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Here we report a systems chemistry oriented approach for developing information-rich mixed host
chemosensors. We show that co-assembling macrocyclic hosts from different classes, DimerDye
sulfonatocalix[4larenes and cucurbit[n]urils, effectively increases the scope of analyte binding
interactions and therefore, sensory outputs. This simple dynamic strategy exploits cross-reactive
noncovalent host—host complexation interactions while integrating a reporter dye, thereby producing
emergent photophysical responses when an analyte interacts with either host. We first demonstrate the
advantages of mixed host co-assembled chemosensors through an increased detection range of
hydrophobic, cationic, neutral, and anionic drugs. We then implement mixed host sensors in an array-
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Accepted 29th June 2024 based platform for the differentiation of illicit drugs, including cannabinoids, benzodiazepine analogs,
opiates, anesthetics, amphetamine, and common adulterating substances. Finally, the potential of this

DOI: 10.1039/d4sc02788d approach is applied to profiling real-world multi-component illicit street drug samples, proving to be
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Introduction

Synthetic receptors are a powerful tool for molecular
recognition-based sensing. Chemosensors have a broad range
of applications, such as the detection of biorelevant compounds
for diagnostics, and monitoring biophysical and enzymatic
processes.”* An ultimate goal for synthetic sensors is to mimic
the human olfactory system, containing the ability to identify
many different entities from a single sensory tool.** More
recently, the conceptual development of sensors has advanced
towards information-rich chemical nose or cross-reactive che-
mosensors to achieve more prolific unique sensing profiles.
This is done through either synthetic design or supramolecular
assembly, combining multiple receptor and/or reporter
elements into one sensing unit.>® These design strategies are
highlighted by examples of unimolecular probes that covalently
integrate multiple complexing receptor and/or reporter
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more effective than classical sensor arrays.

components,*” and biological non-covalent self-assembly-based
probes that function through multi-complexing systems.*™**

Macrocyclic hosts are well-defined synthetic receptors for the
detection of small molecules and biomacromolecules.">** Host-
based sensing is traditionally done using an indicator
displacement assay (IDA) that operates through competitive
binding of an analyte to a preformed host-indicator complex.
This generally results in a fluorescence response, where sensi-
tivity is dictated by binding affinity."*” Singular host sensing
systems provide limited information, typically in the form of
a single output (turn-on or turn-off fluorescence) for one
particular class of analyte and often fail to achieve specificity
when faced with structurally similar analytes. To attain analyte
differentiation a suite of individual host-indicator sensors are
often applied, where varied response patterns arise from affinity
differences, producing an optical fingerprint for discrimina-
tion.”™ This strategy has been employed in macrocyclic host-
based sensor arrays with some recent examples in differenti-
ating neurotransmitters,” small molecule bioorganic analy-
tes,”® folded DNA G-quadruplexes,”> insect pheromones,*
natural amino acids,” and amyloid structures.”®

The power of increasing cross-reactive self-assembly inter-
actions is demonstrated by macrocyclic host-based chemo-
sensors that co-assemble multiple receptor or reporter elements
within the same solution. The majority of reported multi-
macrocyclic host systems rely on non-specific amphiphilic
aggregation to co-assemble different host classes, allowing for
self-adaptable detection of larger peptide biotargets,”” and the
ability to differentiate model proteins,*® and cell lines.”® A recent

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc02788d&domain=pdf&date_stamp=2024-08-03
http://orcid.org/0000-0002-7973-8686
http://orcid.org/0000-0003-0498-7298
http://orcid.org/0009-0002-7884-090X
http://orcid.org/0000-0001-8969-9644
http://orcid.org/0000-0002-1077-6529
http://orcid.org/0000-0003-4658-9132
https://doi.org/10.1039/d4sc02788d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02788d
https://rsc.66557.net/en/journals/journal/SC
https://rsc.66557.net/en/journals/journal/SC?issueid=SC015031

Open Access Article. Published on 01 July 2024. Downloaded on 7/19/2025 10:50:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

report shows that macrocycles containing different integrated
fluorophores have improved discrimination power when they
are combined in solution, forming an adaptive network of
sensors.*® Despite these advances, one consistent limitation of
supramolecular host chemosensors is they tend to detect only
a single class of analyte. The current conceptual framework
would have us overcome these limitations through synthesis of
new chemosensors, an approach that is often inefficient and
incapable of achieving sensing within multi-component
mixtures and real-world samples.

Here we present a new concept in which a mixed host che-
mosensor positions a single dye within a complex system,
conferring the ability to generate different kinds of optical
responses to hydrophobic, neutral, and cationic analytes.
Supramolecular hosts tend to bind one type of guest analyte,
therefore limiting the scope and applicability of any host-based
sensing approach that relies on one host class.** In this work,
we overcome this limitation by co-assembling two different
classes of macrocyclic hosts, DimerDye sulfonatocalix[4]arenes
and cucurbit[r]urils, into a single composite mixed host che-
mosensor (Fig. 1). Key to this conceptual approach is the
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Fig.1 A mixed host chemosensor produces multi-responsive outputs,
increasing the scope of analyte detection. (a) Schematic of DimerDye
disassembly-driven turn-on fluorescence sensing of cationic analytes.
(b) This work establishes mixed host co-assembled chemosensors that
produce multi-responsive outputs for a wide range of hydrophobic,
neutral, and cationic analytes. DimerDye complexation with cucurbit
[nluril forms a mixed host chemosensor with moderate changes in
absorbance/fluorescence. The subsequent addition of an analyte that
favors cucurbit[n]uril binding produces a change in absorbance and/or
turn-off fluorescence, whereas an analyte that prefers DimerDye
binding results in a change in absorbance and/or increased fluores-
cence. The schematic shown represents the expected behaviors for
CB7, while additional higher-order complexes are possible for CB8.
Structures of (c) DimerDye host chemosensors DD4, DD8, and DD13,
and (d) cucurbit[n]uril hosts CB7 and CB8 used in this work.
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integration of a dye into the sulfonatocalix[4]arene scaffold,
which both facilitates co-assembly and acts as a reporter for all
host-host and host-analyte interactions. The equilibrium of
any one pre-assembled mixed host chemosensor is poised to go
in different directions depending on the nature of the analyte
added, producing multi-responsive outputs, where we define
multi-responsive as both “giving different photophysical
responses to different analytes” and “responding to dissimilar
classes of analytes” (Fig. 1b). We prove the benefits of this
simple co-assembly approach in an array-based platform
through the differentiation of hydrophobic, cationic, neutral
and anionic drugs. We then apply these mixed host sensing
systems to the highly challenging task of typing illicit drug
samples that were collected from people who use drugs. Since
these samples come from unregulated supplies they represent
a leap forward in sample complexity compared to all prior
efforts in our group.**

Results and discussion
Design of mixed host chemosensors

Two distinct host classes were selected to encourage host-host
co-assembly. Previously reported DimerDye sulfonatocalix[4]
arenes DD4, DD8, and DD13 (Fig. 1c),*® and cucurbit[n]uril
hosts, CB7 and CB8 (Fig. 1d) were selected to promote hetero co-
assembly while contributing different analyte binding proper-
ties. Sulfonatocalix[4]arenes contain a flexible chalice-shaped
cavity and negatively charged upper rim.*® In aqueous solu-
tion the DimerDye analogs form a homodimer, stacking two
fluorophores in an antiparallel quenched arrangement. Upon
analyte binding, DimerDyes provide turn-on fluorescence
detection through a disassembly-driven sensing mechanism
(Fig. 1a).*>**** The selected DimerDyes (DD4, DD8, and DD13)
cover a range of structural, absorbance, and emission proper-
ties, however, they are limited to binding cationic analytes.
Conversely, cucurbit[r]utils have a larger range of reported
analyte interactions.*®*” They contain a barrel-shaped rigid
nonpolar cavity lined with neutral polar carbonyl portals;
reporting strong binding with neutral hydrophobic guests
complementary in size and shape,*®** and amphiphilic cationic
ammonium or diammonium guests that favor hydrophobic and
ion—-dipole interactions.*® We selected CB7 and CB8 to accom-
modate different sized guests, where the larger CB8 cavity offers
binding to bulkier hydrophobic drugs.*®** We predicted the
combination of these two host classes would co-assemble
through hydrophobic and ion-dipole interactions from the
DimerDye pendant arm binding the cucurbit[n]uril cavity and
interacting with the polar carbonyl portals.

Mixed host co-assembly sensing mechanism

Different pairs of one DimerDye and one cucurbit[z]uril can co-
assemble to form a mixed host chemosensor with distinct
photophysical properties. Combinations of DD4, DD8 and
DD13 with CB7 and CB8 were screened for induced changes in
DimerDye absorbance and/or fluorescence (Fig. S91). The mixed
host pairs that displayed significant changes in absorbance
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Fig. 2 Mixed host DD13-CB7 co-assembly functions as a turn-off chemosensor for strong binding guests of CB7. (a) Schematic of DD13-CB7
formation and sensing mechanism of AdNHsz™. (b) The addition of increasing concentrations of CB7 (1.3 to 84 uM) into DD13 (10.5 pM) results in
a blue shift in absorbance (left) and increased fluorescence (right). Black dashed line represents DD13 (10.5 uM). Insets show the addition of
increasing concentrations of AdNHs" (2.6 to 21 uM) to the co-assembled DD13-CB7 chemosensor induces a red shift in absorbance (left) and
turn-off fluorescence (right). Inset blue line represents DD13 (10.5 uM) with CB7 (21 uM). All samples in NaH,PO4/Na,HPO,4 (10 mM, pH 7.4) in
H,0. (c) MALDI-TOF MS of DD13 (50 uM) with CB7 (50 uM) confirms DD13-CB7 co-assembly. (d) *H NMR of (i) DD13 (100 uM) with CB7 (100 pM)
shows evidence of hetero host co-assembly by the appearance of new upfield-shifted DD13 peaks and new CB7 peaks (blue stars). Disassembly
of the homodimer DD13; is supported by the fluorescent appearance of the NMR tube. In (v) the addition of AdNH3" (100 uM) displaces the
DD13-CB7 complex, indicated by the upfield-shifted AANHz" peaks (red dashed lines) and return of native homodimer DD13, peaks. The non-
fluorescent appearance further supports the reformation of the homodimer DD13,. All samples in NaH,PO4/Na;HPO,4 (10 mM, pD 7.4) in D,O
(500 MHz, 298 K). NMR tubes irradiated with a hand-held UV lamp (A¢x 356 + 20 nm).

and/or fluorescence (DD4-CB8, DD8-CB8, DD13-CB8, and
DD13-CB7) were selected for further study. To establish the
formation of these hetero host-host complexes, changes in
DimerDye absorbance and emission were monitored during
titrations with increasing concentrations of cucurbit[n]uril.
Titrations of CB8 into DD4 and CB7 into DD13 resulted in both
changes in absorbance and turn-on fluorescence (Fig. 2a, b, S10
and S117). These results indicate the parent DimerDye disas-
sembles from its native homodimer state, with the turn-on
fluorescence response strongly supporting the formation of
a hetero-complex between the two hosts. Independently, 'H
NMR experiments further support the formation of hetero-
complexes DD4-CB8 and DD13-CB7 by the appearance of new
upfield-shifted and broadened resonances, attributed to the
DimerDye pendant arm protons being in a shielded

12390 | Chem. Sci, 2024, 15, 12388-12397

environment (Fig. 2d, S12 and S137). The broadened CB7 peaks
indicate possible aggregate formation at concentrations used in
NMR, coinciding with the low solubilities of these mixed host
assemblies (Fig. 2d, S12 and S137). Upon addition of CB8, the
DimerDyes DD8 and DD13, exhibited shifts in absorbance,
indicating that CB8 forms a hetero-complex with DD8 and DD13
(Fig. S10 and S117). However, these complexation events caused
minimal changes in emission (Fig. S10%). In cases where both
a color change and turn-on emission are observed (DD4-CB8
and DD13-CB7), we suspect the homodimer disassembly is
driven by the pendant arm binding to cucurbit[z]uril, producing
a turn-on fluorescence response. A molecular model of
a possible 1:1 co-assembly of DD13 with CB7 is presented in
Fig. S15.1 Matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) further confirmed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1:1 complexation, reporting a DD13-CB7 co-assembly peak of
m/z 2006.4606 (Fig. 1c). In cases where only a color change is
observed (DD8-CB8 and DD13-CB8) it is evident that hetero-
host interactions are occurring. We suspect the non-
fluorescent state is a result of assemblies where the DimerDye
pendant arms are in a stacked quenched arrangement. These
possible complexes include cucurbit[n]uril outer-surface
binding interactions,** where multi-hetero assemblies with
sulfonatocalix[4]arenes in aqueous solution have been re-
ported,*>** as well as potential ternary complexes in the larger
CB8 cavity,”* where two DimerDye pendant arms could
potentially bind stacked inside the CB8 cavity. Irrespective of
the exact complexes occurring in solution, these co-assemblies
constitute different mixed host chemosensors from which
distinct absorbance and fluorescence sensing outputs can arise
(Fig. 1b).

Mixed host mechanistic studies with a CB-selective guest
demonstrate multi-responsive emergent sensing properties that
are not present in the parent chemosensor. To validate the
contribution of CB's sensing responses, we selected amantadine
(AdNH;") as a high affinity guest for CB7 (K4 = 240 fM),* while
the adamantane moiety has been shown to scarcely interact
with sulfonated calixarenes.*” Our 'H NMR experiments
corroborate this, showing minimal binding of AANH;" to DD13
(Fig. S141). In contrast, the addition of AANH;" to the pre-
assembled moderately fluorescent co-assembled mixed host
chemosensor DD13-CB7 resulted in a turn-off fluorescence
response and red-shifted absorbance (Fig. 2b). 'H NMR studies
independently confirmed the turn-off fluorescence response is
due to the reformation of the quenched homodimer complex
DD13, and assembly of the host-guest complex CB7-AdNH;"
(Fig. 2d and S13t). These results show that mixed host co-
assemblies can produce photophysical responses through ana-
lyte binding to the non-fluorophore-containing host, effectively
increasing the scope of analyte detection from a single sensing
assembly.

Mixed host chemosensors further expand detection capa-
bilities to new classes of analytes. On their own, DimerDyes
have been reported to detect cationic illicit drugs.** To deter-
mine if mixed host chemosensors expand sensing abilities we
selected cocaine, cannabidiol (CBD) and Vitamin C as analytes,
representing cationic, neutral and anionic classes of drugs
(Fig. 3). As a direct comparison, we measured the fluorescence
responses of the mixed host chemosensor DD13-CB7 and iso-
lated DD13, (Fig. 4). Assays with only DimerDyes provided
limited information for these drugs, only producing a turn-on
fluorescence response to the cationic analyte, cocaine and
insignificant responses to the neutral and anionic analytes
(Fig. 4b). However, the mixed host chemosensor DD13-CB7
produced varied emergent responses to the different analyte
classes; with increased and blue-shifted emission for cationic
cocaine, decreased and blue-shifted emission for neutral CBD,
and a slight, non-shifted decrease in emission to anionic
Vitamin C (Fig. 4a). We probed whether the co-assembly of
chemosensors would affect the emission intensities and limits
of detection (LODs), using cationic cocaine as a test analyte. The
LODs of cocaine with mixed host chemosensors (DD4-CBS,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A mixed host chemosensor has multi-capable responses to
neutral, cationic and anionic structures. (a) Fluorescence response of
mixed host co-assembled chemosensor DD13-CB7 to anionic Vitamin
C, neutral CBD and cationic cocaine. Samples contain [DD13] = 10.5
uM, [CB7] = 21 uM and [drug] = 105 uM. (b) Fluorescence response of
isolated DD13 to anionic Vitamin C, neutral CBD and cationic cocaine.
Samples contain [DD13] = 10.5 uM and [drug] = 105 pM. All samples
are in NaH,PO4/Na,HPO, (8.4 mM, pH 7.4) in H,O with 2% MeOH.

DD8-CB8, DD13-CB8 and DD13-CB7) were of similar magni-
tude to the parent DimerDyes (DD4, DD8 and DD13), ranging
from 0.5 to 3.6 uM (Table S1t). Interestingly, mixed host che-
mosensors DD4-CB8, DD13-CB8 and DD13-CB7 showed an
overall enhancement of fluorescence in comparison to the iso-
lated parent DimerDyes (DD4 and DD13), displaying larger
changes in amplitude (Fig. S16-5S187%). Although mixed-host
systems have competing analyte-host and host-host interac-
tions, these results emphasize favorable emergent

Chem. Sci., 2024, 15, 12388-12397 | 12391
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photophysical properties, providing varied responses to
different analytes, including those that otherwise wouldn't
bind.

Differential sensing

To further probe the power of using mixed host chemosensors,
a large set of bulky, hydrophobic, cationic, neutral and anionic
drugs and adulterants were selected for differentiation (Fig. 3).
The analytes were chosen to test the sensing range capabilities
of our mixed host co-assembled chemosensors while targeting
compounds commonly found in harm-reduction-based drug
checking of Canadian illicit street drugs.*® An array of mixed
host chemosensors (DD4-CB8, DD8-CB8, DD13-CBS8, and
DD13-CB7) were screened for sensing responses, measuring
select absorbance and fluorescence wavelengths (Table S27).
Principal component analysis (PCA) was then used to analyze
the fingerprint response patterns, aiming to discriminate
samples while minimizing the number of required observa-
tions, see ESIT for systematic PCA process.’*

Mixed host chemosensors can generate surprising emergent
properties, including the differentiation of drugs for which
neither host is considered to be a canonical binder. Cannabi-
noids pose a challenge for detection by supramolecular hosts as
their neutral structure makes them poor guests. Hooley et al.
showed that water-soluble deep cavitand sensors bind tetrahy-
drocannabinol (THC), and can detect and discriminate THC
from its metabolites.”” DimerDyes alone prefer cationic guests
and do not give any detectable change in fluorescence response
to cannabinoids (Fig. 4b). Although THC has been reported not
to bind CB7,* we found our mixed host chemosensors
DD13:CB7 and DD13-CB8 each produced variable,
information-rich responses. We postulate that the decreased
emission observed from DD13-CB7 upon addition of CBD
(Fig. 4a), is a result of higher-order complexation events that
either disrupt mixed host co-assembly or otherwise perturb the
emission of the DimerDye fluorophore. Not only was cannabi-
noid sensing possible from the mixed host chemosensors, but
the combination of absorbance and fluorescence outputs from
only two mixed host chemosensors in an array (DD13-CB7 and
DD13-CB8) allowed for the complete discrimination of highly
similar A®- and A°-THC isomers, which differ only in the posi-
tion of a double bond (Fig. 5a and S197). These results show that
emergent properties are produced from the co-assembly with
cucurbit[n]uril hosts, providing superior data-rich responses
(Fig. 5).

A small array of mixed host chemosensors achieves
discrimination of a large set of illicit drugs and adulterants
from many distinct chemical classes. We first focused on a test
set containing illicit central nervous system depressants, which
included both neutral benzodiazepines and cationic opiates. In
this analysis, the benzodiazepines etizolam and diazepam dis-
played overlapping confidence ellipses while the other depres-
sants were discriminated (Fig. 6a and S217). Next, we studied
a test set including cocaine and MDMA, along with a set of
pharmacologically active adulterants commonly added for their
synergistic effects (Fig. 6b and S$22%).°*** The prescription
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THC and A®°-THC isomers. Sensor array includes absorbance and
fluorescence responses of mixed host sensing pairs DD13-CB8 and
DD13-CB7. Samples contain [DD] = 10.5 uM, [CB] = 21 uM and
[drug] = 105 uM. (b) On their own, DimerDye chemosensors do not
discriminate cannabinoids. Sensor array contains absorbance and
fluorescence responses of DD4, DD8 and DD13. Samples contain
[DD] = 10.5 uM and [drug] = 105 pM. PCA score plots show each
sample set (n = 8) enclosed by 95% confidence ellipses. All samples
are in NaH,PO4/Na;HPO,4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Fig. 6 Anarray of mixed host co-assembled chemosensors distinguishes
between different classes of cationic and neutral illicit drugs and adul-
terants. (@) PCA analysis of central nervous system depressants; neutral
benzodiazepines and cationic opiates. The array of mixed host chemo-
sensors includes absorbance and fluorescence responses from
DD8-CB8, DD13-CB8 and DD13-CB7. (b) PCA plot discriminates anes-
thetics and amphetamine from common adulterants. The array of mixed
host chemosensors includes responses from DD4-CB8, DD13-CB8, and
DD13-CBY7. (c) PCA analysis of all tested drugs and adulterants. The array
of mixed host chemosensors includes responses from DD4-CBS,
DD8-CB8, DD13-CB8 and DD13- CB7. PCA (correlation) score plot shows
each sample set (n = 8) enclosed by 95% confidence ellipses. Samples
contain [DD] =10.5 uM, [CB] = 21 uM and [drug] = 105 puM. All samples are
in NaH,PO4/Na,HPO, (8.4 mM, pH 7.4) in H,O with 2% MeOH.

adulterants procaine, lidocaine, levamisole, and phenacetin,
were discriminated from the illicit drugs cocaine and MDMA,
whereas the adulterants with fewer health repercussions,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Vitamin C and caffeine, overlapped with each other. Lastly, context of the drug overdose crisis.*® People who use drugs
a plot combining all tested drugs maintained similar discrim- access drug checking services to reduce risks by obtaining an
ination patterns among the combined test set, with similar understanding of the complete composition (all active illicit
deficiencies in the overlap of two benzodiazepines and the drugs, adulterants, and inert compounds), with specific quan-
adulterants Vitamin C and caffeine (Fig. 6¢c and S237). tities to assess potency and dangers.>” Currently, multiple

Real-world illicit street drug samples represent a challenging instrument-based techniques are employed, such as combina-
set of multi-component targets for identification. Tests that tions of immunoassay test strips, chromatography, mass spec-
merely reveal the presence or absence of potent substances like trometry, Raman, and infrared (IR) spectroscopic methods.*®
fentanyl are less informative tools for harm reduction in the Typing drug samples using a chemosensor array would provide

Table 1 Multi-component illicit street drug sample composition

Street drug sample Composition”

A Cocaine (90%), sorbitol

B Bromazolam (>80% single component)

C Methylenedioxymethamphetamine (MDMA, >80% single component)

D Methylenedioxyamphetamine (MDA, 50%), dimethyl sulfone

E Fentanyl (20%), caffeine, erythritol

F Fentanyl (13%), fluorofentanyl (1%), caffeine

G Fentanyl (6%), bromazolam (5%), chloroisobutyryl fentanyl (0.1%), caffeine

H* Fentanyl (16%), fluorofentanyl (14%), 4-anilino-N-phenethyl-piperidine (ANPP, 3.7%), erythritol, caffeine
I* Fentanyl (18%), fluorofentanyl (16%), ANPP (3.5%), erythritol, caffeine

¢ Street drug samples were acquired through substance, the Vancouver Island Drug Checking Project, located in Victoria, Canada where sample
composition was evaluated by FTIR and sample quantification was determined by PS-MS. *Samples H and I were provided by two different
people who use drugs reporting the same drug from the same batch and supplier.

a) Array of mixed host co-assembled chemosensors b) Array of mixed host co-assembled chemosensors
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Fig. 7 An array of mixed host co-assembled chemosensors provides data-rich responses that discriminate multi-component street drug
samples. (a) An array of mixed host co-assembled chemosensors shows diverse response patterns of absorbance and fluorescence to multi-
component street drug samples A—1. (b) PCA analysis using absorbance and fluorescence responses from DD4-CB8, DD8-CB8, DD13-CB8, and
DD13-CB7. Samples contain [DD] = 10.5 uM, [CB] = 21 pM and [street drug sample] = 0.03 mg mL™%. (c) An array of DimerDye chemosensors
shows similar response patterns of absorbance and fluorescence to multi-component street drug samples A-I. (d) DimerDye chemosensors on
their own do not discriminate different multi-component street drug samples. Sensor array contains absorbance and fluorescence responses of
DD4, DD8 and DD13. Samples contain [DD] = 10.5 uM and [drug] = 0.03 mg mL~". PCA score plots show each sample set (n = 8) enclosed by 95%
confidence ellipses. All samples are in NaH,PO4/NaHPO,4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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a complementary technique to current instrument-based anal-
ysis. Here we aimed to see if our mixed host chemosensors
could be applied to illicit multi-component street drug samples
to distinguish different composition profiles previously
encountered within the drug-checking ecosystem. Street drug
samples were provided by people who use drugs through
substance, the Vancouver Island Drug Checking Project,***
where drug composition and quantification were determined
using Fourier transform infrared (FTIR) spectroscopy and paper
spray mass spectrometry (PS-MS) (Table 1 and Fig. S247). To
capture the landscape of street drugs commonly in use in
British Columbia, Canada, we studied representative samples
from different drug classes (A-E), as well as several fentanyl-
containing samples that varied slightly in composition (E-H).
We also included two fentanyl samples of the same composition
that arrived at the drug-checking site from two distinct users
but originating from the same batch and supplier (H and I).
Similar to the current protocols used for drug checking, we
prepared the street drug samples for sensing experiments dis-
solving 1.5 mg in 1 mL methanol.®* These stock solutions were
then further diluted down to 0.03 mg mL™" in all sensing
experiments.

Mixed host chemosensors identify multi-component street
drug samples where a comparable traditional sensor array
cannot. Full spectral absorbance and fluorescence responses of
each mixed host chemosensor (DD4-CB8, DD8-CBS8, DD13-CB8
and DD13-CB7) were acquired for all multi-component street
drug samples, to determine if mixed host sensing operated in
more complex sample matrices (Fig. S257). To provide a direct
comparison to a traditional sensor array, responses of each
isolated DimerDye (DD4, DD8, and DD13) were also collected
(Fig. S267). Mixed host chemosensors provided responses of
increased emission to cationic cocaine (A), MDMA (C) and MDA
(D) multi-component samples, and varying decreased emission
responses to neutral bromazolam (B) and various fentanyl
samples (E-I) (Fig. 7a, b and S257). In comparison, DimerDye
chemosensors alone produced sensing responses smaller in
amplitude, only providing increased emission responses for
cationic samples A, C and D (Fig. 7¢, d and S267). Select
absorbance and fluorescence wavelengths from the array of
mixed host chemosensors (Table S4t) were applied to PCA
analysis, providing discrimination of all multi-component
samples (Fig. 7b and S277). The samples H and I were essen-
tially identical by instrument-based drug checking analysis,
having been reported as the same drug from the same supplier
(Table 1). The results of the mixed host sensor array overlap,
and therefore correctly identify H and I as the same street drug
sample. The same observations (Table S5T) were applied to PCA
analysis of the isolated DimerDye as a direct comparison of the
classical single-host-class sensor array. Only discrimination of
cationic samples A, C, and D were achieved, with the remaining
samples (B, E-I) overlapping (Fig. 7d and S28%). These results
show the combination of multiple host classes introduces
useful variability in binding interactions. The information-rich
sensing responses provide a dramatic enhancement of the
overall performance.
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Conclusions

This work shows the value of increased systems chemistry
complexity through easily co-assembled mixed host chemo-
sensors. Interconnected equilibria are created by combining
multiple binding sites of different inherent affinities within the
same sensing solution. In doing so, this approach harnesses
simple macrocycle combinations to generate more information-
rich sensing fingerprints from a single composite sensing
system. This self-assembly-based design provides a facile route to
broadening the scope of analytes, where the ability to detect
untargeted analytes emerges through unexpected higher-order
complexation interactions. This tactic can be easily applied to
a wide range of established reporter chromophores, fluo-
rophores, and recognition binding elements, offering almost
unlimited possibilities for enhancing current sensing systems.
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