown in Figure 2a. These results are consistent with
previous results in the electrochemical study of host-guest
complexation of ferrocene with CB7.1* However, the significant
changes in j,, can be attributed to the ion pairing between the
positively charged [CB7-NBDDTMA]*® complex and the
phosphate anions from the buffer solution.”” The migration of
these [CB7-NBDDanalyte]™ species is larger than the one of the
non-charged CB7-NBD (see Figure S2).

A concentration-dependent increase in j,, was observed
with increasing TMA concentration (0-100 uM; Figure S3),
indicating that together with the fluorescence response
observed for TMA, a drIDA can be set up for both fluorescent
and electrochemical drug detection using CB7-NBD. Cyclic
voltammetry (CV) showed that the electrochemical oxidation of
CB7-NBD is irreversible (Figure 2b), and studies at different scan
rates indicate a diffusion-driven process at the electrode both
with and without TMA (Figure 2c).

The optical response of CB7-NBD (Ccgr.ngp=25 uM) in the
absence and presence of 1 equivalent of TMA was tested in PBS
(1X, pH=7.4). As shown in Figure 1¢, the fluorescence intensity
(lms Aex=470 nm) of CB7-NBD decreases significantly (14-fold)
after the addition of TMA, while the absorbance spectrum
shows only a slight change (Figure S4a). Fluorescence titration
experiments with TMA (0-100 pM) further support the NBD
displacement from the CB7 cavity (see Figure S4b). The
observed decrease in fluorescence intensity is attributed to the
energy dissipation of the excited state of the non-complexed
NBD, which is located outside the macrocyclic cavity where
confinement effects are absent.'2>?”
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Development of the driIDA

Before we set out to detect biologically relevant analytes, we
first focused on establishing a functional protocol for a drIDA
using the CB7-NBD system. We used a fluorescence plate reader
for optical detection purposes and performed DPV analyses
with a portable device equipped with SPEs - both device types
that are commercially available and commonly used in research
and industrial laboratories (Figure 3a). The possibility of using
one chemosensor for both fluorescence and electrochemical
detection is particularly interesting in the context of miniaturiz-
able devices that require only minimal sensor components,”®
which in our case is given by the sole presence of the CB7-NBD.

For detecting TMA (in 1X PBS, pH=7.4) through the drIDA
(Figure 3b), analyte was added (g, tma =0-100 uM) to the CB7-
NBD (Cfina,ce7-nep =25 tM) in a well of a 96-well plate (Vj,,=
200 pL), mixed briefly and left to stand for 3 min to ensure
equilibration. Subsequently, the emission intensities (1.,=
470 nm, A.,=530 nm) were recorded (see Supporting Informa-
tion for further details). After completion of the fluorescence
measurement, an aliquot (50 uL) of the sample in the well was
subjected to DPV measurements. For this purpose, the solution
was dropped onto the SPE, and DPV analysis was performed,
which was completed on a second-time scale (see Supporting
Information for further details).

The results of fluorescence and DPV analysis using our
drIDA in response to TMA are shown in Figure3c. In
fluorescence mode, the emission intensity of NBD decreases
with increasing TMA concentration until the equivalence point
is reached - the point at which the molar amount of NBD is
equal to that of TMA. On the other hand, the DPV analysis
shows an increase in j, at E,,=0.76 V with increasing TMA
concentration up to the equivalence point.

The limit of detection (LOD) for TMA using the fluorescence
method was calculated to be 1.1 uM, while the DPV measure-
ment resulted in a LOD of 0.1 uM (Figure S5; see Supporting
Information for further details). Based on these positive results,
we next tested the drIDA to detect drugs.

b c
—_CB7-NBD e CB7-NBD 25uM + TMA (1 eq.)
144 o CB7-NBD 25 uM
124
& ~104
5 £ 5]
! 8 5
3 5
~
10 A 44
2,

009 018 027 036 045
(scan rate)"? (V-s™")"2

000204060810 12
Evs. Ag (V)

Figure 2. (a) DPV analysis of CB7-NBD (25 pM, in 1X PBS, pH=7.4) without and after the addition of 1 equivalent of TMA. Shown are the structures of CB7-
NBDeNa™ (the bound Na™ cation is represented by the purple sphere) in its complexed form, as well as the electrochemical oxidation reaction for NBD. The
CB7-NBDeNa™ structure was adapted with permission from ref. [12b]. Copyright 2023, American Chemical Society. (b) CV spectrum of CB7-NBD (25 pM) in PBS
(1X, pH=7.4). (c) The linear dependence of j, at E,,=0.76 V as a function of the square root of the scan rate of CB7-NBD (25 uM) with and without the
presence of TMA (1 equivalent) in PBS (1X, pH=7.4). The scan rates of 10, 20, 50, 100, and 200 mV-s~' were used.
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Figure 3. (a) Schematic representation of the dual-readout detection possibilities of drugs with the drIDA, which require minimal sample volumes and
pretreatment steps. (b) Schematic representation of the operating principle of the drIDA. (c-e) Fluorescence (blue traces) and DPV response curves (red traces)
for the detection of TMA, PB, and NIC with the drIDA (ccg;.nsp =50 uM; fluorescence readout: 1., =470 nm, 4., =530 nm). The change in j,, at £,,=0.76 V was
used for the detection of TMA and PB. For the detection of NIC, the change in j,, at E,,=0.85 V was used. The average /., and j,, with the corresponding

standard deviation (o) were calculated from three independent measurements.

Detection of Pancuronium Bromide and Nicotine with the
driDA

The drIDA procedure was used for the detection of drugs
(Figure 1a), such as pancuronium bromide (PB, log K,=5.1 for
the 1:1 and log K, s, =10.2 for the 2:1 CB7:PB complex)*” and
nicotine (NIC, log K,;=2.5 for the 1:1 complex measured in
sodium acetate buffer at pH=4.7)."" The detection of PB, a
steroid-based muscle relaxant, and NIC, a highly addictive
alkaloid, is of importance for several reasons. First, on-site
detection of PB is critical to detecting cases of improper
anesthesia or intoxication at crime scenes, as PB is used by
criminals to immobilize their victims.”® Secondly, nicotine,
which is normally found in tobacco products, has become a
growing problem as the number of poisoning cases increased,
some of which were fatal.”” This rise is due to the popularity of
e-cigarettes and other synthetic products such as concentrated
liquid nicotine. State-of-the-art detection for these drugs relies
exclusively on time-consuming and costly HPLC-based
methods.®

Our detection assay was performed in buffered solutions to
mimic the salt-rich medium of the illegal drug formulations. We
increased the concentration of CB7-NBD in the drIDA drug
detection assay to 50 uM, as lower concentrations resulted in a
suboptimal signal-to-noise ratio because the drugs analyzed
have a lower binding affinity to CB7. The results obtained for
the detection of PB (in 1X PBS, pH=7.4) are presented in

Analysis & Sensing 2024, e202400025 (4 of 8)

Figure 3d and Figure S6. As was anticipated, a PB-dependent
decrease in fluorescence intensity and a corresponding increase
in j,x at E,,=0.76 V were observed. Job plot analysis (Figure S7)
suggests that CB7-NBD exhibits 1:1 binding stoichiometry (CB7-
NBD:PB) with this analyte and 2:1 binding, previously reported,
is not observed.?® The steric hindrance and size of the floppy
NBD tetraethylene glycol tail most likely prevents the effective
binding of a second CB7-NBD to PB.

It is important to note that PB does not display a significant
redox peak within the electrochemical window where the DPV
analysis was conducted, as was described in our prior work."®
The linear response curve was used to calculate the LODs for
the detection of PB, which was calculated to be 28.6 uM and
1.8 uM for fluorescence- and DPV-based analysis, respectively
(Figure 4a and b; see Supporting Information for further details).
To detect NIC, the drIDA assay was performed in acetate buffer
(0.1 M, pH=3.3). This adjustment ensures that the nicotine is
protonated at its pyrrolidinyl moiety and substantially proto-
nated also at its pyridinyl moiety (pK,, pyroliding = 8-1; PKi pyriding =
3.4).2 In its protonated state, NIC exhibits a significantly
reduced redox peak current at E,,=0.85V at which NBD is
oxidized in an acetate buffer (Figure S8). With this adaptation,
detection of NIC with the drIDA (Figure 3e and Figure S9) in
acetate buffer becomes possible compared to PBS buffer at
pH=7.4, where detection is difficult due to the background
signal of NIC itself (see Figure S9). The LOD for the detection of
NIC was derived from the linear response, which was calculated
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Figure 4. Linear drIDA response curves for PB in the (a) fluorescence and (b)
DPV detection mode. The linear regime of the drIDA response curves for NIC
in the (c) fluorescence and (d) DPV detection mode. The average I, and ji,
with the corresponding standard deviation (o) were calculated from three
independent measurements.

to be 16.3 puM for the fluorescence-based detection method and
14.4 uM for the DPV-based detection method (Figure 4c and d).

The change in emission intensities was less pronounced for
PB and NIC detection compared to TMA. This observation
derives from the formation of a dual-inclusion complex, as
described in our previous work,"*' wherein the NBD dyes are
not fully exposed to water. Nevertheless, the observed
decreased fluorescence intensity is sufficient for the detection
purposes. Regarding the fluorescence-based detection of NIC,
the onset of emission intensity for CB7-NBD starts at slightly
lower values than those observed for the detection of TMA or
PB (Figure 4 and Figure S10). This is because at pH=3.3, which
we utilized for detecting NIC, hydronium ions compete with
NBD for binding to CB7, thereby slightly shifting the equilibrium
towards the unbound state of the reporter.®” It is also worth
noting that none of the analytes displayed significant absorb-
ance at the excitation wavelength used for CB7-NBD, as shown
in Figure S11.

drIDA Performance

Reflected in Table 1, the comparative performance of chemo-
sensors for PB and NIC detection illustrates the capabilities of
the drIDA system. Operable in aqueous media, drIDA distin-
guishes itself by offering rapid fluorescent and electrochemical
signal readout which is a noteworthy improvement on the
extended assay times typical of HPLC methods. It merits
attention that the system’s analytical efficiency is achieved with

Analysis & Sensing 2024, e202400025 (5 of 8)

relatively low sample volumes: 200 uL for fluorescence and
50 ulL for DPV, underscoring its practical applicability in stream-
lined chemical investigations.

We have used commercially available and common fluores-
cent and electrochemical devices used in both research and
industrial laboratories. In particular, we used SPEs, without
chemical modification steps, that are widely used for detection
purposes.®® Regarding the concentration range for drug
detection, it is important to underline that illicit drug
formulations contain concentrations of PB (>100 uM)®” and
NIC (> 135 uM),®¥ which are far above the LODs obtained with
drIDA. We would like to point out that the CB7-NBD concen-
tration used in this study was specifically chosen to prevent
aggregation and avoid potential internal filter effects. Therefore,
real samples that might contain higher concentrations of PB or
NIC can be diluted and appropriate calibration curves in the
micromolar range should be established before analysis. None-
theless, the derived LOD values should be regarded as
approximate values since the supramolecular host-guest inter-
actions do not follow linear relationships. Moreover, it is
important to acknowledge that the detection capabilities of
drIDA could be adversely affected by the concurrent presence
of other amine-bearing compounds like amantadine, which
possess a high affinity for CB7.

Our drIDA can detect PB and NIC in aqueous media or saline
buffers, simulating complex scenarios, however, we investigated
other potential interferents for our drIDA method. Other organic
compounds, including vecuronium bromide (VB, log K,=10.7
for the 1:1 complex with CB7),*? L-phenylalanine (PHE, log K,=
5.5),% creatinine (CRE) and insulin (INS) were tested at levels
typically found in beverages or biofluids to assess their
potential interference (see Figure 5a).*” We also tested the
chemosensor in a non-diluted sweet drink, i.e. 7 Up.

Figure 5b and c show the changes in I, or j,, compared to
CB7-NBD alone. As expected, VB causes significant interference
due to its structural similarity to PB, whereas PHE and INS also
cause interference, but to a considerably lesser extent (Fig-
ure S12). While PHE is a known medium-affinity CB7-binding
amino acid, INS deactivates CBn chemosensors by phenyl-
alanine-glycine residue binding of this protein.*"

In non-diluted 7 Up soft drink the CB7-NBD was found to be
still active for high-affinity binders such as TMA through
fluorescence (Figure S13). The detection of PB in this soft drink
via the fluorescence mode was not possible. In both cases, TMA
and PB could not be detected via DPV due to the complex
composition of the soft drink, which interfered with electro-
chemical detection.

Future directions involve assessing the drIDA method in
biofluids to refine its accuracy and applicability, ensuring its
robustness in complex sample matrices.

Conclusions
The drIDA presented in this work represents a novel CB7-based

unimolecular chemosensor capable of measuring pancuronium
bromide and nicotine at low micromolar concentrations in

© 2024 The Authors. Analysis & Sensing published by Wiley-VCH GmbH
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Table 1. Comparison of different chemosensors for the detection of PB and NIC. AcO: acetate; CD: cyclodextrin; FRA: fraxetin; MB: methylene blue; PBS:
phosphate buffered saline; n.a.: not applicable.
analyte chemosensor method conc. range LOD sample ref.
[uMm] [uM]
pancuronium bromide
acyclic CBn-typeeacri- absorbance 0.0-460.0 n.a. phosphate buffer [30]
dine (20 mM, pH=7.4)
CB7>Pt-complex DPV 0.0-200.0 43 PBS [16]
(5 mM, pH=7.0)
CB7DOPt-complex DPV 0.0-200.0 6.3 urine/PBS [16]
(1:3 v/v, 5 mM PBS, pH=7.0)
CB7-NBD DPV 0.0-200.0 1.8 PBS this
(1X PBS, pH=7.4) work
CB7-NBD fluorescence 0.0-200.0 28.6 PBS this
(1X PBS, pH=17.4) work
nicotine
CB7eMB fluorescence 12.0-48.0 0.3 AcO buffer [25]
(50 mM, pH=4.7)
CB7eazobenzene absorbance 0.0-1500.0 na. acetate buffer [31]
(50 mM, pH=4.7)
CDeFRA fluorescence 10.0-50.0 1.0 water [32]
Zn-porphyrin fluorescence 0.0-3.8 na. toluene 331
Zn-porphyrin piezoelectric microgravime- 100.0-1000.0 120.0 AcO buffer/EtOH B4
try (1:1 v/v,700 mM AcO;
pH=4.2)
CB7-NBD DPV 0.0-200 14.4 AcO buffer this
(0.1 M, pH=3.3) work
CB7-NBD fluorescence 0.0-200 16.3 AcO buffer this
(0.1 M, pH=3.3) work
a
. oi aqueous media in two ways - fluorescently and electrochemi-
QL M% \J Cf %NHZ cally. Its design is corr?patlble 'Wlth standard quqrescencTe plate
&j NHs readers and commercially available electrochemical devices. In
o g
A . . . .
Ao VB PHE CRE INS addition, the use of disposable and commercially available
(60 uM) (120 pM) (60 pM) (200 pg-mL-) screen-printed electrodes facilitates analysis with minimal
sample volumes and enables fast results in less than 5 minutes.
¢ 120 122 Given the advancements in portable and wearable optical
110 and electrochemical technologies, the drIDA method holds
100 potential for facilitating rapid, cost-effective, and accessible
80. drug detection by non-experts, such as law enforcement
< personnel, in urgent or remote settings, where HPLC-based
§\z; 60 8.7 methods may not be applicable.
40
28 B s Supporting Information
. 2,
/\g’ L §’Q§/c§.‘/\§ § L L é" é—" $ Details about instruments, materials, and methods are available

Figure 5. (a) Chemical structures of VB, PHE, CRE and INS and concentrations
used to evaluate their response with CB7-NBD. Relative change in signal due
to potential interferents compared to the signal of CB7-NBD alone in (b)
fluorescence and (c) DPV readout modality. The image for the human insulin
structure was adapted with permission from the RCSB Protein Data Bank
(RCSB PDB).
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A dual readout chemosensor assay is
presented that utilizes a
cucurbit[7]uril (CB7)-indicator
conjugate for the optical and electro-
chemical detection of drugs in water.
The assay works on the basis that the
fluorescence and electrochemical
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properties of the reporter molecule
change when it is engulfed by the
CB7 or displaced from its cavity by an
analyte. This approach enables the
detection of drugs such as pancuro-
nium bromide or nicotine in low mi-
cromolar concentrations (0-100 pM).
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