Mixed host co-assembled systems for broad-scope analyte sensing
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ABSTRACT: Here we report a systems-oriented approach to developing information-rich mixed host chemosensors. We show that co-assem-

bling macrocyclic hosts from different classes, DimerDye sulfonatocalix[4]arenes 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-based platform for the differentiation of illicit drugs, including

cannabinoids, benzodiazepine analogs, opiates, anesthetics, amphetamine, and common adulterating substances. Finally, the potential of this

approach is applied to profiling real-world multi-component illicit street drug samples, proving to be more effective than classical sensor arrays.

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, con-
taining the ability to identify many different entities from a single
sensory tool.” * More recently, the conceptual development of sen-
sors has advanced towards information-rich chemical nose or cross-
reactive chemosensors to achieve more prolific unique sensing pro-
files. 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 components,s’7 and biological
non-covalent self-assembly-based probes that function through

multi-complexing systems.*"!

Macrocyclic hosts are well-defined synthetic receptors for the detec-
tion 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 fluo-
rescence response, where sensitivity is dictated by binding affinity.'>
17 Singular host sensing systems provide limited information, typi-
cally in the form of a single output (turn-on or turn-off fluorescence)
for one particular class of analyte and often fail to achieve selectivity
when faced with structurally similar analytes. To attain analyte dif-
ferentiation a suite of individual host-indicator sensors are often ap-
plied, where varied response patterns arise from affinity differences,
producing an optical fingerprint for discrimination.'® This strategy
has been employed in macrocyclic host-based sensor arrays with
some recent examples in differentiating neurotransmitters,” small

molecule bioorganic analytes,” folded DNA G-quadruplexes,*?* in-
sect pheromones,** natural amino acids,?® and amyloid structures.?®

The power of increasing cross-reactive self-assembly interactions is
demonstrated by macrocyclic host-based chemosensors that co-as-
semble multiple receptor or reporter elements within the same solu-
tion. 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
cells.” A recent report shows that macrocycles containing different
integrated fluorophores have improved discrimination power when
they are combined in solution, forming an adaptive network of sen-
sors.’® Despite these advances, further conceptual development is
necessary, both through synthetic design and supramolecular assem-
bly, in order to achieve more challenging sensing tasks.'®

Here we present a new concept in which a mixed host chemosensor
positions a single dye within a complex system, conferring the ability
to generate different kinds of optical responses to hydrophobic, neu-
tral, 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 differ-
ent classes of macrocyclic hosts, DimerDye sulfonatocalix[4]arenes
and cucurbit[n]urils, into a single composite mixed host chemosen-
sor (Figure 1). Key to this conceptual approach is the 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 photo-
physical responses to different analytes” and “responding to dissim-
ilar classes of analytes” (Figure 1b). We prove the benefits of this
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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 real-world multi-

component illicit drug samples.
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Figure 1. A mixed host chemosensor produces multi-responsive out-
puts, increasing the scope of analyte detection. (a) Schematic illustra-
tion 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[n]uril forms a mixed host chemosensor with moderate
changes in absorbance/fluorescence. The subsequent addition of an an-
alyte that favors cucurbit[n]uril binding produces a change in absorb-
ance and/or turn-off fluorescence, whereas an analyte that prefers
DimerDye binding results in a change in absorbance and/or increased
fluorescence. 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 CBS8 used in this work.

RESULTS AND DISCUSSION

Design of mixed host chemosensors. Two distinct host classes
were selected to encourage host-host co-assembly. Previously re-
ported DimerDye sulfonatocalix[4]arenes DD4, DDS, and DD13
(Figure 1c), ** and cucurbit[n]uril hosts, CB7 and CB8 (Figure 1d)
were selected to promote hetero co-assembly while contributing dif-
ferent analyte binding properties. Sulfonatocalix[4]arenes contain a
flexible chalice-shaped cavity and negatively charged upper rim.** In
aqueous solution the DimerDye analogs form a homodimer, stack-
ing two fluorophores in an antiparallel quenched arrangement.
Upon analyte binding, DimerDyes provide turn-on fluorescence de-
tection through a disassembly-driven sensing mechanism (Figure
1a).3»343 The selected DimerDyes (DD4, DDS8, and DD13) cover
arange of structural, absorbance, and emission properties, however,

they are limited to binding cationic analytes. Conversely, cucur-
bit[n]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 hydro-

phobic 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 combi-
nation of these two host classes would co-assemble through hydro-
phobic and ion-dipole interactions from the DimerDye pendant arm
binding the cucurbit[n]uril cavity and interacting with the polar car-
bonyl portals.

Mixed host co-assembly sensing mechanism. Different pairs of
one DimerDye and one cucurbit[#]uril can co-assemble to form a
mixed host chemosensor with distinct photophysical properties.
Combinations of DD4.CB8, DDS8.CB8, DDI13.CB7, and
DD13.CB8, were selected for study to understand the scope of this
approach. To establish the formation of these hetero host-host com-
plexes, changes in DimerDye absorbance and emission were moni-
tored during titrations with increasing concentrations of cucur-
bit[#]uril. Titrations of CB8 into DD4 and CB7 into DD13 resulted
in both changes in absorbance and turn-on fluorescence (Figures
2a,b and S9). These results indicate the parent DimerDye disassem-
bles from its native homodimer state, with the turn-on fluorescence
response strongly supporting the formation of a hetero-complex be-
tween 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 broad-
ened resonances, attributed to the DimerDye pendant arm protons
being in a shielded environment (Figures 2c and S10-11). The
broadened CB7 peaks indicate possible aggregate formation at con-
centrations used in NMR, coinciding with the low solubilities of
these mixed host assemblies (Figures 2¢ and S10-11). Upon addi-
tion of CB8, the DimerDyes DD8 and DD13, exhibited shifts in ab-
sorbance, indicating that CB8 forms a hetero-complex with DD8
and DD13 (Figure S9). However, these complexation events caused
minimal changes in emission (Figure S9). 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[#]uril, producing a turn-on flu-
orescence response. A molecular model of a possible 1:1 co-assem-
bly of DD13 with CB7 is presented in Figure S13. 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 possi-
ble complexes include cucurbit[n]uril outer-surface binding interac-
tions,” where multi-hetero assemblies with sulfonatocalix[4 ]arenes

4,

in aqueous solution have been reporte as well as potential ter-

nary 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 (Figure 1b).
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Figure 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 AANH3. (b) CB7 ti-
tration into DD13 results in a blue shift in absorbance (left) and in-
creased fluorescence (right). Black dashed line represents DD13 (10.5
uM), light to dark blue lines represent the addition of increasing concen-
trations of CB7 (1.3 to 84 uM). Insets show the addition AANHj to the
co-assembled DD13+CB7 chemosensor induces a red shift in absorb-

ance (left) and turn-off fluorescence (right). Blue line represents DD13
(10.5 pM) with CB7 (21 uM), light to dark red lines represent the addi-
tion of increasing concentrations of AANH3 (2.6 to 21 uM). All samples
in NaH,PO./Na,;HPO, (10 mM, pH 7.4) in H,O. (c) 'H NMR of iii)
DD13 (100 uM) with CB7 (100 uM) shows evidence of hetero host co-
assembly by the appearance of new upfield-shifted DD 13 peaks and new
CB?7 peaks (blue stars). Disassembly of the homodimer DD13; is sup-
ported by the fluorescent appearance of the NMR tube. In v) the addi-
tion of AANH3 (100 uM) displaces the DD13+CB7 complex, indicated
by the upfield-shifted AANHj peaks (red dashed lines) and return of na-
tive homodimer DD 13; peaks. The non-fluorescent appearance further
supports the reformation of the homodimer DD13,. All samples are in
NaH;PO./Na;HPO4 (10 mM, pD 7.4) in D;O (500 MHz, 298 K).
NMR tubes irradiated with a hand-held UV lamp (Ax 356 + 20 nm).

Mixed host mechanistic studies with a CB-selective guest demon-
strate multi-responsive emergent sensing properties that are not pre-
sent in the parent chemosensor. To validate the contribution of
CB’s sensing responses, we selected amantadine (AdNHY) as a high
affinity guest for CB7 (Ka=240 fM),* while the adamantane moiety
has been shown to scarcely interact with sulfonated calixarenes.”

Our '"H NMR experiments corroborate this, showing minimal bind-
ing of AANH} to DD13 (Figure S12). In contrast, the addition of
AdNH;J to the pre-assembled moderately fluorescent co-assembled
mixed host chemosensor DD13«CB7 resulted in a turn-off fluores-
cence response and red-shifted absorbance (Figure 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-
ure 2¢ and S11). These results show that mixed host co-assemblies
can produce photophysical responses through analyte 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 capabilities to
new classes of analytes. On their own, DimerDyes have been re-
ported to detect cationic illicit drugs.”> To determine if mixed host
chemosensors expand sensing abilities we selected cocaine, canna-
bidiol (CBD) and Vitamin C as analytes, representing cationic, neu-
tral and anionic classes of drugs (Figure 3). As a direct comparison,
we measured the fluorescence responses of the mixed host
chemosensor DD13.CB7 and isolated DD13, (Figure 4). Assays
with only DimerDyes provided limited information for these drugs,
only producing a turn-on fluorescence response to the cationic ana-
lyte, cocaine and insignificant responses to the neutral and anionic
analytes (Figure 4b). However, the mixed host chemosensor
DD13+CB7 produced varied emergent responses to the different an-
alyte 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-
ure 4a). These results highlight how the incorporation of a second
host class in a self-assembled system can give varied responses to dif-
ferent analytes while also providing the emergent ability to detect
analytes that otherwise wouldn’t bind.
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Figure 3. Chemical structures of illicit drugs and adulterants ranging in
hydrophobic, neutral, cationic and anionic properties.
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Figure 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] = 10S uM. (b) Fluorescence response
of isolated DD13 to anionic Vitamin C, neutral CBD and cationic co-
caine. Samples contain [DD13] = 10.5 uM and [drug] = 105 pyM. All
samples are in NaH,PO4/Na;HPO: (8.4 mM, pH 7.4) in H,O with 2%
MeOH.

Differential sensing. To further probe the power of using mixed
host chemosensors, a large set of bulky, hydrophobic, cationic, neu-
tral and anionic drugs and adulterants were selected for differentia-
tion (Figure 3). The analytes were chosen to test the sensing range
capabilities of our mixed host co-assembled chemosensors while tar-
geting compounds commonly found in harm-reduction-based drug
checking of Canadian illicit street drugs.*® An array of mixed host
(DD4.CB8, DD8.CB8, DDI13.CB8, and
DD13.CB?7) were screened for sensing responses, measuring select

chemosensors

absorbance and fluorescence wavelengths (Table S1). Principal
component analysis (PCA) was then used to analyze the fingerprint
response patterns, aiming to discriminate samples while minimizing
the number of required observations.*™'

Mixed host chemosensors can generate surprising emergent proper-
ties, including the differentiation of drugs for which neither host is
considered to be a canonical binder. Cannabinoids 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 tetrahydrocannabinol (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 (Figure 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. Not only was cannabinoid sensing pos-
sible from the mixed host chemosensors, but the combination of ab-
sorbance 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 iso-
mers, which differ only in the position of a double bond (Figures Sa
and $14). These results show that superior data-rich responses are
produced from the co-assembly with cucurbit[n]uril hosts.
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Figure S. An array of mixed host chemosensors discriminates highly
similar neutral cannabinoids. (a) PCA score plot of a mixed host co-as-
sembled DD«CB sensor array completely discriminates CBD, A>-THC
and A’-THC isomers. Sensor array includes absorbance and fluores-
cence 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 fluo-
rescence responses of DD4, DD8 and DD13. Samples contain [DD] =
10.5 uM and [drug] = 105 uM. PCA score plots show each sample set (n
= 8) enclosed by 95% confidence ellipses. All samples are in
NaH,PO./Na,;HPO. (8.4 mM, pH 7.4) in H,O with 2% MeOH.

A small array of mixed host chemosensors achieves discrimination of
alarge set of illicit drugs and adulterants from many distinct chemi-
cal classes. We first focused on a test set containing illicit central
nervous system depressants, which included both neutral benzodi-
azepines and cationic opiates. In this analysis, the benzodiazepines
etizolam and diazepam displayed overlapping confidence ellipses
while the other depressants were discriminated (Figures Sa and
$16). Next, we studied a test set including cocaine and MDMA,
along with a set of pharmacologically active adulterants commonly
added for their synergistic effects (Figures Sb and S17).5** The pre-
scription adulterants procaine, lidocaine, levamisole, and phenace-
tin, were discriminated from the illicit drugs cocaine and MDMA,
whereas the adulterants with fewer health repercussions, Vitamin C
and caffeine, overlapped with each other. Lastly, a plot combining all
tested drugs maintained similar discrimination patterns among the
combined test set, with similar deficiencies in the overlap of two ben-
zodiazepines and the adulterants Vitamin C and caffeine (Figures Sc
and S18).
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Figure 6. An array of mixed host co-assembled chemosensors distin-
guishes between different classes of cationic and neutral illicit drugs and
adulterants. (a) PCA analysis of central nervous system depressants;
neutral benzodiazepines and cationic opiates. The array of mixed host
chemosensors includes absorbance and fluorescence responses from
DD8.CB8, DD13.CB8 and DD13+CB7. (b) PCA plot discriminates
anesthetics and amphetamine from common adulterants. The array of
mixed host chemosensors includes responses from DD4.CBS,
DD13.CB8, and DD13.CB7. (c) PCA analysis of all tested drugs and
adulterants. The array of mixed host chemosensors includes responses
from DD4.CB8, DD8.CBS8, DD13.CB8 and DD13.CB7. PCA (corre-
lation) score plot shows each sample set (n = 8) enclosed by 95% confi-
dence ellipses. Samples contain [DD] = 10.5 uM, [CB] = 21 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.

Table 1. Multi-component illicit street drug sample compositions.

Real-world illicit street drug samples represent a challenging set of
multi-component targets for identification. Tests that merely reveal
the presence or absence of potent substances like fentanyl are less
informative tools for harm reduction in the context of the drug over-
dose crisis.*® People who use drugs access drug checking services to
reduce risks by obtaining an understanding of the complete compo-
sition (all active illicit drugs, adulterants, and inert compounds),
with specific quantities to assess potency and dangers.” Currently,
multiple instrument-based techniques are employed, such as combi-
nations of immunoassay test strips, chromatography, mass spec-
trometry, Raman, and infrared (IR) spectroscopic methods.** 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-check-
ing ecosystem. Street drug samples were provided by people who use
drugs through Substance, the Vancouver Island Drug Checking Pro-
ject,”” ©° where drug composition and quantification were deter-
mined using Fourier transform infrared (FTIR) spectroscopy and
paper spray mass spectrometry (PS-MS) (Table 1 and Figure S19).
To capture the landscape of street drugs commonly in use in British
Columbia, Canada, we studied representative samples from differ-
ent drug classes (A-E), as well as several fentanyl-containing samples
that varied slightly in composition (E-H). We also included two fen-
tanyl 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 dissolving 1.5 mg in 1 mL methanol.% These stock so-
lutions were then further diluted down to 0.03 mg/mL in all sensing
experiments.

Street drug sample Composition®

Cocaine (90%), sorbitol
Bromazolam (>80% single component)

Fentanyl (20%), caffeine, erythritol

IOoT"Mmgnw»

=

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

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

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

Methylenedioxymethamphetamine (MDMA, >80% single component)
Methylenedioxyamphetamine (MDA, 50%), dimethyl sulfone

“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.
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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
(DD4.CB8, DDS8.CBS, DDI13.CB8 and
DD13.CB7) were acquired for all multi-component street drug

chemosensor

samples, to determine if mixed host sensing operated in more com-
plex sample matrices (Figure $20). To provide a direct comparison
to a traditional sensor array, responses of each isolated DimerDye
(DD4, DDS, and DD13) were also collected (Figure S21). Mixed
host chemosensors provided responses of increased emission to cat-
ionic cocaine (A), MDMA (C) and MDA (D) multi-component
samples and varying decreased emission responses to neutral brom-
azolam (B) and various fentanyl samples (E-I) (Figure $20). In
comparison, DimerDye chemosensors alone produced sensing re-
sponses smaller in amplitude, only providing increased emission re-
sponses for cationic samples A, C and D (Figure S21). Select absorb-
ance and fluorescence wavelengths from the array of mixed host
chemosensors (Table S2) were applied to PCA analysis, providing
discrimination of all multi-component samples (Figure 7a and $22).
The samples H and I were essentially identical by instrument-based
drug checking analysis, having been reported as the same drug from
the same supplier. The results of the mixed host sensor array overlap,
and therefore correctly identify H and I as the same street drug sam-
ple. The same observations (Table $S3) were applied to PCA analysis
of the isolated DimerDye as a direct comparison of the classical sin-
gle-host-class sensor array. Only discrimination of cationic samples
A, C,and D were achieved, with the remaining samples (B, E-I) over-
lapping (Figure 7b and $23). These results show the combination of
multiple host classes introduces useful variability in binding interac-
tions. The information-rich sensing responses provide a dramatic
enhancement of the overall performance.

a) Array of mixed host b) Array of DimerDye
co-assembled chemosensors chemosensors
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Figure 7. An array of mixed host co-assembled chemosensors discrimi-
nates multi-component street drug samples. (a) PCA analysis using ab-
sorbance and fluorescence sensor array responses from DD4.CB8,
DD8.CB8, DD13.CBS8, and DD13.CB7. PCA (correlation) score plot
shows each samples set (n = 8) enclosed by 95% confidence ellipses.
Samples contain [DD] = 10.5 uM, [CB] =21 uM and [street drug sam-
ple] = 0.03 mg/mL. (b) DimerDye chemosensors on their own do not
discriminate different multi-component street drug samples. Sensor ar-
ray contains absorbance and fluorescence responses of DD4, DD8 and
DD13. Samples contain [DD]=10.5uM and [drug] = 0.03 mg/mL.
PCA score plots show each sample set (n = 8) enclosed by 95% confi-
dence ellipses. Allsamples are in NaH,PO4/Na;HPO4 (8.4 mM, pH 7.4)
in H,O with 2% MeOH.

CONCLUSION

This work shows the value of increased complexity through easily
co-assembled mixed host chemosensors. 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 infor-
mation-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 untar-
geted analytes emerges through unexpected higher-order complexa-
tion interactions. This tactic can be easily applied to a wide range of
established reporter chromophores, fluorophores, and recognition
binding elements, offering almost unlimited possibilities for enhanc-
ing current sensing systems. Building complexity through supramo-
lecular assemblies can overcome some of the current limitations in
host-based sensing, progressing towards challenging sensing tasks
such as distinguishing complex mixture profiles, where subtle differ-
ences in multi-component mixtures are desired.
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1. General methods and materials

1.1 Materials

The following chemicals were used as received without further purification. Cucurbit[7]uril hydrate (CB7), berberine chlo-
ride (BC), phenacetin (298.0%), procaine hydrochloride (=297%), lidocaine hydrochloride monohydrate and levamisole
hydrochloride were purchased from Sigma Aldrich. L-ascorbic acid (299.0%) was purchased from Fisher Scientific. 1-
Adamantanamine (AdNH3;) hydrochloride (299.0%) was purchased from TCl. Analytical drug samples from Cerilliant®
were purchased through Sigma Aldrich as 1 mg/mL ampules in methanol or acetonitrile: morphine solution, diazepam
solution, etizolam solution, cannabidiol (CBD) solution, A°-tetrahydrocannabinol (A°-THC) solution, (-)-A8- tetrahydrocan-
nabinol (A8-THC) solution, (z)-3,4-methylenedioxymethamphetamine (MDMA) solution, cocaine hydrochloride solution,
heroin solution and lorazepam solution.

The DimerDyes DD4, DD8, and DD13 were synthesized and purified following reported protocols.® Cucurbit[8]uril (CB8)
was synthesized and purified following literature procedures.? 3 N,N’-dimethyl-2,7-diazapyrenium diiodide (MDAP) was
synthesized and purified following the reported protocol.*

Street drug samples were collected from Substance, the Vancouver Island Drug Checking Project, located in Victoria,
BC, Canada.® ¢ Solid samples (<10 mg) were submitted by people who use drugs as part of the drug checking service
and were analyzed at Substance using established protocols. Fourier transform infrared (FTIR) spectra were collected
using a 45° single-bounce attenuated total reflection (ATR) element. The resulting IR spectra were analyzed using clas-
sification models for the presence or absence of trace actives.” Paper spray-mass spectrometry (PS-MS) analysis was
performed to confirm the presence of select target compounds and to provide quantitative concentration information.&1!
Cases where measurements were above the limit of quantification are reported as >80%, where the lower limit of quan-
tification is approximately 0.1% (weight/weight).®

1.2 General UPLC-MS and NMR spectroscopy methods

DimerDye purity was verified using a Waters UPLC-MS equipped with an Acquity UPLC BEH C18 1.7 um (21 x 50 mm)
column, UV/Vis and QDa detector. A gradient of 90% H20 (0.4% CH202)/10% CHsCN (0.4% CH203) to 30% H20 (0.4%
CH202)/70% CH3CN (0.4% CH202) over 5 minutes at 0.5 mL/min flow was used for all purity traces. All NMR spectra
were recorded on a Bruker Avance Neo 500 at 298 K (*H: 500 MHz). *H NMR performed in phosphate buffer (50 mM,
pD 7.4) was prepared using sodium phosphate monobasic and sodium phosphate dibasic in D2O. The pD was adjusted
with 1 M NaOD/DCI and determined using a pH meter.'?

1.3 General sample preparation for absorbance and fluorescence

Stock solutions of cucurbit[n]uril hosts CB7 and CB8 and dyes MDAP and BC were prepared in Milli-Q™ ultrapure water.
The concentrations of stock dye solutions MDAP and BC were determined by UV-Vis titration measurements using the
reported extinction coefficients (BC, €344 nm = 22300 Mlcm* and MDAP, €393 nm = 7800 M-lcm®) and Beer-Lambert Law.*
15 The concentration of cucurbit[n]uril stock solutions (CB7 and CB8) was determined in Hz0 following reported titration
protocols with known strong binding dyes (MDAP and BC, respectively).’® * CB7 was titrated into MDAP, recording the
emission at Aem = 454 nm (Aex= 393 nm). CB8 was titrated into BC, recording the emission at Aem = 542 nm (Aex= 421 nm).
Stock solutions of DimerDyes (1 mM) were prepared by mass in NaH2PO4/Na2HPO4 (10 mM, pH 7.4) in H20. Analytical
drug ampules were evaporated overnight under a gentle air stream and redissolved in methanol to form 5.2 mM stock
solutions. Solid street drug samples were dissolved in analytical-grade methanol to form 1.5 mg/mL stock solutions.
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2. Macrocyclic host synthesis and purity —*H NMR and UPLC-MS

The calixarene intermediate sCx4-CHO was synthesized following reported protocols.*® DimerDyes DD4, DD8 and DD13
were synthesized and purified following reported protocols.!

a)
H phenol
37% HCHO AICl3 BzCl
NaOH toluene pyrldlne
OH OH OH OH HO OBz OBZOBZ HO
HMTA
TFA

]
OBz OBzQBz HO

morpholine
MeOH

sCx4-CHO

d)

Clm N

morpholine
MeOH

sCx4-CHO

Scheme S1. Synthetic route of (a) intermediate sCx4-CHO and synthesis of (b) DD4 (c) DD8 and (d) DD13.%:1¢
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Figure S1. 'H NMR spectrum of DD4: in NaH2PO4/NazHPO4 (50 mM, pD 7.4) in D20 (500 MHz, 298 K) shows upfield
shifted pendant arm methyl and aromatic protons, supporting the existence of the molecule as a homodimer in agueous

solution.
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Figure S2. UPLC-MS (ES+) of DD4. Left = UV diode array detected chromatogram (190:400 nm). Right = positive ion
mode ESI mass spectrum of the eluted peak.
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Figure S3. 'H NMR spectrum of DD8z in NaH2PO4/NazHPO4 (50 mM, pD 7.4) in D20 (500 MHz, 298 K) shows upfield
shifted pendant arm methyl and aromatic protons, supporting the existence of the molecule as a homodimer in agueous
solution.
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Figure S4. UPLC-MS (ES+) of DD8. Left = UV diode array detected chromatogram (190:800 nm). Right = positive ion
mode ESI mass spectrum of the eluted peak.
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Figure S5. *H NMR spectrum of DD13: in NaH2PO4/NazHPO4 (50 mM, pD 7.4) in D20 (500 MHz, 298 K) shows upfield
shifted pendant arm aromatic protons, supporting the existence of the molecule as a homodimer in aqueous solution.
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Figure S6. UPLC-MS (ES+) of DD13. Left = UV diode array detected chromatogram (190:800 nm). Right = positive ion
mode ESI mass spectrum of the eluted peak.

Cucurbit[8]uril (CB8) was synthesized using literature methods.?
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Scheme S2. Synthetic route of CB8.?
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Figure S7. 'H NMR spectrum of CB7 in DO (500 MHz, 298 K).
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Figure S8. 'H NMR spectrum of CB8 in DO (500 MHz, 298 K).
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3. Mixed host co-assembled DimerDyeecucurbit[n]uril chemosensors

3.1 Cucurbit[n]uril into DimerDye titrations — absorbance and fluorescence

a) £ 018 15000
0.30 016y 15000 e
& 01 3 12322 --- DD4
0.25 l;t g: 3 T ) — +8.0eqCB8
020 0 20 40 60 80 100 & 10000 0 20 40 60 80 100 +4.0eqCB8
Zo1s [CB3], uM c [CB8], uM — +20eqCB8
2 5000 — +1.0eqCB8
0.10 i +0.50 eq CB8
0.05 T +0.25 eq CB8
0.00 0 +0.13 eq CB8
400 500 600 700 500 600 700
b) wavelength, nm wavelength, nm
0.15 2000 300 I
. E 200 I -=- DD8
= 1500 « 100 {F* I — +8.0eqCB8
0.10 E_‘ 0 — +4.0eqCB8
0 20 40 60 80 100 0 20 40 60 80 100
3 [CB8], uM Z 1000 [CB8], uM — +20eqCB8
“005 ] —— +10eqCB8
. § 500 +0.50 eq CB8
o +0.25 eq CB8
0.00 0 +0.13 eq CB8
LELBL L L L L I TTrrrrrruria I TryrrrTroTrna
400 500 600 700 500 600 700
o) wavelength, nm wavelength, nm
0.20 30000 - b
] H I --. pbs
5 ] £ 500 g 1 I
0.15 © i 400 — +8.0eq CB8
= 20000 — 300
0 20 40 60 80100 E . 0 20 40 60 80 100 +4.0eq CBS
Zo0.10 [CBS], uM o . [CB8], uM — +2.0eqCB8
o i
< 10000 — +1.0eq CB8
0.05 < ] +0.50 eq CB8
e ] +0.25 eq CB8
0.00 Omﬂj—ﬁ'l‘l'ﬁ'm-rm +0.13eq CB8
400 500 600 700 500 600 700
d) wavelength, nm wavelength, nm
0.20 30000
_ --- DD13
0.15 = — +8.0eqCB7
~= 20000 J—
E 0 20 40 60 80 100 +4.0eq CBY
2010 o [CB7], uM — +2.0eqCB7
< g 10000 —— +1.0eqCB7
0.05 < +0.50 eq CB7
T +0.25 eq CB7
0.00 P B +0.13 eq CB7
400 500 600 700 500 600 700
wavelength, nm wavelength, nm

Figure S9. Titrations of cucurbit[n]uril into DimerDye induce red/blue shifts in absorbance and turn-on fluorescence re-
sponses. CB8 titrations into (a) DD4 (10.5 pM) (b) DD8 (10.5 uM) and (c) DD13 (10.5 pM). CB?7 titration into (d) DD13
(10.5 pM). Titrations are monitored by absorbance (left) and fluorescence (right), where the darkest blue line represents
the highest concentration of CB (84 uM) and the lightest blue line represents the lowest concentration of CB (1.3 uM).
Traces of DimerDyes (10.5 uM) alone are shown as black dashed lines. Insets show the binding isotherms. All solu-
tions in NaH2PO4/Na:HPO4 (10 mM, pH 7.4) in H20. Absorbance and fluorescence spectra are plotted as the mean of
experiments done in triplicate with error bars corresponding to the standard deviation. Error bars are not visible in
cases where the error is smaller than the depicted data point.
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3.2H NMR investigation of mixed host co-assembled DD+CB chemosensor complexes

!H NMR experiments were conducted to further validate DD-CB complexation interactions. Studies were limited by the
solubility restraints of DD-CB complexes at concentrations required for *H NMR studies. Therefore, only mixed host
complexation interactions of DD4-CB8 and DD13+CB7 were investigated by *H NMR. The turn-off fluorescence sensing
mechanism of DD13-CB7 was further probed by H NMR through the addition of a CB7 selective guest (AdNH3). These
solubility limitations prevented further experimental investigation of the size of complexes formed by dynamic light scat-
tering (DLS) or diffusion ordered spectroscopy (DOSY).

Stock solutions of cucurbit[n]uril hosts (CB7 and CB8) were prepared in DO and concentrations were determined by
titration experiments with known strong binding dyes (MDAP and BC, respectively) in H20.* 14 Stock solutions of
DimerDyes (1 mM) were prepared by mass in NaH2PO4/Na:HPO4 (50 mM, pD 7.4) in D20. Final NMR solutions con-
tained [DD] = 100 pM, [CB] = 100 uM in NaH2PO4/Na:HPQO4 (10 mM, pD 7.4) in D20.
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Figure S10. DD4 and CB8 form a fluorescent mixed host chemosensor. (a) Schematic of DD4+CB8 co-assembly illus-
trating possible binary and ternary complexes that could form in the larger CB8 cavity.-1° (b) *H NMR of i) DD4 (100
puM). Upfield-shifted aromatic peaks in fast exchange and non-fluorescent appearance support the existence of the ho-
modimer DD4: in aqueous solution. ii) CB8 (100 uM). iii) DD4 (100 uM) and CB8 (100 uM) combined. Blue stars illus-
trate the appearance of new DD4 and CB8 resonances. The presence of new upfield-shifted and broadened aromatic
peaks and upfield-shifted methyl peaks indicate DD4+CB8 complexation. Fluorescent appearance of the NMR tube fur-
ther supports the disassembly of the homodimer DD4>. NMR tube irradiated with a hand-held UV lamp (Aex = 356+20
nm). All samples in NaH2PO4/Na2HPO4 (10 mM, pD 7.4) in D20 (500 MHz, 298 K).
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Figure S11. DD13+CB7 complex functions as a turn-off mixed host chemosensor for strong binding guests of CB7. (a)
Schematic of DD13-CB7 formation and turn-off sensing mechanism upon analyte addition. (b) *H NMR of i) DD13 (100
puM) shows upfield-shifted aromatic peaks in fast exchange. Non-fluorescent appearance of the NMR tube supports the
existence of homodimer DD13; in aqueous solution. ii) CB7 (100 pM). iii) DD13 (100 pM) and CB7 (100 uM) combined.
Blue stars illustrate the appearance of new DD13 and CB7 resonances. The presence of new upfield-shifted and broad-
ened aromatic peaks indicate DD4+CB8 complexation. The fluorescent appearance of the NMR tube further supports
the disassembly of the homodimer DD13. iv) AANH3 (100 uM). v) DD13 (100 pM), CB7 (100 pM) and AdNH3 (100 puM)
combined. Upfield-shifted AANH3 peaks (red dashed lines) and the return of homodimer DD13; peaks indicate a
CB7-AdNH3 assembly forms. The non-fluorescent appearance of the NMR tube further supports the reformation of the
homodimer DD13>. NMR tube irradiated with a hand-held UV lamp (Aex 35620 nm). All samples in NaH2PO4/Na:HPO4
(20 mM, pD 7.4) in D20 (500 MHz, 298 K).
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Figure S12. Control experiments demonstrate that the DD13+CB7 mixed host complex is responsible for observed
sensing responses. (a) Schematic illustrating CB7+AdNH3 favored complexation. (b) *H NMR of i) CB7 (100 pM) ii)
AdNH3 (100 uM) and iii) CB7 (100 pM) combined with AANH3 (100 uM). Complexation of AANHj is observed by up-
field-shifted resonances in slow exchange, shown as red dashed lines. All NMR tubes are non-fluorescent in appear-
ance as CB7 and AdNHj are spectroscopically silent. (c) Schematic illustrating the homodimer DD13: is favored over
DD13+AdNH3; complexation. (d) *H NMR of i) DD13 (100 pM), upfield-shifted aromatic peaks in fast exchange and non-
fluorescent appearance supports the existence of homodimer DD13: in aqueous solution. ii) AANH3 (100 uM). iii) DD13
(100 pM) and AdNH3 (100 pM) combined. Minimal shifts observed in AdNH; and DD13: resonances indicate little dis-
ruption of the DD132 homodimer. The non-fluorescent appearance of the NMR tube further supports the presence of
DD132 homodimer. NMR tube irradiated with a hand-held UV lamp (Aex = 35620 nm). All samples in
NaH2PO4/Na2HPO4 (10 mM, pD 7.4) in D20 (500 MHz, 298 K).
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3.3 Molecular modeling of DD13*CB7 co-assembly

Figure S13. Molecular modeling using DFT (RWB97X-D/6-31G(D)) was performed with Spartan to illustrate a potential
1:1 binding geometry between DD13 and CB7. To partially counterbalance the overall charge of the complex, two so-
dium ions were strategically placed: one within the DD13 cavity, which is recognized for its Na+ binding capability, and
another adjacent to the CB7 portals, known for their cation-binding affinity.?° It is important to note that, in reality, a vari-
ety of conformers likely exist, differing in both the number and positions of bound counterions. Therefore, this molecular
model should be viewed as a visual representation intended to provide insight into possible binding configurations, ra-

ther than a definitive structural depiction.
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4. Ildentifying illicit drugs and adulterants

Discriminant analysis experiments of illicit drugs and adulterants were conducted in NUNC black-walled optical bottom
384-well plates, with 70 pL final well volumes. Final solutions contained [DD] = 10.5 pM, [CB] = 21 pM, and [drug] = 105
pUM in NaH2PO4/Na:HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH. Mixed host chemosensor combinations of
DD4-CB8, DD8-CB8, DD13-CB8, and DD13+CB7 were tested for their responses to each individual illicit drug and adul-
terant. Absorbance and emission wavelengths were selected based on preliminary experimental results, using excita-
tion wavelengths at the maxima of each DimerDye (DD4 Aex= 480 nm, DD8 Aex= 380 nm and DD13 Aex= 420 nm) (Ta-
ble S1). Cannabinoid sensing of DimerDyes alone was also tested using the same selected absorbance and fluores-
cence wavelengths (Table S2), this was done to validate the improved differentiation ability of the array of mixed host
chemosensors. Absorbance and fluorescence end-point measurements of each DD*CB+drug combination were col-
lected in 12 replicates, along with 2 solvent blank measurements. The raw data was pre-processed by subtracting the
solvent blank from each DD+-CB+drug measurement, then the two highest and two lowest data values were systemati-
cally excluded. Absorbance and fluorescence wavelengths that provided discrimination of drugs and adulterants were
selected for PCA, while aiming to minimize the number of observations. PCA correlation plots with confidence ellipses
(95%) and loading vectors were plotted on sample sets of 8 replicates using OriginPro 2022b Principal Component
Analysis App (Version: 1.50, File Name: PCAC.opx).

Table S1. Mixed host chemosensor wavelengths used in PCA analysis for the identification of drugs and adulterants.

Mixed host Absorbance (nm) Fluorescence

chemosensor (Aex (M), Aem (Nm))
DD4+CB8 480 228 2(7)8
DD8+CB8 440 380, 570
DD13-CB8 228 420, 600
DD13-CB7 228 420, 600

Table S2. DimerDye chemosensor wavelengths used in PCA analysis for the identification of cannabinoids.
Fluorescence

DimerDye Absorbance (nm) (Aex (NM), Aem (NM))
DD4 480 228' 2(7)8
DD8 440 380, 570

400
DD13 430 420, 600
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Figure S14. An array of mixed host chemosensors differentiates structurally similar neutral cannabinoids. Sensor array
includes absorbance and fluorescence responses of mixed host chemosensors DD13-CB7 and DD13+CB8. PCA (cor-
relation) score plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with the respective loading plot
of absorbance and fluorescence observations shown as blue arrows. Chemical structures are represented in the ex-
pected protonation forms under sensing conditions of pH 7.4. Samples contain [DD] = 10.5 pM, [CB] = 21 pM and
[drug] = 105 puM. All samples are in NaH2PO4/Na2HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH.
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Figure S15. An array of DimerDye chemosensors does not differentiate structurally similar neutral cannabinoids. Sen-
sor array includes absorbance and fluorescence responses of DD4, DD8, and DD13. PCA (correlation) score plot
shows each sample set (n = 8) enclosed by 95% confidence ellipses with the respective loading plot of absorbance and
fluorescence observations shown as blue arrows. Chemical structures are represented in the expected protonation
forms under sensing conditions of pH 7.4. Samples contain [DD] = 10.5 uM and [drug] = 105 uM. All samples are in

NaH2PO/NazHPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH.
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Figure S16. An array of mixed host chemosensors shows the differentiation of Central Nervous System (CNS) depres-
sant cationic opiates and neutral benzodiazepine analogs. Sensor array includes absorbance and fluorescence re-
sponses of mixed host chemosensors DD8-CB8, DD13+-CB8, and DD13+CB7. PCA (correlation) score plot shows each
sample set (n = 8) enclosed by 95% confidence ellipses with the respective loading plot of absorbance and fluores-
cence observations shown as blue arrows. Chemical structures are represented in the expected protonation forms un-
der sensing conditions of pH 7.4. Samples contain [DD] = 10.5 uM, [CB] = 21 uM, [drug] = 105 puM. All samples are in
NaH2P0O4/Na2HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH.
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Figure S17. An array of mixed host chemosensors discriminates anesthetics and amphetamine from common adulter-
ants. Sensor array includes absorbance and fluorescence responses of mixed host chemosensors DD4+CB8,
DD13-CB8, and DD13+CB7. PCA (correlation) score plot shows each sample set (n = 8) enclosed by 95% confidence
ellipses with the respective loading plot of absorbance and fluorescence observations shown as blue arrows. Chemical
structures are represented in the expected protonation forms under sensing conditions of pH 7.4. Samples contain [DD]
=10.5 pM, [CB] = 21 uM and [drug] = 105 pM. All samples are in NaH2PO4/Na:HPO4 (8.4 mM, pH 7.4) in H20 with 2%

MeOH.
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Figure S18. All drug and adulterant differentiation from an array of mixed host chemosensors. Sensor array includes
absorbance and fluorescence responses from mixed host chemosensors DD4+-CB8, DD8-CB8, DD13+CB8, and
DD13+CB7. PCA (correlation) score plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with the
respective loading plot of absorbance and fluorescence observations shown as blue arrows. Samples contain [DD] =
10.5 pM, [CB] = 21 uM, [drug] = 105 pM. All samples are in NaH2PO4/Na:HPQO4 (8.4 mM, pH 7.4) in H20 with 2%

MeOH.
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5. Identifying multi-component street drug samples

Discriminant analysis experiments of multi-component street drug samples were conducted in NUNC black-walled opti-
cal bottom 384-well plates, with 50 pL final well volumes. Final solutions contained [DD] = 10.5 uM, [CB] = 21 uM,
[street drug sample] = 0.03 mg/mL in NaH2PO4/Na:HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH. A blank of each
multi-component street drug sample was measured to ensure no signal overlap in the DimerDye regions. Full absorb-
ance and fluorescence spectral scans of each combination were collected in 12 replicates, along with 2 solvent blank
measurements. Full spectral scans were collected to cover any binding induced changes in Amax Occurring in the multi-
component mixtures (Figure S19 and S20). Excitation wavelengths were selected at the maxima of each DimerDye
(DD4 Aex= 480 nm, DD8 Aex = 380 nm, DD13 Aex= 420 nm). A second set of absorbance spectral scans was taken after
the experiment was completed and compared to the measurements from the start of the experiment, this was done to
ensure there were no changes in the spectra throughout the course of experimental measurements and a steady equi-
librium was reached within the multi-component mixtures. Collected raw data was preprocessed by subtracting a buffer
blank from absorbance and fluorescence readings. Absorbance and fluorescence wavelengths from the mixed host
chemosensors that provided different responses to the multi-component street drug samples were selected for PCA
discrimination, while aiming to use a minimal number of observations (Table S3). DimerDye chemosensors alone were
also tested using the same selected absorbance and fluorescence wavelengths (Table S4) as a direct comparison of
the DimerDye sensor array (Figure S22) to the array of DD+CB mixed host chemosensors (Figure S21). PCA correla-
tion plots with confidence ellipses (95%) and loading vectors were plotted on sample sets of 8 replicates using
OriginPro 2022b Principal Component Analysis App (Version: 1.50, File Name: PCAC.opx).

Table S3. Mixed host chemosensor wavelengths used in PCA analysis for the identification of multi-component street
drug samples.

Mixed host Absorbance (nm) Fluorescence

chemosensor (Aex. NM, Aem. NM)
480, 570
DD4-CB8 - 480. 580
DD8+CB8 - 380, 580
DD13-CB8 430 420, 600
DD13-CB7 400 420, 600

Table S4. DimerDye chemosensor wavelengths used in PCA analysis for the identification of multi-component street
drug samples.

DimerDye Absorbance (nm) Fluorescence
(Aex. NM, Aem. NM)
DD4 - 480, 570
480, 580
DD8 - 380, 580
DD13 400 420, 600
430

17

https://doi.org/10.26434/chemrxiv-2024-sdwfr ORCID: https://orcid.org/0000-0002-7973-8686 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-sdwfr
https://orcid.org/0000-0002-7973-8686
https://creativecommons.org/licenses/by-nc-nd/4.0/

A. Cocaine (90%)
+ sorbitol
HiC
+ NH o

B. Bromazolam
(>80% single component)

\V/N‘N

1
1
1
:
v :
(0] '
O o
° I O
1 1
' Br =N
1
1
1
1
1
1
1
1
1
1

e |

cocaine !

1

OH OH O |

- 1

HO ~ |
Y Y OH bromazolam '

OH OH .
sorbitol .

C. MDMA

(>80% single component)

E. Fentanyl (20%) + caffeine | F. Fentanyl (13%) +f|uorofentanyl (1%)

+ erythritol

OH
HONOH

C

oH
erythritol

ﬁi»

gael
caffelne

fentanyl

+ caffeine

?

fentanyl

<a ﬁi 5
caffelne

@”\@\

p-fluorofentanyl

H. Fentanyl (16%) fluorofentanyl (14%) + ANPP (3.7%) +
I. Fentanyl (18%) fluorofentanyl (16%) +

(R

SN
TO T O

G. Fentanyl (6%) + bromazolam (5%) + caffeine
\rN

Q G Zﬁ>

/ﬁ(N O caﬁeme
0 \© bromazolam

fentanyl
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tures are represented in the expected protonation forms under sensing conditions of pH 7.4.
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Figure S20. Mixed host chemosensor absorbance and fluorescence responses to multi-component street drug sam-
ples. Absorbance responses (left) and fluorescence responses (right) of mixed host chemosensors (a) DD4+CB8, (b)
DD8+CB8, (c) DD13+CB8 and (d) DD13+CB7 to multi-component street drug samples A-1 (Table 1, Figure S18). The
dotted lines in the spectra represent the selected wavelengths used in PCA analysis. Samples contain [DD] = 10.5 pM,
[CB] = 21 uM, and [street drug sample] = 0.03 mg/mL. All samples are in NaH2PO4/Na2HPO4 (8.4 mM, pH 7.4) in H20
with 2% MeOH.
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Figure S21. DimerDye absorbance and fluorescence responses to multi-component street drug samples. Absorbance
responses (left) and fluorescence responses (right) of DimerDyes (a) DD4 (b) DD8 and (c) DD13 to multi-component
street drug samples A-l (Table 1, Figure S18). The dotted lines in the spectra represent the selected wavelengths used
in PCA analysis. Samples contain [DD] = 10.5 uM and [street drug sample] = 0.03 mg/mL. All samples are in
NaH2PO4/NazHPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH.
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Figure S22. An array of mixed host chemosensors differentiates multi-component street drug samples. Sensor array
includes absorbance and fluorescence responses from mixed host chemosensors DD4-CB8, DD8-CB8, DD13-CB8,
and DD13+CB7. PCA (correlation) score plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with
the respective loading plot of absorbance and fluorescence observations shown as blue arrows. Samples contain [DD]
=10.5 uM, [CB] = 21 uM, and [street drug sample] = 0.03 mg/mL. All samples are in NaH2PO4/Na2HPO4 (8.4 mM, pH

7.4) in H20 with 2% MeOH.

04 02 00 02 04 06 08

17— 11.0
b 0.8
Blank DD13_abs430

24 % ] - DD13 ags400 [0-6
- % D 4 —_ ~ DD4_ex480em58QL 0.4

2 B > A 2 D4 _ex480em57p
N I L - - St
2o =8 @) s il S
3 0 ] b L-0.2
e - o L-0.4
-2 E 1 i L-0.6
T 1-0.8
-4 : ; - — - : - 1.0

-2 -1 0 1 2 3

PC1 (85.9%) PC1 (85.9%)

Figure S23. An array of DimerDye chemosensors does not differentiate street drug samples. PCA (correlation) score
plot shows each samples set (n = 8) enclosed by 95% confidence ellipses with the respective loading plot of absorb-
ance and fluorescence observations shown as blue arrows. Samples contain [DD] = 10.5 uM and [street drug sample] =
0.03 mg/mL. All samples are in NaH2PO4/Na:HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH.

21

https://doi.org/10.26434/chemrxiv-2024-sdwfr ORCID: https://orcid.org/0000-0002-7973-8686 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-sdwfr
https://orcid.org/0000-0002-7973-8686
https://creativecommons.org/licenses/by-nc-nd/4.0/

References

(1) Beatty, M. A.; Selinger, A. J.; Li, Y.; Hof, F. Parallel Synthesis and Screening of Supramolecular Chemosensors that
Achieve Fluorescent Turn-on Detection of Drugs in Saliva. J. Am. Chem. Soc. 2019, 141, 16763-16771. DOI:
10.1021/jacs.9b07073.

(2) Kim, J.; Jung, |.-S.; Kim, S.-Y.; Lee, E.; Kang, J.-K.; Sakamoto, S.; Yamaguchi, K.; Kim, K. New Cucurbituril Homologues:
Syntheses, Isolation, Characterization, and X-ray Crystal Structures of Cucurbit[n]Juril (n =5, 7, and 8). J. Am. Chem. Soc.
2000, 122, 540-541. DOI: 10.1021/ja993376p.

(3) Jiao, D.; Scherman, O. A. Isolation of cucurbit[n]uril homologues with imidazolium salts in a recyclable manner. Green
Chem. 2012, 14, 2445. DOI: 10.1039/c2gc35283d.

(4) Blacker, A. J.; Jazwinski, J.; Lehn, J.-M. Molecular Anion Binding and Substrate Photooxidation in Visible Light by 2,7-
Diazapyrenium Cations. Helv. Chim. Acta. 1987, 70, 1-12. DOI: 10.1002/hlca.19870700102.

(5) Substance: Vancouver Island Drug Checking Project. https://substance.uvic.ca.

(6) Wallace, B.; Hills, R.; Rothwell, J.; Kumar, D.; Garber, I.; Van Roode, T.; Larnder, A.; Pagan, F.; Aasen, J.; Weatherston,
J.; et al. Implementing an integrated multi-technology platform for drug checking: Social, scientific, and technological
considerations. Drug Test Anal. 2021, 13, 734-746. DOI: 10.1002/dta.3022.

(7) Gozdzialski, L.; Hutchison, A.; Wallace, B.; Gill, C.; Hore, D. Toward Automated Infrared Spectral Analysis in Community
Drug Checking. Drug Test Anal. 2023. DOI: 10.1002/dta.3520.

(8) Borden, S. A.; Saatchi, A.; Vandergrift, G. W.; Palaty, J.; Lysyshyn, M.; Gill, C. G. A New Quantitative Drug Checking
Technology for Harm Reduction: Pilot Study in Vancouver, Canada Using Paper Spray Mass Spectrometry. Drug Alcohol Rev.
2022, 41, 410-418. DOI: 10.1111/dar.13370.

(9) Borden, S. A.; Saatchi, A.; Krogh, E. T.; Gill, C. G. Rapid and Quantitative Determination of Fentanyls and
Pharmaceuticals from Powdered Drug Samples by Paper Spray Mass Spectrometry. Anal. Sci. Adv. 2020, 1, 97-108. DOI:
10.1002/ansa.202000083.

(10) Gozdzialski, L.; Rowley, A.; Borden, S. A.; Saatchi, A.; Gill, C. G.; Wallace, B.; Hore, D. K. Rapid and Accurate Etizolam
Detection Using Surface-Enhanced Raman Spectroscopy for Community Drug Checking. Int. J. Drug Policy 2022, 102,
103611. DOI: 10.1016/j.drugpo.2022.103611.

(11) Paper Spray Mass Spectrometry Target List by Category. https://substance.uvic.ca/paperspray.

(12) Krezel, A.; Bal, W. A Formula for Correlating pKa Values Determined in D20 and Hz0. J. Inorg. Biochem. 2004, 98, 161-
166. DOI: 10.1016/j.jinorgbio.2003.10.001.

(13) Prabodh, A.; Bauer, D.; Kubik, S.; Rebmann, P.; Klarner, F. G.; Schrader, T.; Delarue Bizzini, L.; Mayor, M.; Biedermann,
F. Chirality Sensing of Terpenes, Steroids, Amino Acids, Peptides and Drugs with Acyclic Cucurbit[n]urils and Molecular
Tweezers. Chem. Commun. 2020, 56, 4652-4655. DOI: 10.1039/d0cc00707b.

(14) Prabodh, A.; Sinn, S.; Biedermann, F. Analyte Sensing with Unselectively Binding Synthetic Receptors: Virtues of Time-
Resolved Supramolecular Assays. Chem. Commun. 2022, 58, 13947-13950. DOI: 10.1039/d2cc04831k.

(15) Swinehart, D. F. The Beer-Lambert Law. J. Chem. Educ. 1962, 39, 333. DOI: 10.1021/ed039p333.

(16) Beatty, M. A.; Borges-Gonzalez, J.; Sinclair, N. J.; Pye, A. T.; Hof, F. Analyte-Driven Disassembly and Turn-On
Fluorescent Sensing in Competitive Biological Media. J. Am. Chem. Soc. 2018, 140, 3500-3504. DOI: 10.1021/jacs.7b13298.
(17) Liu, J.; Lambert, H.; Zhang, Y.-W.; Lee, T.-C. Rapid Estimation of Binding Constants for Cucurbit[8]uril Ternary
Complexes Using Electrochemistry. Anal. Chem. 2021, 93, 4223-4230. DOI: 10.1021/acs.analchem.0c04887.

(18) Biedermann, F.; Ross, I.; Scherman, O. A. Host—guest accelerated photodimerisation of anthracene-labeled
macromolecules in water. Polym. Chem. 2014, 5. DOI: 10.1039/c4py00627e.

(19) Sayed, M.; Biedermann, F.; Uzunova, V. D.; Assaf, K. |.; Bhasikuttan, A. C.; Pal, H.; Nau, W. M.; Mohanty, J. Triple
emission from p-dimethylaminobenzonitrile-cucurbit[8]uril triggers the elusive excimer emission. Chem. Eur. J. 2015, 21, 691-
696. DOI: 10.1002/chem.201404902.

(20) Zhang, S.; Grimm, L.; Miskolczy, Z.; Biczok, L.; Biedermann, F.; Nau, W. M. Binding affinities of cucurbit[n]urils with
cations. Chem. Commun. 2019, 55, 14131-14134. DOI: 10.1039/c9cc07687e.

22

https://doi.org/10.26434/chemrxiv-2024-sdwfr ORCID: https://orcid.org/0000-0002-7973-8686 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://substance.uvic.ca/
https://substance.uvic.ca/paperspray
https://doi.org/10.26434/chemrxiv-2024-sdwfr
https://orcid.org/0000-0002-7973-8686
https://creativecommons.org/licenses/by-nc-nd/4.0/

