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Abstract

Building systems of increasing complexity can give rise to emergent properties that
are otherwise unobtainable. The design and development of macrocyclic-based systems
that function in aqueous solution has many applications in detection, delivery and reversal
of biologically relevant molecules. This dissertation focuses on synthetic analogs of the
macrocyclic host p-sulfonatocalix[n]arene, as key building blocks in the creation of self-
assembled complex systems, covering applications in therapeutic design and differential
sensing in aqueous solution. Chapter 1 sets the stage for this work, introducing current
synthetic and systems strategies employed in biorelevant host-based sensing.

An advanced property addressed in this dissertation is the ability to achieve pan-
selectivity — binding well across a whole class of target analytes while maintaining good
selectivity against other chemically similar analytes. Synthesizing a host that selectively
binds a target analyte can be an inefficient and arduous task. In Chapter 2, I report on the
templated synthesis of new bivalent hosts, Super-sCx4 and Super-sCx5, as pan-selective
binders of neuromuscular blocking agent’s (NMBA’s). Synthesis was achieved using a
bisquaternary amine NMBA template, self-assembling two highly anionic p-
sulfonatocalix[n]arene building blocks for covalent linkage. These bivalent anionic hosts
bind by engaging both quaternary amines present on a variety of NMBA'’s, making them
potential candidates for host-based NMBA drug reversal. We report low uM binding to
alkyl, steroidal, curarine and benzylisoquinoline NMBA'’s, with selectivity over
endogenous monovalent hydrophobic amines.

Another advanced property addressed in this dissertation is the ability to produce
useful sensing outputs for a variety of analytes, without programming specific molecular
recognition events. Differentiation of analytes by supramolecular sensors is typically
achieved through sensor arrays, relying on pattern recognition responses from a large panel
of isolated sensors. The differentiation of highly similar analytes poses an ongoing
challenge. In Chapter 3, I explore a new one-pot systems chemistry approach to differential
sensing in biological solutions. This systems approach relies on a network of three cross-
assembling DimerDye p-sulfonatocalix[n]arene sensors, containing different integrated

fluorophores. This robust approach exploits complex interconnected hostehost and
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hosteanalyte equilibria, producing emergent supramolecular and photophysical responses
unique to each analyte. We apply this inherently information-rich systems approach to the
discrimination of closely related serum albumin proteins and protein mixtures, without
relying on targeted recognition elements. We show that a single adaptive sensing solution
provides better analyte discrimination than an analogous sensor array.

Macrocyclic host-based sensors are often limited to detecting a single class of
interacting analytes because they tend to bind molecules with similar properties. In Chapter
4, I address this challenge, reporting a mixed host system that detects analytes from many
different classes, including cationic, neutral, and anionic. We show that co-assembling two
different macrocyclic scaffolds, DimerDye p-sulfonatocalix[4]arenes and cucurbit[x]urils
(n = 7 and 8), effectively increases the scope of analyte binding interactions and sensor
outputs. This simple strategy exploits cross-reactive noncovalent hostehost interactions
through a synthetically integrated reporter dye. Emergent photophysical responses are
produced by analyte interactions to either host. We demonstrate the advantages of mixed
host co-assembled sensors in an array-based platform, differentiating a range of illicit drugs
and common adulterating substances. The potential of this approach is further applied in

profiling real-world multi-component illicit street drug samples.
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and c) the corresponding 1D residuals plot. Solution was in NaH2PO4/Na;HPO4 (50 mM,
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Figure 2.81. AlamarBlue cell viability assay microplates of Super-sCx5 and sCx4 in a)
human HepG2 and b) HEK-293 cell lines. Calixarene concentrations are as indicated at the
top of each image. OT-20 was used as a negative control (128 ug/mL to 0.25 pg/mL),
Melittin as a positive control (128 pg/mL to 0.25 pg/mL), and TX-100 as a 100% cell death
control (0.2% final concentration). Red indicates metabolically active cells, and blue
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discrimination. b) We propose a one-pot adaptive sensing network, combining structurally
and photochemically diverse sensors to produce fingerprint analyte responses within a
SINEGLE SOIULION. ....eiiiiieiiieiiecie et ettt ettt e e e teeeabeeseessbeensaesnsaans 104

Figure 3.2. Structurally and photophysically diverse DimerDyes for cross-reactive one-pot
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absorbance responses at 440, 495 and 515 nm. PCA (covariance) scores plots show each
sample set (n = 8) enclosed by 95% confidence ellipses. DimerDyes in all samples are
present at identical concentrations — [hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and
[DD13Cx5] = 12 uM — either mixed with each other or separate as indicated, [SA] = 32
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NaH;PO4/Na;HPO4 (50 mM, pD 7.4) in 90% H20/10% D20. .....cocvvvviniiiiiniiieeieee 111

Figure 3.6. DDNetwork discriminates fish varieties from extracted protein mixtures. a)
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) shows extracted
protein mixtures obtained from a cod, halibut, rockfish and sole tissue sample. b) PCA
(correlation) scores plot show each sample set (n = 8, technical replicates) enclosed by 95%
confidence ellipses. Samples contain DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4]
=12 uM and [DD13Cx5] = 12 uM) and [protein extract] = 1 mg/mL. All samples are in
NaH2PO4/Na;HPO4 (10 mM, pH 7.4) in H2O. c..ooiieiiiiieeeeeeeeeee e 112

Figure 3.7. 'H NMR spectrum of hemiDD1Cx4 (5 mM) in de-DMSO (500 MHz, 298 K).
The NMR chemical shifts and fluorescent appearance support the existence of the molecule
as a monomer in DMSO. NMR tube irradiated with a hand-held UV lamp (Aex 356 & 20
101001 RSP SPSRS 119

Figure 3.8. '"H NMR spectrum of hemiDD1Cx4 (5 mM) in NaH,PO4/Na;HPO4 (50 mM,
pD 7.4) in D>O (500 MHz, 298 K) shows upfield-shifted pendant arm methyl and aromatic
protons. The NMR chemical shifts and non-fluorescent appearance support the existence
of the molecule as a dimer (hemiDD1Cx42) in aqueous solution. NMR tube irradiated with
a hand-held UV lamp (Rex 356 £ 20 NIM)..ceviiiiiiiieiiieiieiieeieeiee et ens 119

Figure 3.9. 3C NMR spectrum of hemiDD1Cx4 in 50% ds-DMSO/50%
NaH>PO4/Na;HPO4 (50 mM, pD 7.4) in D20 (126 MHz, 298 K). .....ooovviviiiiieeiiennnne 120

Figure 3.10. UPLC-MS (ES+) characterization of hemiDD1Cx4. Left = UV diode array
detected chromatogram (190:400 nm). Right = positive ion mode ESI mass spectrum of
the CIULEd PEAK. ...eoeeeiieeiieeeeeee e 120

Figure 3.11. 'H NMR spectrum of DD13Cx5 (5 mM) in de-DMSO (500 MHz, 298 K).
The NMR chemical shifts and fluorescent appearance support the existence of the molecule
as a monomer in DMSO. NMR tube irradiated with a hand-held UV lamp (Aex 356 & 20
101001 RS PSRPRR 121

Figure 3.12. '"H NMR spectrum of DD13Cx5 (5 mM) in NaH,PO4/Na;HPO4 (50 mM, pD
7.4) in DO (500 MHz, 298 K) shows upfield-shifted aromatic protons. Increased
conformational flexibility is observed by broadening of the methylene bridges.'*® The
NMR chemical shifts and non-fluorescent appearance support the existence of the molecule
as a dimer (DD13Cx5:) in aqueous solution. Specific assignments unclear due to the large
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number of overlapping aromatic protons. NMR tube irradiated with a hand-held UV lamp
(Aex 356 2 20 TT). oottt ettt ettt e et ebe et e s st et e e st e eaeeseenseeneenneeneas 121

Figure 3.13. 3C NMR spectrum of DD13Cx5 in ds-DMSO (126 MHz, 298 K). ......... 122

Figure 3.14. UPLC-MS (ES+) characterization of DD13Cx5. Left = UV diode array
detected chromatogram (190:400 nm). Right = positive ion mode ESI mass spectrum of
the CIULEd PEAK. ...ooeeeiieiieeeee e e 122

Figure 3.15. 'H NMR spectrum of DD4Cx4 (5 mM) in de-DMSO (500 MHz, 298 K). The
NMR chemical shifts and fluorescent appearance support the existence of the molecule as
a monomer in DMSO. NMR tube irradiated with a hand-held UV lamp (Aex 356 £ 20 nm).
......................................................................................................................................... 123

Figure 3.16. 'H NMR spectrum of DD4Cx4 (5 mM) in NaH,PO4/Na,HPO4 (50 mM, pD
7.4) in DO (500 MHz, 298 K) shows upfield-shifted pendant arm methyl and aromatic
protons. The NMR chemical shifts and non-fluorescent appearance support the existence

of the molecule as a dimer (DD4Cx42) in aqueous solution. NMR tube irradiated with a
hand-held UV lamp (Aex 356 £ 20 M) c.eeiiiiiiiiieiieeie et 123

Figure 3.17. UPLC-MS (ES+) characterization of DD4Cx4. Left = UV diode array
detected chromatogram (190:400 nm). Right = positive ion mode ESI mass spectrum of
the CIULEd PEAK. ...eoeeeiieiiieee e e 124

Figure 3.18. Evidence that heterodimers form when hemiDD1Cx4 and DD4Cx4 are
combined. a) Schematic of heterodimer formation in equilibrium. b) 'H NMR of i)
hemiDD1Cx4 (1 mM) in fast exchange, upfield-shifted methyl peak shows diagnostic
features of dimerization, i1) DD4Cx4 (1 mM) in fast exchange, upfield-shifted aromatic
and methyl peaks show diagnostic features of dimerization, and iii) hemiDD1Cx4 (1 mM)
and DD4Cx4 (1 mM) combined in solution show homodimers and heterodimers present in
slow exchange by the aldehyde peaks and upfield-shifted methyl peaks present on
hemiDD1Cx4 (red boxes). The further upfield-shifted aromatic peaks of DD4Cx4 in fast
exchange also support the presence of heterodimers (red arrows). All samples are in
NaH2PO4/Na;HPO4 (50 mM, pD 7.4) in D20 (500 MHz, 298 K).......ccocoviiiiiiiiiinns 124

Figure 3.19. The mixing of all three hosts in solution leads to the formation of a network
of non-emissive homo- and heterodimers. a) Schematic of DDNetwork assembling into
homo- and heterodimers. b) The comparison of absorbance spectra for the DDNetwork
(solid red line) and the mathematically added spectra (dashed red line) of the individual
DimerDyes; hemiDD1Cx4 (black line), DD4Cx4 (grey line) and DD13CxS5 (teal line),
show that the optical properties of the DDNetwork are not equal to the sum of the individual
parts. This supports the presence of a complex network containing heterodimers with
absorbance properties that are different than the isolated hosts. ¢) Fluorescence spectra
show the DDNetwork maintains minimal or quenched fluorescence, similar to the
individual DimerDyes. Hosts in all samples are present at identical concentrations —
[hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM — either mixed
with each other or as separate samples as indicated. All samples are in NaH,PO4/NaxHPO4
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(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. 125

Figure 3.20. Increasing the ratio of one DimerDye shifts the network equilibrium towards
more homodimers. Absorbance spectra of the DDNetwork (solid red line) compared to the
mathematically added spectra (dashed red line) of the individual DimerDyes, adjusting the
ratio of DimerDyes (hemiDD1Cx4 (black line): DD4Cx4 (grey line): DD13Cx5 (teal
line)) one at a time; a) 1:1:1, 2:1:1 and 3:1:1, b) 1:1:1, 1:2:1 and 1:3:1, ¢) 1:1:1, 1:1:2, and
1:1:3. Increasing the ratio of one DimerDye in the network shifts the absorbance profile
towards that of the added spectra, demonstrating that the network equilibrium responds as
expected to changing concentrations. Operating at an equal molar ratio of DimerDye
sensors (1:1:1) exploits the distinctive absorbance features that arise from the interacting
complex mixture. All samples are in NaH>PO4/Na,HPO4 (10 mM, pH 7.4) in HxO.
Absorbance and fluorescence spectra are plotted as the mean of experiments done in
triplicate with error bars corresponding to the standard deviation. ..........cccccccvvveeenennnee. 126

Figure 3.21. Saturating the DDNetwork with a promiscuous analyte pushes the network’s
equilibrium position towards host monomers with turn-on fluorescence responses. a)
Schematic of excess Ch binding all DimerDye hosts and shifting the equilibrium towards
all fluorescent monomers. Absorbance and fluorescence responses of the DDNetwork with
the addition of b) 50 eq ¢) 100 eq and d) 200 eq Ch. In the presence of saturating amounts
of promiscuous analyte, the absorbance spectra for DDNetwork (solid red line) and the
mathematical added spectra (dashed red line) of individual DimerDyes; hemiDD1Cx4
(black line), DD4Cx4 (grey line) and DD13CxS5 (teal line), closely resemble each other.
This demonstrates that the network has shifted to analyte-bound monomers and away from
homo- and heterodimers. The bottom panels show turn-on fluorescence responses observed
in both the DDNetwork and individual host solutions, as expected for systems that are
moving completely toward emissive monomers. Hosts in all samples are present at
identical concentrations — [hemiDD1Cx4] = 12 puM, [DD4Cx4]=12 puM and
[DD13Cx5] = 12 uM — either mixed with each other or separate samples as indicated. All
samples in NaH2PO4/Na;HPO4 (10 mM, pH 7.4) in H2O. Absorbance and fluorescence
spectra are plotted as the mean of experiments done in triplicate with error bars
corresponding to the standard deviation. ............ccceecvieiiieriieiiieiie e 127

Figure 3.22. Clustal Omega percent identity matrix of SA proteins...........ccccveeeveeennee. 128

Figure 3.23. Clustal Omega multiple sequence alignment of SA proteins. Red represents
small and hydrophobic residues, blue represents acidic residues, magenta represent basic
residues, green represents hydroxyl, sulthydryl, amine and G residues. “*” indicates a

position of a single fully conserved residue, “:” indicates conservation between groups of
strongly similar properties and “.” Indicates conservation between groups of weakly similar
PLOPCIEICS. 1o uvteeetieeetteeeteeeeteeesteeeeeseeeateeesteeesaeeessaeesssaeaassaeessseeesseesssaeansseeansseensseeennses 129

Figure 3.24. HSA titrations into individual DimerDyes shows red shifts in absorbance and
turn on fluorescence responses. HSA titrations into a) hemiDD1Cx4 (12 uM) b) DD4Cx4
(12 uM) and c¢) DD13Cx5 (12 puM) are monitored by absorbance (left spectra) and
fluorescence (right spectra). The darkest orange line represents the highest concentration
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of HSA (128 uM) and the lightest orange line represents the lowest concentration of HSA
(0.5 uM). Blank traces of the individual DimerDyes, hemiDD1Cx4 (black line), DD4Cx4
(grey line) and DD13CxS (teal line), are shown on the respective graphs. Insets show the
binding isotherms monitored at the absorbance Amax and the emission Amax response for each
DimerDye. All solutions in NaH,PO4/Na;HPO4 (10 mM, pH 7.4) in H>O. Absorbance and
fluorescence spectra are plotted as the mean of experiments done in triplicate. Inset binding
isotherms are shown with error bars corresponding to the standard deviation and are not
visible in cases where the error is smaller than the depicted data point. ........................ 130

Figure 3.25. Absorbance responses of the DDNetwork completely discriminate highly
similar SA proteins, whereas absorbance responses from the individual DimerDyes do not.
a) PCA analysis of DDNetwork shows complete discrimination of SA proteins and the
network, with no overlapping confidence ellipses. PCA analysis of isolated b)
hemiDD1Cx4, ¢) DD4Cx4 and d) DD13Cx5 do not achieve complete discrimination,
displaying overlapping confidence ellipses. Absorbance wavelengths used in all PCA
analyses are shown as black dashed lines in absorbance spectra (440, 495 and 515 nm).
PCA (covariance) scores plots show each sample set (n = 8) enclosed by 95% confidence
ellipses with the respective loading plots shown as blue arrows. DimerDyes in all samples
are present at identical concentrations — [hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM
and [DD13Cx5] = 12 uM — either mixed with each other or separate as indicated, [SA] =
32 uM. All samples are in NaH>PO4/Na;HPO4 (10 mM, pH 7.4) in H2O...................... 133

Figure 3.26. Absorbance PCA analysis shows the DDNetwork provides better
discrimination than the sensor array. a) Three absorbance responses from the DDNetwork
completely discriminate all SA proteins and the network, with no overlapping confidence
ellipses. b) Nine compiled absorbance responses from hemiDD1Cx4, DD4Cx4 and
DD13CxS5 in a sensor array do not achieve complete discrimination, with overlapping
confidence ellipses of highly similar SA proteins. PCA analysis was done using absorbance
responses at 440, 495 and 515 nm. PCA (covariance) scores plots show each sample set (n
= 8) enclosed by 95% confidence ellipses with the respective loading plots shown as blue
arrows. DimerDyes in all samples are present at identical concentrations —
[hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM — either mixed
with each other or separate as indicated, [SA] = 32 uM. All samples are in
NaH2PO4/Na;HPO4 (10 mM, pH 7.4) in H2O..ooeooniiiiiiieieeeeeee e 134

Figure 3.27. Absorbance responses of the DDNetwork to SA protein concentrations of a)
16 uM b) 8 uM ¢) 4 uM and d) 2 uM. Absorbance wavelengths used in PCA analysis are
shown as black dashed lines in absorbance spectra (440, 495 and 515 nm). PCA
(covariance) scores plots show each sample set (n = 8) enclosed by 95% confidence ellipses
with the respective loading plots shown as blue arrows. Samples contain DDNetwork
([hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM) with [SA] =
16, 8, 4 and 2 uM. All samples are in NaH2PO4/Na;HPO4 (10 mM, pH 7.4) in H>O. ... 135

Figure 3.28. Fluorescence responses and PCA analysis of the DDNetwork. a)
Fluorescence spectral scans of the DDNetwork. Fluorescence observations used in PCA
analysis are shown as black dashed lines (Aem = 580 nm (Aex = 380 nm), Aem = 580 nm (Aex
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=410 nm), Aem = 620 nm (Aex = 410 nm), Aem = 625 nMm (Aex = 450 nm), Aem = 565 nm (Aex
=480 nm) and Aem = 580 nm (Aex = 510 nm)). b) PCA analysis does not achieve complete
discrimination. PCA (covariance) scores plot shows each sample set (n = 8) enclosed by
95% confidence ellipses with the respective loading plot shown as blue arrows. Samples
contain DDNetwork ([hemiDD1Cx4] =12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] =12
uM) with [SA] =32 uM. All samples are in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H>O.
......................................................................................................................................... 136

Figure 3.29. Fluorescence responses and PCA analysis of hemiDD1Cx4. a) Fluorescence
spectral scans of hemiDD1Cx4. Fluorescence observations used in PCA analysis are
shown as black dashed lines (Aem = 580 nm (Aex = 380 nm), Aem = 580 nm (Aex = 410 nm),
Aem = 620 nm (Aex = 410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565 nm (Aex = 480 nm)
and Aem = 580 nm (Aex = 510 nm)). b) PCA analysis does not achieve complete
discrimination. PCA (covariance) scores plot shows each sample set (n = 8) enclosed by
95% confidence ellipses with the respective loading plot shown as blue arrows. Samples
contain [hemiDD1Cx4] = 12 pM with [SA] = 32 puM. All samples are in
NaH2PO4/Na;HPO4 (10 mM, pH 7.4) in H2O..oveonviiiiiieieeeeeeee e 137

Figure 3.30. Fluorescence responses and PCA analysis of DD4Cx4. a) Fluorescence
spectral scans of DD4Cx4. Fluorescence observations used in PCA are shown as black
dashed lines (Aem = 580 nm (Aex = 380 nm), Aem = 580 nm (Aex = 410 nm), Aem = 620 nm
(Aex =410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565 nm (Aex = 480 nm) and Aem = 580
nm (Aex = 510 nm)). b) PCA analysis does not achieve complete discrimination. PCA
(covariance) scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses
with the respective loading plot shown as blue arrows. Samples contain [DD4Cx4] = 12
uM with [SA] =32 uM. All samples are in NaH2PO4/NaxHPO4 (10 mM, pH 7.4) in H>O.
......................................................................................................................................... 138

Figure 3.31. Fluorescence responses and PCA analysis of DD13CxS. a) Fluorescence
spectral scans of DD13CxS. Fluorescence observations used in PCA analysis are shown as
black dashed lines (Aem = 580 nm (Aex = 380 nm), Aem = 580 nm (Aex = 410 nm), Aem = 620
nm (Aex = 410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565 nm (Aex = 480 nm) and Aem =

580 nm (Aex = 510 nm)). b) PCA analysis does not achieve complete discrimination. PCA
(covariance) scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses
with the respective loading plot shown as blue arrows. Samples contain [DD13Cx5] = 12
uM with [SA] = 32 uM. All samples are in NaH2PO4/Na;HPO4 (10 mM, pH 7.4) in H>O.
......................................................................................................................................... 139

Figure 3.32. Fluorescence PCA analysis of the DDNetwork compared to the sensor array.
a) Six fluorescence responses from the DDNetwork do not achieve complete
discrimination, with two overlapping SA protein confidence ellipses. b) Eighteen compiled
fluorescence responses from hemiDD1Cx4, DD4Cx and DD13CxS in a sensor array do
not achieve complete discrimination, with two SA confidence ellipses overlapping. PCA
analysis was done using fluorescence responses at Aem = 580 nm (Aex = 380 nm), Aem = 580
nm (Aex = 410 nm), Aem = 620 nm (Aex = 410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565
nm (Aex = 480 nm) and Aem = 580 nm (Aex = 510 nm). PCA (covariance) scores plots show
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each sample set (n = 8) enclosed by 95% confidence ellipses with the respective loading
plots shown as blue arrows. DimerDyes in all samples are present at identical
concentrations — [hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12
uM — either mixed with each other or separate as indicated, [SA] = 32 uM. All samples
are in NaHoPO4/Na;HPO4 (10 mM, pH 7.4) in HoO..oovooiiiiiiiiiiiieieceeeeee 140

Figure 3.33. DDNetwork absorbance and fluorescence responses can discriminate protein
mixtures extracted from different fish species. a) Absorbance and fluorescence responses
of the DDNetwork to protein mixtures extracted from a cod, halibut, rockfish and sole
tissue sample. Wavelengths used in PCA analysis are shown as black dashed lines (Aabs =
415 nm, Aem = 570 nm (Aex = 380 nm), Aem = 620 nMm (Aex = 410 nm), Aem = 620 N (Aex =
450 nm), Aem = 580 nm (Aex = 480 nm) and Aem = 620 nm (Aex = 510 nm)) b) PCA
(correlation) scores plot shows each sample set (n = 8, technical replicates) enclosed by
95% confidence ellipses (left) with the respective loading plots shown as blue arrows
(right). Samples contain DDNetwork ([hemiDD1Cx4] =12 uM, [DD4Cx4] = 12 uM and
[DD13Cx5] = 12 uM) and [fish protein extract] = 1 mg/mL. All samples are in
NaH>PO4/Na;HPO4 (10 mM, pH 7.4) in H>0. ¢) SDS-PAGE analysis verifies a mixture of
proteins present in extracted fish tissue samples. .........ccccoeeieiiiiiiiiniiienieneee 142

Figure 3.34. DDNetwork adapts within minutes to changes in biological samples
providing real-time analysis. Native HSA trypsin digestion shows monitorable changes in
the DDNetwork over 6 h by monitoring full spectral scans and individual wavelengths in
a) HoPO4/Na;HPO4 (10 mM, pH 7.4) in H,O and b) NH4sHCO3 (10 mM, pH 8.0) in H>O.
Dark grey line illustrates the DDNetwork response to HSA. Green arrows depict the change
in DDNetwork response over time as HSA undergoes trypsin digestion. Samples contain
[hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM), [HSA] = 32
UM and [trypsin] = 0.32 IV co.eiiiiiiieciee et eaaeens 144

Figure 3.35. HemiDD1Cx4 binds HSA via pendant arm and upper rim interactions. a)
Reference NMR and corresponding b) STD NMR of hemiDD1Cx4 (1.2 mM) and HSA
(20 uM). Red box indicates lower rim methylene protons have the least intense STD signal.
Solution in NaH>PO4/Na;HPO4 (50 mM, pD 7.4) in 90% H>O/10% D»0O (500 MHz, 298
K). Note: not all methylene protons are visible due to water peak suppression............. 146

Figure 3.36. DD4Cx4 binds HSA via pendant arm and upper rim interactions. a) Reference
NMR and corresponding b) STD NMR of DD4Cx4 (1.2 mM) with HSA (20 uM). Red
boxes indicate the lower rim methylene protons have the least intense STD signal. Solution
in NaH2PO4/Na;HPO4 (50 mM, pD 7.4) in 90% H20/10% D>0O (500 MHz, 298 K). Note:
protons 3, 4 and not all methylene protons are visible due to water peak suppression. . 146

Figure 3.37. DD13Cx5 binds HSA. a) Reference NMR and corresponding b) STD NMR
of DD13Cx5 (1.2 mM) and HSA (20 uM). STD signals observed in aromatic region
indicates binding interactions to HSA, intractable proton signals due to multiple
conformations. Methylene protons are at coalescence on the NMR timescale and not visible
in reference or STD NMR. Solution in NaH2PO4/Na;HPO4 (50 mM, pD 7.4) in 90%
H20/10% D20 (500 MHZ, 298 K)). ..cvtiiiiiiiiienieiieeieseee ettt 147
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Figure 3.38. '"H NMR of hemiDD1Cx4 and naproxen (1:1) show minimal changes to
hemiDD1Cx4 resonances indicating naproxen does not disrupt the dimer (red arrows). a)
HemiDD1Cx4 (1.2 mM) combined with naproxen (1.2 mM), b) naproxen (1.2 mM) and
¢) hemiDD1Cx4 (1.2 mM). Solutions in NaH>PO4/Na;HPO4 (50 mM, pD 7.4) in D>O (500
IMHZ, 298 K. ittt ettt st b et 147

Figure 3.39. Naproxen competitive STD NMR shows hemiDD1Cx4 does not target
Sudlow site II in HSA. a) Reference competitive STD NMR of hemiDD1Cx4 (1.2 mM),
HSA (20 uM) and naproxen (1.2 mM). b) The corresponding competitive STD NMR (red
trace) compared to the STD NMR prior to the addition of naproxen (blue trace). The
appearance of naproxen STD signals indicates binding of the competitor to the protein (red
asterisks). Minimal reduction of hemiDD1Cx4 STD signals in the presence of saturating
amounts of competitor conclude hemiDD1Cx4 does not target Sudlow site II. Solution in
NaH;PO4/Na;HPO4 (50 mM, pD 7.4) in 90% H>0/10% D20 (500 MHz, 298 K)......... 148

Figure 3.40. '"H NMR of hemiDD1Cx4 and warfarin (1:1) show minimal changes in
hemiDD1Cx4 resonances indicating warfarin does not disrupt the dimer (red arrows). a)
hemiDD1Cx4 (1.2 mM) combined with warfarin (1.2 mM), b) warfarin (1.2 mM) and c)
hemiDD1Cx4 (1.2 mM). Dimerization of hemiDD1Cx4 is observed by the upfield-shifted
alkene protons (red arrows). The methyl peak of hemiDD1Cx4 broadens into the baseline
in solution conditions of NaH>PO4/Na;HPO4 (50 mM, pD 7.4) in 97% D20/3% ds-DMSO
(500 MHZ, 298 K. o.etetieieeiiesteee ettt ettt ettt ettt saeense e e ene e neeneas 148

Figure 3.41. Warfarin competitive STD NMR shows hemiDD1Cx4 does not target
Sudlow site I in HSA. a) Reference competitive STD NMR of hemiDD1Cx4 (1.2 mM),
HSA (20 uM) and warfarin (1.2 mM). b) The corresponding competitive STD NMR (red
trace) compared to STD NMR prior to the addition of naproxen (blue trace). The
appearance of warfarin STD signals indicates binding of the competitor to the protein (red
asterisks). Minimal reduction of hemiDD1Cx4 STD signals in the presence of saturating
amounts of competitor conclude hemiDD1Cx4 does not target Sudlow site 1. Solution in
NaH2PO4/Na;HPO4 (50 mM, pD 7.4) in 90% H>0/10% D-0O (500 MHz, 298 K)......... 149

Figure 4.1. A mixed host sensor produces multi-responsive outputs, increasing the scope
of analyte detection. a) Schematic illustration of DimerDye disassembly-driven turn-on
fluorescence sensing of cationic analytes. b) This work establishes mixed host co-
assembled sensors that produce multi-responsive outputs for a wide range of hydrophobic,
neutral, and cationic analytes. DimerDye complexation with cucurbit[#z]uril forms a mixed
host sensor with moderate changes in absorbance/fluorescence. The subsequent addition
of an analyte that favours cucurbit[z]uril binding produces a change in absorbance and/or
decreased fluorescence, whereas an analyte that prefers DimerDye binding results in a
change in absorbance and/or increased fluorescence. The schematic shown represents the
expected behaviours for CB7, while additional higher-order complexes are possible for
CB8. Structures of ¢) DimerDye host sensors DD4Cx4, DD8Cx4, and DD13Cx4, and
cucurbit[z]uril hosts CB7 and CB8 used in this Work............c..ccooeiiiiiiiiiiiiicieecee, 153
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Figure 4.2. Mixed host DD13Cx4+CB7 co-assembly functions as a turn-off sensor for
strong binding guests of CB7. a) Schematic of DD13Cx4+CB7 formation and sensing
mechanism of AANH3+. b) The addition of increasing concentrations of CB7 (1.3 to 84
uM) into DD13Cx4 (10.5 uM) results in a blue shift in absorbance (left) and increased
fluorescence (right). Black dashed line represents DD13Cx4 (10.5 uM). Insets show the
addition of increasing concentrations of AANH3+ (2.6 to 21 uM) to the co-assembled
DD13Cx4+CB7 sensor, induces a red shift in absorbance (left) and turn-off fluorescence
(right). Inset blue line represents DD13Cx4 (10.5 uM) with CB7 (21 uM). All samples in
NaH;P0O4/Na;HPO4 (10 mM, pH 7.4) in H2O. ¢) MALDI-TOF MS of DD13Cx4 (50 uM)
with CB7 (50 uM) confirms DD13Cx4+CB7 co-assembly. d) 'H NMR of iii) DD13Cx4
(100 uM) with CB7 (100 uM) shows evidence of hetero host co-assembly by the
appearance of new upfield-shifted DD13Cx4 peaks and new CB7 peaks (blue stars).
Disassembly of the homodimer DD13Cx4: is supported by the fluorescent appearance of
the NMR tube. v) The addition of AANH3+ (100 uM) displaces the DD13Cx4+CB7
complex, indicated by the upfield-shifted AANH3+ peaks (red dashed lines) and return of
native homodimer DD13Cx4: peaks. The non-fluorescent appearance further supports the
reformation of the homodimer DD13Cx42. All samples in NaH>PO4/Na;HPO4 (10 mM,
pD 7.4) in D,0O (500 MHz, 298 K). NMR tubes irradiated with a hand-held UV lamp (Aex
356 25 20 TN oottt ettt et a ettt et e ettt e eaeente et e ene e neeneas 156

Figure 4.3. Chemical structures of illicit drugs and adulterants ranging in hydrophobic,
neutral, cationic and aniONIC PrOPEILICS. ...ccuveeerrrreerireeeireeriieeereeesreeesreeesseeeeseeesseeennnes 157

Figure 4.4. A mixed host sensor has multi-capable responses to neutral, cationic and
anionic structures. a) Fluorescence response of mixed host co-assembled sensor
DD13Cx4+CB7 to anionic Vitamin C, neutral CBD and cationic cocaine. Samples contain
[DD13Cx4] = 10.5 uM, [CB7] = 21 uM and [drug] = 105 uM. b) Fluorescence response
of isolated DD13Cx4 to anionic Vitamin C, neutral CBD and cationic cocaine. Samples
contain [DD13Cx4] = 10.5 uM and [drug] = 105 uM. All samples are in
NaH;PO4/Na;HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH. .........cccceevviriinenninnen. 158

Figure 4.5. An array of mixed host sensors discriminates highly similar neutral
cannabinoids. a) PCA scores plot of a mixed host co-assembled DD+CB sensor array
completely discriminates CBD, A3-THC and A’-THC isomers. Sensor array includes
absorbance and fluorescence responses of mixed host sensing pairs DD13Cx4+CB8 and
DD13Cx4+CB7. Samples contain [DD] = 10.5 uM, [CB] =21 uM and [drug] = 105 uM.
b) On their own, DimerDye sensors do not discriminate cannabinoids. Sensor array
contains absorbance and fluorescence responses of DD4Cx4, DD8Cx4 and DD13Cx4.
Samples contain [DD] = 10.5 uM and [drug] = 105 pM. PCA (correlation) scores plots
show each sample set (n = 8) enclosed by 95% confidence ellipses. All samples are in
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Figure 4.6. An array of mixed host co-assembled sensors distinguishes 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 sensors includes absorbance and fluorescence responses from DD8Cx4+CB8,
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DD13Cx4+CB8 and DD13Cx4+CB7. b) PCA plot discriminates anesthetics and
amphetamine from common adulterants. The array of mixed host sensors includes
responses from DD4Cx4+CBS8, DD13Cx4+CBS8, and DD13Cx4°CB7. ¢) PCA analysis of
all tested drugs and adulterants. The array of mixed host sensors includes responses from
DD4Cx4+CB8, DD8Cx4+CBS8, DD13Cx4+CB8 and DD13Cx4+CB7. PCA (correlation)
scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses. Samples
contain [DD] = 10.5 uM, [CB] = 21 uM and [drug] = 105 pM. All samples are in
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Figure 4.8. "H NMR spectrum of DD4Cx4 in NaH2PO4/Na;HPO4 (50 mM, pD 7.4) in D20
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......................................................................................................................................... 169
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Figure 4.14. "H NMR spectrum of CB8 in D20 (500 MHz, 298 K). ........ccceveververnnnn 172
Figure 4.15. 'H NMR spectrum of CB7 in D20 (500 MHz, 298 K). .....c.cevvveveverennen. 172

Figure 4.16. Select cucurbit[n]urils induce changes in DimerDye absorbance and
fluorescence. a) DD4Cx4 produces a red shift in absorbance and turn-on fluorescence
response with CB8. No change in DD4Cx4 absorbance or fluorescence is observed with
CB7. b) DD8Cx4 produces a red shift in absorbance with CB8. No change in DD8Cx4
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absorbance and turn-on fluorescence response with CB7 and a red shift in absorbance with
CB8. Traces of DimerDyes (10.5 uM) alone are shown as black dashed lines. DimerDyes
(10.5 uM) with CB7 (21 uM) are shown as red lines. DimerDyes (10.5 uM) with CB8 (21
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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...........ccccceeeevveervieennenn. 173

Figure 4.17. Titrations of cucurbit[z#]uril into DimerDye induce red/blue shifts in
absorbance and turn-on fluorescence responses. CB8 titrations into a) DD4Cx4 (10.5 uM),
b) DD8Cx4 (10.5 uM), and ¢) DD13Cx4 (10.5 uM). CB7 titration into d) DD13Cx4
(10.5 uM). Titrations are monitored by absorbance (left) and fluorescence (right), where
the darkest purple line represents the highest concentration of CB (84 pM) and the lightest
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Figure 4.18. Apparent dissociation constants (Kq, app) of DD*CB complexes determined
from a direct one site binding model. Triplicate data from direct titrations of CB8 and CB7
into DimerDyes DD4Cx4 (10.5 uM), DD8Cx4 (10.5 uM) and DD13Cx4 (10.5 uM). Error
bars were plotted for each triplicate but are not visible in cases where the error is smaller
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Figure 4.19. DD4Cx4 and CB8 form a fluorescent mixed host sensor. a) Schematic of
DD4Cx4+CBS8 co-assembly illustrating possible binary and ternary complexes that could
form in the larger CB8 cavity.!8”"!% b) 'H NMR of i) DD4Cx4 (100 uM). Upfield-shifted
aromatic peaks in fast exchange and non-fluorescent appearance support the existence of
the homodimer DD4Cx4: in aqueous solution. ii) CB8 (100 pM). iii) DD4Cx4 (100 uM)
and CB8 (100 uM) combined. Blue stars illustrate the appearance of new DD4Cx4 and
CBS8 resonances. The presence of new upfield-shifted and broadened aromatic peaks and
upfield-shifted methyl peaks indicate DD4Cx4°CB8 complexation. Fluorescent
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NMR tube irradiated with a hand-held UV lamp (Aex = 356 £ 20 nm). All samples in
NaH2PO4/Na;HPO4 (10 mM, pD 7.4) in D20 (500 MHz, 298 K). ..c..oovvvveieiiiinieicene 177

Figure 4.20. DD13Cx4+CB7 complex functions as a turn-off mixed host sensor for strong
binding guests of CB7. a) Schematic of DD13Cx4*CB7 formation and turn-off sensing
mechanism upon analyte addition. b) 'H NMR of i) DD13Cx4 (100 pM) shows upfield-
shifted aromatic peaks in fast exchange. Non-fluorescent appearance of the NMR tube
supports the existence of homodimer DD13Cx42 in aqueous solution. ii) CB7 (100 uM).
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Figure 4.21. Control experiments demonstrate that the DD13Cx4+CB7 mixed host
complex is responsible for observed sensing responses. a) Schematic illustrating
CB7-AdNH3+ favoured complexation. b) 'H NMR of i) CB7 (100 uM), ii) AANH3+ (100
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Figure 4.22. Molecular modeling using DFT (RWB97X-D/6-31G(D)) was performed with
Spartan to illustrate a potential 1:1 binding geometry between DD13Cx4 and CB7. To
partially counterbalance the overall charge of the complex, two sodium ions were
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Figure 4.23. Titrations of cocaine into DD4Cx4 (top) and cocaine into DD4Cx4+CB8
(bottom). Titrations monitored by absorbance and fluorescence, where the darkest purple
line represents the highest concentration of cocaine (105 pM), and the lightest green line
represents the lowest concentration of cocaine (0.82 uM). Traces of DimerDye ([DD4Cx4]
=10.5 uM) or DD4Cx4-CBS8 (|[DD4Cx4] = 10.5 uM, [CB8] =21 uM) alone are shown as
black dashed lines. Insets show the fluorescence binding isotherms. All solutions in
NaH,PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH. 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. ...........cccvvevciieeciiiiecieee e 180

Figure 4.24. Titrations of cocaine into DD8Cx4 (top) and cocaine into DD8Cx4+CB8
(bottom). Titrations monitored by absorbance and fluorescence, where the darkest purple
line represents the highest concentration of cocaine (105 pM) and the lightest green line
represents the lowest concentration of cocaine (0.82 uM). Traces of DimerDye ([DD8Cx4]
=10.5 uM) or DD8Cx4-CBS8 (|[DD8Cx4] = 10.5 uM, [CB8] =21 uM) alone are shown as
black dashed lines. Insets show the fluorescence binding isotherms. All solutions in
NaH,PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH. 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. ...........cccveeeiieeeiiieciieee e, 181

Figure 4.25. Titrations of cocaine into DD13Cx4 (top), cocaine into DD13Cx4+CB8
(middle) and cocaine into DD13Cx4+CB7 (bottom). Titrations monitored by absorbance
and fluorescence, where the darkest purple line represents the highest concentration of
cocaine (105 uM) and the lightest green line represents the lowest concentration of cocaine
(0.82 uM). Traces of DimerDye ([DD13Cx4] = 10.5 uM), DD13Cx4+CB8 ([DD13Cx4] =
10.5 uM, [CB8] =21 uM) and DD13Cx4-CB7 ([DD13Cx4] = 10.5 uM, [CB7] =21 uM)
alone are shown as black dashed lines. Insets show the fluorescence binding isotherms. All
solutions in NaH2PO4/Na;HPO4 (8.4 mM, pH 7.4) in H>O with 2% MeOH. 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. ..........ccoevvieriieiiiiiiiiiieieeeee e 182

Figure 4.26. An array of mixed host sensors differentiates structurally similar neutral
cannabinoids. Sensor array includes absorbance and fluorescence responses of mixed host
sensors DD13Cx4+CB7 and DD13Cx4+CB8. PCA (correlation) scores 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, [CB] = 21 uM, and [drug] = 105 uM. All samples are in
NaH;PO4/Na;HPO4 (8.4 mM, pH 7.4) in H20 with 2% MeOH. .........cccceevivieneninnn. 185

Figure 4.27. An array of DimerDye sensors does not differentiate structurally similar
neutral cannabinoids. Sensor array includes absorbance and fluorescence responses of
DD4Cx4, DD8Cx4, and DD13Cx4. PCA (correlation) scores plot shows each sample set
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(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 NaH>PO4/Na;HPO4 (8.4 mM,
pH 7.4) in H2O with 2% MEOH.........ccciiiiiiiiiiiiete e e 185

Figure 4.28. An array of mixed host sensors shows the differentiation of central nervous
system depressant cationic opiates and neutral benzodiazepine analogs. Sensor array
includes absorbance and fluorescence responses of mixed host sensors DD8Cx4<CBS,
DD13Cx4+CB8, and DD13Cx4°CB7. PCA (correlation) scores 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 uM. All samples are in
NaH>PO4/Na;HPO4 (8.4 mM, pH 7.4) in H2O with 2% MeOH. .........cccoeinieieeee 186

Figure 4.29. An array of mixed host sensors discriminates anesthetics and amphetamine
from common adulterants. Sensor array includes absorbance and fluorescence responses
of mixed host sensors DD4Cx4+CB8, DD13Cx4°CB8, and DD13Cx4<CB7. PCA
(correlation) scores 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, [CB] =21 uM, and [drug]
= 105 uM. All samples are in NaH,PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2%
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Figure 4.30. All drug and adulterant differentiation from an array of mixed host sensors.
Sensor array includes absorbance and fluorescence responses from mixed host sensors
DD4Cx4-CB8, DD8Cx4+-CB8, DD13Cx4+CB8, and DD13Cx4+CB7. PCA (correlation)
scores 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 [drug] = 105 puM. All samples are
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Figure 4.31. Composition and chemical structures of the multi-component street drug
samples acquired through Substance, the Vancouver Island Drug Checking Project, located
in Victoria, British Columbia, Canada.?’® *Samples H and I were provided by two different
people reporting the same drug from the same batch and supplier. All chemical structures
are represented in the expected protonation forms under sensing conditions of pH 7.4. 188

Figure 4.32. Mixed host sensor absorbance and fluorescence responses to multi-
component street drug samples. Absorbance responses (left) and fluorescence responses
(right) of mixed host sensors a) DD4Cx4+CBS8, b) DD8Cx4+-CBS8, ¢) DD13Cx4-CB8 and
d) DD13Cx4+CB7 to multi-component street drug samples A-I (Table 4.1 and Figure
4.31). The dotted lines in the spectra represent the selected wavelengths used in PCA
analysis. Samples contain [DD] = 10.5 uM, [CB] =21 uM, and [street drug sample] = 0.03
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mg/mL. All samples are in NaH2PO4/Na;HPO4 (8.4 mM, pH 7.4) in H>O with 2% MeOH.
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Figure 4.33. DimerDye absorbance and fluorescence responses to multi-component street
drug samples. Absorbance responses (left) and fluorescence responses (right) of
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Chapter 1: Achieving function from equilibrating systems — designing
macrocyclic host-based systems as supramolecular sensing tools

1.1 Introduction

Supramolecular systems are fundamental to life. Molecules coming together on the
molecular, meso- and nanoscale to achieve function are critical in biological processes.
Although biology readily achieves this through the evolution of complicated systems, the
design and development of synthetic systems represents an ongoing frontier in science.! In
the field of systems chemistry, molecular interactions and chemical complexity are
exploited to generate emergent properties, where a system takes on new characteristics
beyond the sum of its individual parts.? Through the lens of “life” this can be viewed as
self-assembled systems that exist in transient dissipative states and supramolecular
chemically fuelled processes that require the input of energy. In systems chemistry,
chemical complexity can also be introduced through the construction of self-organizing
“networks”, containing multiple building blocks, simultaneously interacting within a web
of interconnected equilibria. As synthetic supramolecular systems become more elaborate,
chemists get closer to mimicking the complex systems that govern biology.>

One subfield of supramolecular chemistry involves the construction of synthetic
organic macrocyclic concave “host” molecules with motifs that recognize and bind targeted
“guest” analytes. The molecular recognition of hosteguest complexes is driven by
supramolecular processes that occur beyond the molecule.® Such systems that function in
water, buffer and biofluids have many applications in the detection, delivery, and reversal
of biologically relevant compounds.*® In particular, the development of host-based sensors
that function under biological conditions are valuable tools in areas of diagnostics,
theranostics and biochemical research.*

This review Chapter provides an introductory perspective on designing water-
soluble macrocyclic hosts-based systems for applications in sensing. Here we focus on
host-based systems that operate at an equilibrium position, that can be shifted upon the
addition of a new binding partner. First, we briefly introduce the basic concepts to consider

in the design of host-based systems. Then we highlight illustrative examples of macrocyclic



supramolecular sensing, incorporating strategies and lessons in systems chemistry.
Throughout this Chapter we build in both chemical and systems complexity. We end on
multi-component systems as a current evolving strategy to obtaining emergent
information-rich outputs that surpass the performance of conventional pairwise host-based
systems involving isolated sensing elements. These recent developments in complex host-
based sensing systems represent the forefront of the field, shifting towards more

challenging sensing tasks of distinguishing multiple analytes within complex mixtures.

1.2 Key considerations in designing host-based systems

Reversible interactions make up the foundation of self-assembled supramolecular
systems. A molecular recognition event occurs when molecular building blocks reversibly
come together, as driven and guided by intermolecular noncovalent interactions, dynamic
covalent bonds and the hydrophobic effect (Figure 1.1). Combined, weak noncovalent
interactions, including electrostatics (ion-ion, ion-dipole, ion-induced dipole and dipole-
dipole), cation-mt, m-m, hydrogen-bonding and dispersive interactions (van der Waals or
London dispersion forces), can have a strong influence on molecular recognition (Figure
1.1a).” Dynamic covalent bonds can also be applied in self-assembled systems to reversibly
favour the most thermodynamically stable species. Many types of dynamic covalent bonds
exist.'” ! Here we highlight a few biologically relevant examples, such as imine,
hydrazone and disulfide formation (Figure 1.1b). Later we will explore some examples of
dynamic covalent bonds used within sensing systems. Lastly, the hydrophobic effect also
plays an important role in molecular recognition in water.'> To date, several evolving
theories and models of the hydrophobic effect have been reported.'?2° Although not strictly
defined as a noncovalent interaction, water can aid in the self-assembly of molecular
building blocks. Within a system, water is in constant motion, where interfacial water
(surrounding the host and guest molecules) and inner host cavity water experience reduced
degrees of freedom and hydrogen bond formation. Upon hosteguest complexation, enthalpy
(AH) and/or entropy (AS) can contribute favourably to Gibbs free energy (AG) of binding.
A decrease of interfacial surface area and host cavity desolvation can induce an overall

release of water into bulk solution, where it experiences increased degrees of freedom and



H-bond formation (~3.6 per molecule) (Figure 1.1c).!2 To various extents, the contributions
from noncovalent interactions, hydrophobic effect and/or dynamic covalent bonds, can

achieve molecular recognition of targeted guest analytes.
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Figure 1.1. Supramolecular self-assembly is driven by reversible processes including a) noncovalent interactions,
b) dynamic covalent bonds and ¢) the hydrophobic effect.

Host rigidity and hosteguest shape complementarity play key roles in driving self-
assemblies. A variety of host scaffolds offer different advantages and disadvantages in
systems design (Figure 1.2). Overall, host receptors must contain some form of rigidity to
prevent hydrophobic collapse and provide beneficial preorganization. Deeper cavities can
introduce more surface area interactions by further extending the hydrophobic pocket,
while maintaining scaffold rigidity. This can improve both enthalpic and entropic
contributions to the hydrophobic effect.?! 2> The construction of wider host cavities can
accommodate larger guests but often introduces more flexibility, consequently creating
less preorganization and resulting in weaker binding affinities.”> Guest binding properties
can be further tuned through the incorporation of polar and non-polar functional groups
inside and outside the host cavity.?* Polar groups on the upper or lower rim of a host (e.g.
carbonyl portals or polyethylene glycol tails) can be used to favour hydration, assisting in
water solubility and binding of hydrophobic guests with interacting polar head groups.
Functional groups that are anionic (e.g. sulfonate, carboxylate and phosphonate) or cationic
(e.g. ammonium, guanidinium and pyridinium) are often incorporated, favouring binding
to oppositely charged guest molecules. Alternatively, host cavities containing inwardly

3



directed polar groups can assist in hydrogen bonding and electrostatic interactions within
the cavity, binding hydrophilic polar guests in aqueous conditions.?> Throughout this
Chapter, different host scaffolds and their characteristic binding properties will be

introduced as examples of sensing systems arise.
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Figure 1.2. Macrocyclic host scaffolds can be tuned to control conformation, binding interactions, and introduce
new properties.

Molecular recognition is driven by the formation of the most thermodynamically
stable species when molecules with complementary structures come together. Traditional
supramolecular systems are under thermodynamic control and exist at a stable energy
minimum. In its simplest molecular form, this is a 1:1 hosteguest complex.
Thermodynamically stable systems can increase in complexity through the incorporation
of multiple interacting host and guest components, to form a network of simultaneous
reversible interactions within a single solution. Although the thermodynamically stable
collection of species will be favoured, it is important to remember that self-assembly is not
a static event but a reversible process of exchanging components. Le Chatelier’s principle
applies to all equilibrating systems, even those with multiple reversibly interacting
components. Alterations in extrinsic factors, like relative component concentrations,
solvent, polarity, pH and additive co-solutes or mediators, can be used to shift the
equilibrium position of a system.?® The selection of a buffer or addition of salts can also
impact the binding affinity of a system, where buffers and salts can competitively bind to
the host cavity.?’” 2 In instances where the ionic strength of a solution is altered,
electrostatic screening effects on charged hosts and guests also play a role, diminishing
Coulombic interactions.?” Overall, adaptation of a system in response to external or internal

factors can impact molecular recognition and the strength of association. This provokes
4



careful consideration of the complete composition and design of hosteguest systems,
particularly under biologically relevant conditions or in biological media where higher salt
content is required and additional competitive species are present.

In this Chapter we will focus on specific examples of macrocyclic host-based
sensing systems that operate in aqueous solution and harness some aspects of chemical or
systems complexity. Comprehensive reviews are available covering the broader topics of

2% supramolecular analytical chemistry, and

complexity in systems chemistry,
macrocyclic hosteguest molecular recognition in water.’® 3! Here we explore select
examples that introduce lessons in the design of macrocyclic host-based sensors, the effect
of solvent conditions, use of additional system components and benefits that arise from
increased systems complexity. To illustrate these mechanisms, we focus mainly on a family
of hosts called calix[n]arenes and to a lesser extent the family called cucurbit[n]urils, as

they are the main building blocks used within this dissertation.

1.2 Pairwise sensing of biologically relevant molecules

Supramolecular hosts are transformed into optical chemosensors through
noncovalent or synthetic incorporation of an environmentally sensitive dye (Figure 1.3).
Dye structures that form noncovalent interactions with hosts are selected to encourage self-
assembly. This can be attained through intermolecular self-assembly of a dye present in
solution (Figure 1.3a), or intramolecular self-assembly of a dye covalently tethered to the
host (Figure 1.3b). Alternatively, environmentally sensitive dyes can be covalently
integrated into the host scaffold, eliminating the need for noncovalent dye complexation
(Figure 1.3c). Each of these frameworks relies on analyte binding induced changes to the
microenvironment of the dye, producing monitorable colourimetric and/or fluorescent

responses.
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Figure 1.3. Supramolecular hosts are transformed into optical sensors through self-assembly or covalent
incorporation of a reporter dye. Analyte detection can occur through a) intermolecular competitive displacement
of a hostedye complex, b) intramolecular competitive displacement of a synthetically tethered dye, or ¢) direct
detection from a covalently integrated environmentally sensitive dye.
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Photoinduced electron transfer (PET) is the most common photophysical
mechanism employed in host-based sensing systems. An example of PET applied in this
dissertation is the quenched complex of the fluorescent dye lucigenin (LCG) inside the
anionic host p-sulfonatocalix[4]arene (sCx4). This is explained by a static quenching
process in which hostedye complexation results in the highest occupied molecular orbital
(HOMO) of the host being proximal to the dye, which has a lower energy HOMO (Figure
1.4a). The phenolic units comprising sCx4 make it electron rich, acting as a good electron
donor. After excitation, the host undergoes a full electron transfer to the partly vacant
HOMO of the excited dye, quenching the excited state (Figure 1.4a).>?** This mechanism
allows for competitive analyte displacement that produces a turn-on fluorescence response
from free dye.

Assemblies that induce dye aggregation can be designed such that disruption from
guest binding alters absorbance and emission properties. An example adapted in this
dissertation is the self-assembled formation of homodimer dye aggregates. Synthetic
integration of the solvatochromic styryl dye, Brooker’s Merocyanine (compound 1.1), into
sCx4, produces DimerDye DD1Cx4 (Figure 1.4b). In aqueous solution two copies of this
anionic host self-assemble into a homodimer, DD1Cx42, with the hydrophobic cationic dye
pendant arm binding inside the hydrophobic pocket of another copy. Dimer-induced
stacking of the two fluorophores results in blue shifted absorbance and quenched emission,
relative to the analyte-bound monomer (Figure 1.4b). These features are characteristic of
H-aggregates, explained by excited state face-to-face interactions of the two fluorophores.
The stacked dye arrangement allows for transition to a higher energy excited state,

producing a larger energy gap and blue shift in absorbance.?> This higher energy excited



state can then undergo internal conversion to lower energy excited states, thereby

suppressing radiative pathways and quenching emission.*
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Figure 1.4. Turn-on fluorescence detection mechanisms applied in this dissertation include PET and H-aggregate
dimers. a) The complexed hostedye reporter pair sCx4+L.CG undergoes static PET quenching. In the presence of
an analyte, competitive displacement of the dye produces a turn-on fluorescence response. b) DimerDye sensor
DD1Cx4 integrates merocyanine dye, compound 1.1, into the host scaffold. In aqueous solution a homodimer
forms, stacking two integrated dyes face-to-face resulting in blue shifted absorbance and quenched emission.
Disassembly-driven sensing produces turn-on fluorescence detection of analytes.

Several other photophysical mechanisms can be used to probe hosteguest binding
events. Hostedye complexes that display enhanced fluorescence can occur when flexible
dyes are confined inside a host cavity. This binding-induced restriction of rotational and
vibrational freedom disfavours non-radiative decay pathways, enhancing emission.
Hostedye complexation can also enhance emission by shielding diffusional dynamic
quenching events that can occur within complex media.’® Many macrocyclic sensing
systems have also utilized charge transfer mechanisms through complexation events that
alter the dipole electron-withdrawing or accepting character of a dye. This is generally seen
in self-assembled systems with electron-deficient dyes next to electron rich aromatic hosts,
inducing spectral shifts in the same direction for both absorbance and fluorescence, as well
as changes in molar absorptivity.** 37 To a lesser extent Forster resonance energy transfer
(FRET) is also applied in hosteguest systems, requiring a pair of fluorophores with overlap
of the donor emission and acceptor excitation spectra. FRET-mediated energy transfer
from the donor to the acceptor is influenced by the spatial distance between the

fluorophores, extent of spectral overlap and dipole orientations.*®



In addition to the variety of different photophysical mechanisms that can be used
to probe hosteguest binding, there are also distinct molecular and supramolecular
arrangements by which a host-based system can achieve sensing. The following sections
include examples in which different supramolecular mechanisms are applied to host-based
sensing in aqueous conditions.

Noncovalent binding of a dye to a host is a facile entry to host-based sensing. This
conventional technique, known as an indicator displacement assay (IDA), relies on
reversible binding of an indicator dye to the host scaffold. Upon addition of a competitive
guest analyte, the indicator is displaced producing a monitorable response (Figure 1.3a).%
41 IDAs operate best under conditions where the hosteguest affinity product is
approximately equal to the hostedye affinity product, where affinity product is the
hosteanalyte or hostedye equilibrium binding constant (K) times the respective assay
concentration.*” This method is easily applied by mixing different known indicators with
different host receptors, tailoring concentrations as needed.*® Further adaptations include
the guest displacement assay (GDA), where the guest analyte is first bound to the host and
then subsequently displaced by an indicator dye, proving more suitable for insoluble or
weaker binding guests.*’

IDAs can be used in biological applications where interferants (e.g. salts, buffer
ions and metabolites) remain constant. An earlier example from Nau and co-workers paired
the electron-rich anionic host sCx4, with the cationic reporter dye LCG (Figure 1.5a), as a
label-free method for continuous real-time enzyme assay monitoring (Figure 1.5b).** In
this example a stronger hostedye binding constant is favourable, as it allows for lower
hostedye concentrations to be used relative to the detected enzyme substrate and product.
The hydrolysis of the neurotransmitter acetylcholine (ACh) to choline (Ch) produces the
same “on” response, attributed to similar binding affinities. However, the oxidation of Ch
to enzyme product betaine (compound 1.2) results in an “off” response from weaker
binding affinity (Figure 1.5b). Through a domino enzyme-coupled supramolecular tandem
assay, absolute concentrations of Ch followed by ACh are determined. The success of this
assay relies on a difference in enzyme substrate versus product affinity by a factor of 10 or

morc.



Recent IDA applications show the use of sCx4°LCG in increasingly complex
biologically relevant systems, quantifying guest transport through liposome membrane

4445 and transmembrane permeation.*® Liposomes are formed containing the pre-

channels,
assembled hostedye reporter pair sCx4*LCG inside, unable to permeate the membrane
barrier (Figure 1.5c). The crossing of cationic peptide, protamine, via ion channels is
monitored by competitive displacement of the hostedye complex inside the liposome,
providing real-time fluorescence monitoring and kinetics of translocation (Figure 1.5¢).**
45 A reported variation to this approach applies a pH gradient across the lipid bilayer to aid

in controlling detected interior analyte concentrations, improving sensitivity.*®
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Figure 1.5. IDAs provide a facile label free method for biological tandem assay monitoring. a) Chemical structures
of hostedye reporter pair sCx4 and LCG. b) Choline oxidase followed by acetylcholineseterase enzyme kinetic
activity is monitored through a domino turn-off response, as the bound substrates Ch and ACh are converted to
the weaker binding product 1.2. ¢) Peptide migration into liposomes is monitored through competitive binding of
the cationic peptide protamine to sCx4, displacing LCG and inducing a turn-on fluorescence response.

Despite their ease of design, IDAs can be less effective in the presence of
competitive interferants. IDAs are suitable in instances where relative concentrations of
interferants do not change over the course of an experiment and the absolute change in
signal is high. Although not always commented on, the presence of higher salt

concentrations in biological assays and matrix effects among different biological samples
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can diminish the signal response and reproducibility in IDA experiments. This is a result
of the free (unbound) dye being more susceptible to dynamic quenching events with salts
and co-solutes in solution, decreasing the amplitude of response. Salts can also act as
competitive interferants binding to host cavities and portals, blocking desired hostedye and
hosteguest complexation events, consequently weakening apparent binding constants. The
use of IDAs in biological imaging assays of tissue or whole cells is further complicated by
unbound dye being present everywhere in solution.

Synthetically incorporating a dye into a host scaffold is beneficial in cases where
dynamic quenching and competition significantly influence apparent binding constants.
Commonly used design strategies include the use of a covalently flexible dye tether,
allowing intramolecular hostedye complexation or direct integration of an environmentally
sensitive dye into the host scaffold (Figure 1.3bc). Although both these methods can be
synthetically taxing, often requiring multi-step syntheses, they can help mitigate
competitive salt effects as well as dye dilution effects in competitive biological solutions.

Covalently tethering a dye to a host at an optimal distance provides beneficial
preorganization and prevents dye dilution. Intramolecular complexation via a flexible
tether has been shown to produce increased intramolecular affinity in comparison to an
equivalent intermolecular assembly, susceptible to diffusion and competitive binding.*’
The benefits of intramolecular tethered sensors are illustrated by a recent example from
Biedermann and co-workers, who compared the conjugated host-linker-dye compounds,
cucurbit[ 7Juril-hexathylene glycol-berberine (1.3) and cucurbit[7]uril-tetraecthylene
glycol-berberine (1.4), to an equivalent noncovalent IDA of cucurbit[7]uril (CB7) and
berberine chloride (BC) (Figure 1.6).*® The barrel-shaped host CB7 consists of glycoluril
units bridged by methylene pairs, forming a rigid hydrophobic cavity, lined with neutral
polar carbonyl groups. Complexation of the cationic dye BC inside CB7 induces
confinement enhanced photostability, increasing fluorescence.*’ At 100 mM NaCl,
complete disruption of the intermolecular CB7BC complex occurs. This is a result of
known cationic salts binding cucurbit[n]uril carbonyl portals,>*? blocking desired binding
events (Figure 1.6a). In comparison, intramolecular self-assembly of the conjugated
cationic BC dye in 1.3 and 1.4, provides pre-organization and further repels cationic salt

binding, functioning in the presence of ~10°-fold excess NaCl (Figure 1.6a). This tethered
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intramolecular assembly allows for the detection of Parkinson’s drug amantadine (AdNH3)
in solutions of human urine and saliva at medically relevant concentrations (Figure 1.6b).*
Conjugated cucurbit[n]uril cationic dye sensors have been further explored in complex
media with examples of cellular imaging in live and fixed HT22 neurons, where sensor

conjugation alleviates dye dilution effects within cell-based applications.>
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Figure 1.6. Covalently tethered host-linker-dye conjugates help mitigate salt effects. a) High concentrations of
salts present in biofluids can competitively bind host portals. Synthetic host-linker-dye conjugates provide pre-
organization, reducing competitive salt effects. b) Chemical structures of unimolecular host-linker-dye conjugates
1.3 and 1.4, covalently tether BC dye to the host CB7 via a hydrophilic flexible ethylene glycol linker. Chemical
structure of target Parkinson’s drug AANHj. Intramolecular self-assembled sensing detects AANH; in saline
solution, urine and saliva.

Salt tolerant sensing motifs can be achieved through directly integrating a dye into
the host scaffold. The aforementioned DimerDye, DD1Cx4 integrates Brooker’s
Merocyanine, compound 1.1 into the host scaffold, forming a nonemissive homodimer
DD1Cx4: in aqueous solution (Figure 1.7).* This dimerization motif persists in the
presence of salts, likely due to cationic salt screening effects, decreasing repulsion and
facilitating the self-assembly of the like-charged anionic hosts.’> Disassembly driven turn-
on fluorescence detection of cationic hydrophobic analytes is maintained in the presence
of co-solutes, buffers, metal ions and cofactors, functioning in biologically relevant media.
The biological application potential of this system was illustrated by a real-time enzyme
assay, monitoring the conversion of 21-mer histone tail peptide H3K4 to H3K4mes by
methyltransferase PRDM9 (Figure 1.7). Disassembly-driven turn-on sensing of H3K4me3:
is achieved through binding of the cationic hydrophobic methylated lysine residue,

outcompeting homodimerization.
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DD1Cx4+H3K4me;

Figure 1.7. DimerDye disassembly-driven turn-on sensing functions in biological enzyme assay conditions. Lysine
methyltransferase PRDM9 converts the 21-mer histone tail peptide H3K4 to H3K4mes, monitored by turn-on
fluorescence detection of DD1Cx4.

Mechanical bonds can be used to further protect sensor function in complex media.
In one study, the hostedye reporter pair, cucurbit[8]Juril (CB8) and di-alkylated 2,7-
diazapyrene (DAP), were embedded within a rotaxane structure (1.5) (Figure 1.8).°° The
attachment of p-cyclodextrin (#-CD) stoppers on either end of the rotaxane prevent
disassembly of the threaded CB8*DAP complex, while the polyethylene glycol linkages to
DAP aid in water solubility (Figure 1.8). This elaborate interlocked construction only
allows binding to select small molecules capable of forming a ternary complex with
CB8°DAP, minimizing media interference and inhibiting hostedye dilution effects.
Binding of the electron-rich aromatic biomarker tryptophan (W), produces decreased
emission through charge transfer to the electron-deficient aromatic dye DAP.>® Through a
rotaxane protection strategy, binding of amino acid biomarker W in human blood serum
and urine was achieved, operating at physiologically relevant concentrations associated

with cardio-vascular and neurodegenerative diseases.

Figure 1.8. Rotaxane structure 1.5 protects the mechanically interlocked hostedye reporter pair CB8*DAP with f-
CD stoppers, producing a decreased emission response upon W binding in human blood serum and urine.
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Selective detection of larger biomacromolecules by host-based sensors is
challenging due to the increased number of similar binding sites. For example, larger
peptides can contain multiple amino acid residues known to form binding interactions with
macrocyclic hosts. In cases where sensing of a single peptide or protein occurs in isolation
this does not pose a problem. However, this becomes more challenging in complex
mixtures where selectivity is desired for one peptide over another, sharing the same known
amino acid binders within its sequence.

Heteromultivalent host co-assemblies can enable selective sensing of larger
biotargets. A more recent multi-macrocyclic adaptation to IDAs, reported by Guo and co-
workers, introduces a method of self-adaptable detection through multiple peptide
biotarget binding interactions.’” In this example, co-assembly of an amphiphilic f-CD host
(1.6) and an amphiphilic calix[5]arene host (1.7) form heteromultivalent vesicle
aggregates, with many copies of the hosts coating the outer surface (Figure 1.9). This
approach addresses multi-modal binding and site mismatching through recognition of the
amino acids tyrosine (Y) with host 1.6 and lysine (K) with host 1.7, using LCG as a
noncovalent indicator for competitive binding to 1.7. The dynamic self-assembly of the
vesicle itself allows for surface mobility of the co-assembled hosts, providing self-
adaptable detection of model peptides containing Y and K amino acid residues at different
positions. The affinity-enhancing effects of multivalency are sufficient to allow binding
and detection under competitive aqueous conditions,”® while significantly enhancing
selectivity towards peptides rich in Y and K amino acids. Although this work operates on
the premise of a conventional IDA, it represents a large jump in systems complexity,
incorporating known molecular recognition events with larger dynamic aggregated self-

assemblies.
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Figure 1.9. Co-assembly of amphiphilic hosts 1.6 and 1.7 form heteromultivalent vesicles for heterotopic detection
of Y and K containing peptides. a) Chemical structures of amphiphilic host 1.6, amphiphilic host 1.7, indicator
dye LCG, and amino acid residues Y and K. b) Co-assembly of amphiphilic hosts form heteromultivalent
supramolecular vesicles. Binding of LCG to host 1.7, transforms the co-assembled heteromultivalent vesicles into
an IDA. The mobile self-assembled nature of the system allows for flexible heterotopic binding with enhanced
affinity towards peptides rich in Y and K amino acids.

1.3 Strategies in cross-reactive differential sensing

Host-based systems are inherently selective towards a given type of analyte.
Examples introduced thus far have incorporated pairwise scenarios where a single analyte
is targeted for binding. Here, the distinction between specificity and selectivity is
important. In the context of sensing systems, we define specificity as the detection of a
single analyte by a single sensor, responding only to that analyte. This is based around the
“lock-and-key” principle established by Emil Fischer, where the asymmetric properties of
an enzyme binding pocket induce specific binding to one substrate.’® Specific sensors are
most valuable in cases where a single target needs to be identified within a complex mixture
(e.g. antibodies). Conversely, we define selectivity as the ability to bind multiple
structurally similar analytes to varying degrees. Unlike protein binding pockets, which
evolved to have specificity, macrocyclic hosts contain a high level of symmetry and are
therefore selective by nature. In the context of host-based systems, most macrocyclic hosts
are good at binding certain classes of analytes but fall short when it comes to the specific
binding of a single target molecule amongst structurally similar binding partners. This
inherent selectivity (and corresponding lack of specificity) is advantageous in differential

sensing platforms.
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Selective cross-reactive receptors are powerful tools in differential sensing
schemes. Often referred to as “chemical nose”, cross-reactive sensors use signal response
patterns as a fingerprint to identify many different entities. Relying on cross-reactive
selectivity, chemical nose sensors surpass the limitations enforced by lock-and-key specific
detection (i.e. n receptors are needed for n analytes). This is likened to the mammalian
olfactory system,®® where the human nose can detect and discriminate over 10'? different
olfactory stimuli, despite containing only approximately 400 olfactory receptors.®!- ®* The
key to applying this approach in differential host-based sensing is obtaining reproducible
unique response patterns for a variety of analytes, through fast stable equilibria varying in
affinity. While signal processing in the human brain is complex, the signal processing for
chemical nose sensors can be relatively straightforward. Through chemometric statistical
analysis methods, multiple numerical absorbance and/or fluorescence responses from
hostedye reporter pairs can be used as a fingerprint pattern to differentiate and identify
analytes (Figure 1.10). The true power in this approach lies within the ability to

differentiate more analytes than the number of sensors required.
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Figure 1.10. An array of hostedye reporter pairs can discriminate multiple guest analytes through chemometric
analysis.

Differential sensing analysis is performed using multivariate statistical methods
such as principal component analysis (PCA) and linear discriminant analysis (LDA). The
aim of both techniques is to reduce large data sets — in this case multiple absorbance and
fluorescence wavelength observations from the same or different sensing units — down to
two- or three-dimensional space for visualization. PCA applies an unsupervised approach

t,63

to retain the greatest variance while simplifying a complex dataset,’” whereas LDA applies

a supervised approach to identify classes (in this case target analytes) and maximize the
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distance between them.®* Anslyn and co-workers have provided a helpful review
describing the many factors involved in refining and improving differentiation plots.®
More recently, machine learning algorithms like support vector machine (SVM),% and

)66-69

iterative recursive feature elimination (RFE are being applied as supervised techniques

to aid in both regression and classification to identifying the most informative responses
within an array, eliminate over-fitting data and build calibration models.”® !
Pattern-recognition based sensing is easily applied to the differentiation of small
molecules. During my first year as a graduate student, I contributed as second author on a
project led by Dr. Meagan Beatty, detecting and differentiating hydrophobic cationic illicit
drugs in buffer and saliva.”? This work expanded on the previously mentioned DimerDye
sensors, applying a parallel synthesis approach to develop an array of sixteen DimerDye
analogs, varying the integrated merocyanine dye. Parallel testing of turn-on fluorescence
responses narrowed down the array to five hit DimerDye sensors; containing N-
methylpyridinium (DD1Cx4 and DD8Cx4), indolinium (DD4Cx4), bipyridinium
(DD12Cx4) and N-phenylpyridinium (DD13Cx4) pendant arms (Figure 1.11a). This
assortment of integrated dyes introduces both photophysical diversity, covering a range of
absorbance and emission wavelengths, as well as structural diversity, varying affinities
towards detected analytes. Each of these sensors operates through disassembly driven turn-
on fluorescence, detecting cationic hydrophobic drugs, nicotine, cocaine, and
3,4-methylenedioxymethamphetamine (MDMA) in both buffer and saliva within relevant
low uM concentrations found after ingestion. Deployed in an array, PCA and LDA analysis
of isolated DimerDye responses successfully differentiates between active illicit drugs and
closely related metabolites within classes of amphetamines (Figure 1.11b), anesthetics

(Figure 1.11c) and opioids (Figure 1.11d).
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Figure 1.11. An array of five DimerDye sensors distinguishes between different members and classes of illicit
cationic drugs. a) An array of five DimerDye sensors (DD1Cx4, DD4Cx4, DD8Cx4, DD12Cx4 and DD13Cx4)
operate by a disassembly driven turn-on fluorescence sensing mechanism, detecting hydrophobic cationic drugs in
buffer and saliva. Chemical structures of tested hydrophobic cationic drugs and their metabolites. Red indicates
binding motifs. PCA and LDA analysis of an array of five DimerDyes distinguishes between b) amphetamines c)
anesthetics and d) opioids. Adapted with permission from J. Am. Chem. Soc. 2019, 141, 42, 16763—-16771.
Copyright 2019 American Chemical Society.

Beyond data refinement, differential sensing falls short when analyte affinities for
a set of hosts are too similar. Overlapping analyte clusters in differential plots are often an
indication that sensor array response patterns are not unique among a given panel of
analytes. Overlap of analyte confidence ellipses can also occur when sensing responses
have high deviation within a set of replicates, relative to the amplitude of response. One
strategy to overcome this is the incorporation of more hosts in an array that reinforce
observed patterns, decreasing noise within clustered replicates. Alternatively, building

sensor arrays that incorporate hosts with different binding properties, or different

17



photophysical response mechanisms, can have a greater impact on multivariate analysis
and improve analyte discrimination.

Incorporating different modes of analyte interactions can aid in differential sensing.
This is demonstrated by reported dual site upper- and lower-rim functionalized
pillar[5]arene host 1.8, that combines noncovalent hosteguest recognition with two reactive
dynamic covalent fluorophore handles (Figure 1.12).”3 This design strategy provides an
alternative approach to a panel of hostedye self-assembled sensors. Instead, seven
neurotransmitters are differentiated by a singular host through different modes of
interaction, prompting different fluorescence response patterns. The pillar[S]arene’s
electron-rich host cavity contributes electrostatic noncovalent binding to the hydrophobic
cationic neurotransmitter ACh (Figure 1.12b). Appended fluorophores on host 1.8 provide
emission wavelength variables, corresponding to the chemical reactivity of the two
attached dynamic covalent handles. Boric acid-naphthalimide allows for condensation
reactions with catechol-containing neurotransmitters (dopamine, epinephrine and
norepinephrine), while aldehyde-coumarin undergoes Schiff base condensation reactions
with monoamine containing neurotransmitters (dopamine, norepinephrine, serotonin,
glutamate, and histamine) (Figure 1.12b). This design strategy provides rapid access to
detection and maintains function in cerebrospinal fluids. Two photon long wavelength
excitation of the napthlaimide and coumarin fluorophores enabled PCA neurotransmitter
differentiation within live neurons, and three-dimensional imaging of neurotransmitters in

brain tissue, from the hippocampus Alzheimer’s disease region of a mouse.
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Figure 1.12. Dual reactive host sensor 1.8 provides multimodal detection and differentiation of neurotransmitters
in live neurons. a) Chemical structure of host 1.8 and differentiated neurotransmitters. The incorporated
naphthalimide and coumarin fluorophores on host 1.8 are indicated by orange and purple highlights respectively.
Reactive boric acid and catechol handles are show in green. Reactive aldehyde and primary amine handles are
shown as grey circles. ACh quaternary amine binding motif is shown in red. b) Neurotransmitter detection by host

1.8 occurs through noncovalent self-assembly with cationic quaternary amines, and dynamic covalent reactions
with catechol and primary amines.

Extending this concept further, sensor arrays that incorporate a range of binding
interactions and photophysical mechanisms provide more diverse differential response
patterns. In one example a library of six CB7-fluorophore conjugated hosts (1.9 to 1.14)
were applied to the detection and differentiation of twelve different model proteins (Figure
1.13).7* In this system the CB7 cavity pan-selectively binds protein surface amino acid
residues phenylalanine, tryptophan and tyrosine, with the conjugated dye providing
additional secondary surface binding interactions. Diversity of response within this array
arises from topological dyeeprotein interactions, inducing different photophysical response
mechanisms. This includes binding induced steric hindrance of the conjugated cyanine
dyes in hosts 1.10 and 1.11 resulting in enhanced emission (Figure 1.13b), as well as 1.11
absorbance/emission shifts resulting from instances of induced dye polarity and decreased
emission from dye aggregate formation. Hydrophobic binding interactions of conjugated
silicon rhodamine in 1.14 results in ground state deactivated spirolactone formation (Figure
1.13b). Decreased emission responses from conjugated coumarin in 1.9, 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (BODIPY) in 1.12 and tetramethyl rhodamine in 1.13 are
likely a result of amino acid static quenching events, as well as local pH effects on 1.9.
This sensitivity to a range of topological features linked to different photophysical
responses was exploited in the differentiation of protein conformational changes,
identifying native, misfolded, oligomeric and fibrillar protein states. Notably, this approach

was able to distinguish amyloid-p folded aggregates associated with Alzheimer’s disease.
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Figure 1.13. A diverse array of conjugated CB7-fluorophores provides different mechanisms for probing protein
surfaces, identifying a range of proteins and conformational folded states. a) Chemical structures of an array of
CB7-fluorophore conjugates, 1.9 to 1.14. b) Sensing scheme illustrations of enhanced emission of CB7-cyanine
host 1.10 through protein induced restricted rotation and decreased emission of CB7-silicon rhodamine host 1.14
from spirolactone formation in hydrophobic protein environments.

So far, cross-reactive sensor arrays consisting of isolated hostedye reporter pairs or
conjugated host sensors have proven effective at discriminating individual target analytes.
In these examples solution complexity has progressed towards sensors that maintain
function in biorelevant conditions, containing higher salt content and other competitive
species. More recent examples in literature have demonstrated that incorporating diversity
through a range of recognition properties and photophysical outputs can enhance
differenital applications from biologically important small molecules, to larger peptides
and proteins. Despite these advances, distinguishing highly similar analytes and complex
mixtures of analytes is an ongoing challenge within the field. As application difficulty

increases, more information-rich sensing outputs are required.

1.4 Expanding differential sensing through increased systems complexity

Systems chemistry is a powerful tool at the forefront of adaptive information-rich
sensing. In complex systems, adaptive behaviour arises through self-organized networks
of multiple interconnected equilibria. Information-rich outputs are produced from induced
shifts in the overall networked equilibria, and emergent properties can arise that are
otherwise unobtainable from the isolated system components.” Earlier work by Anslyn’®
and Severin’” applied systems chemistry in sensing, showing that a single mixture of
multiple interacting receptors and indicators can differentiate analytes through unique

networked equilibria. The recent application of systems chemistry in macrocyclic host-
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based sensing has switched perspectives from isolated pairwise molecular recognition
events, towards building more complex systems. A simple way to increase complexity is
through a co-complexation agent, an additional component (e.g. metal ion or salt) that
interacts with sensor building blocks, promoting the formation of additional complexes
and/or binding geometries in equilibrium. Complexity can also be introduced by increasing
the number of interacting building blocks (e.g. multiple dynamic covalent building blocks,
multiple interacting hosts and/or dyes in a single solution), this can be further extended into
multicomponent systems that form higher order complexation events.

Co-complexation agents in host-based sensing systems can modulate multiple
binding geometries, enhancing sensing outputs for differentiation. In one example the
known adverse effects of cationic salt interactions binding cucurbit[z]uril carbonyl portals
was exploited as a method of introducing adaptive sensing (Figure 1.14).® The
unimolecular host-linker-dye conjugate 1.15 tethers a polarity responsive dye,
nitrobenzoxadiazole (NBD), to CB7. This synthetic design encourages co-complexation
interactions with cationic salts (M""), facilitated by the conjugation of a neutral weak
binding dye, NBD (as apposed to the previously introduced cationic dye conjugates 1.3
and 1.4 that repelled cationic salts). Host 1.15 forms an equilibrium of multiple analyte
binding geometries modulated by secondary salt interactions (Figure 1.14b). These salt
interactions induce distinctive spectral shifts in absorbance and emission, contributing to a
unique analyte fingerprint. Through alterations in fixed salt concentration and salt type,
PCA differentiation of 14 bioorganic analytes (Figure 1.14a) in buffer and biofluids
(human urine, deproteinized human serum, artificial saliva and artificial synthetic urine)

was achieved.
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Figure 1.14. Salts can be used as binding modulators, providing adaptive differential sensing of biorelevant
compounds. a) Chemical structures of the unimolecular dye conjugated host 1.15, biorelevant analytes for
differentiation and modulating salts (M™). b) Salt-induced analyte binding effects can cause displacement of the
dye or induce different modes of binding in equilibrium, creating unique analyte sensing outputs.

Combining dynamic combinatorial libraries and multi-component noncovalent
networks introduces a new method of in situ host formation and differential sensing.
Waters and co-workers described an “imprint-and-report” dynamic combinatorial library,
in which exchangeable dithiol building blocks form template-driven macrocycles, for
indicator displacement differential sensing (Figure 1.15).”° First the formation of disulfide
containing macrocycles is templated by a guest (analyte or dye), amplifying a mixture of
thermodynamically favoured hosts at increased concentrations relative to an untemplated
system. Key to the operation of this approach is complete disulfide oxidation, “imprinting”
the formed macrocycles that inhibit building block re-equilibration. Subsequent addition
of a secondary guest (dye or analyte) provides a unique signal based on a network of
noncovalent interactions with the mixture of imprinted macrocycles (Figure 1.15bc).
Applied in an array, combinations of 3-5 dynamic combinatorial libraries (incorporating
different macrocycle building blocks (1.16, 1.17 and 1.18), dyes (LCG, 1.19 to 1.22), and
analytes (methylated states of histone peptides) discriminate all post translational
modifications on arginine (R) and lysine (K) residues of histone peptides H3R8mex and
K9mey respectively. This dynamic combinatorial and noncovalent systems approach
negates the requirements of host synthesis optimization, purification and characterization,
achieving analyte differentiation through a complex network of equilibria. Further

advancements of “imprint-and-report” dynamic combinatorial libraries have been applied
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to the differentiation of trimethylamine N-oxide dietary metabolites and precursors,* as

well as per- and polyfluoroalkyl contaminant mixtures in water."!
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Figure 1.15. Dynamic combinatorial libraries are combined in an “imprint-and-report” sensor array, differentiating
methylation states of R and K containing peptides. a) Chemical structures of exchangeable building blocks (1.16,
1.17 and 1.18), fluorescent dyes (LCG, 1.19, 1.20, 1.21 and 1.22) and methylation states of arginine and lysine
containing histone peptides H3R8mex and K9mey. b) Dynamic combinatorial library components are imprinted
by an analyte and then competitively displaced by a reporter fluorophore. ¢) Dynamic combinatorial library
components are imprinted by a fluorophore and then competitively displaced by an analyte.

Highly similar biomacromolecules pose a challenge in differential sensing.
Identifying small variations between biomacromolecules with conserved sequences and
relative charge (e.g. differences in 3D folding and orientation) is a nontrivial task, often
requiring techniques like crystallography and multi-dimensional NMR spectroscopy. In
host-based sensing, detection of highly similar biomacromolecules is limited by the
similarity between molecular recognition events, engaging closely related binding motifs
present on the surface of biomacromolecules (e.g. anionic hosts binding cationic K and/or
R amino acid residues). When slight differences in biomacromolecules do not strongly
influence host binding events, differential sensing becomes more challenging. Systems
chemistry approaches that introduce multiple interacting components, in equilibrium with
each other and with multiple analyte surface features, can overcome these limitations.
Through their combined output the effects of many relatively small differences can be
detected.

Multi-complexation systems can distinguish identical biomacromolecule
sequences that have adopted different folded structures. Work presented by Hooley and
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coworkers demonstrated that an array of sensing systems differentiated noncanonical
folded DNA motifs by increasing the number of competing equilibria.”® 3% 83 In this
approach, cationic styryl pyridinium dyes (compounds 1.26 to 1.29) act as the primary
sensing motif, mimicking known oligonucleotide ligands that directly bind DNA through
aromatic nucleotide n-n stacking and phosphate backbone ionic interactions. The addition
of cationic deep cavitand hosts (1.23 to 1.25) can interact with the dye, DNA, or both, in a
mixture of competing binary and ternary fluorescent complexes (Figure 1.16b). In one
report a 16-element sensor array (4 styryl pyridinium dyes x 3 cavitand hosts and 4 isolated
dyes) was applied to the differentiation of 18 different nonclassical DNA motifs (DNA G-
quadruplexes with bulges and vacancies, Hoogsteen triplexes, hairpin and i-motifs).”® This
large data set illustrates an example where hand-selecting array responses for multivariate
analysis becomes challenging. Fluorescence array outputs analyzed by an SVM-RFE
training algorithm followed by PCA, not only allowed for successful challenging
differentiation but also classification of unknown DNA folded motif samples. Most
notably, differentiation is not possible with a traditional sensor array consisting of a set of
DNA binding dyes. This demonstrates an increase in information obtained from additional
competing equilibria, through hosts that don’t bind DNA directly, but compete with DNA
for dye binding. The performance of this system-based sensor exceeds that of the related

dye-based sensor array.
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Figure 1.16. An array of cationic deep cavitand hosts and styryl pyridinium dyes discriminate highly similar
noncanonical DNA folded motifs. a) Chemical structures of cavitand hosts (1.23 to 1.25) and reporter styryl
pyridinium dyes (1.26 to 1.29). b) Schematic illustration of the multiple binary and ternary complex equilibria
between DNA i-motif, host, and reporter dye leading to differential sensing of folded DNA.

Adjustments in building block combinations, component ratios and environment
are a facile way to provide a level of complexity that enhances differential sensing while
requiring a relatively small number of sensor building blocks. Work presented by Guo and
coworkers reports on the straightforward construction of tunable sensor array libraries that
involve heteromultivalent self-assemblies.®* Co-assembly of calixarene (1.30 to 1.37) and
cyclodextrin (1.7) amphiphilic hosts leads to the formation of self-assembled vesicle
aggregates that vary in recognition ability (Figure 1.17a). The dynamic noncovalent self-
assembly of vesicles allows for the generation of several different co-assembled sensors
whose binding properties are modified simply by varying their relative concentrations.
Fluorescent dyes were selected for known binding interactions with cationic calixarene
hosts (1.30 to 1.33) that induces fluorescence quenching (dyes 1.38 and 1.41) and
fluorescence enhancement (dyes 1.39, 1.40 and 1.42), as well as binding to anionic
calixarene hosts (1.34 to 1.37) that induce fluorescence quenching (LCG). This work
incorporates a multitude of sensor arrays with different host co-assemblies, outlined dye
combinations, component ratios and solution pH; fixing one of these variable within each
array (Figure 1.17b). Through this array library strategy, thirteen model proteins and their

mixtures were differentiated using LDA analysis. Array-based sensing was further applied
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to the differentiation of honeys from different floral origins, brands and adulterated
mixtures representing more complex sample compositions (containing sugars, enzymes,
amino acids, vitamins, minerals and aromatic compounds). The discrimination ability of
these senor arrays arises from the different intertwined hostedye, hosteanalyte, and
dyeeanalyte affinities within the system, as well as the nonlinear relationship between
signal response and concentration. This work represents a very robust path to quickly and
easily obtaining information-rich libraries that can be extended to many building blocks
and targets. Further development of heteromultivalent amphiphilic co-assemblies have
been applied in recognition and discrimination of normal, cancerous and cross-

contaminated cell lines.®’
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Figure 1.17. Muli-complexation sensing systems provide a robust and facile method for building differential
sensor arrays. a) Chemical structures of amphiphilic hosts (1.7, 1.30 to 1.37) and reporter dye (LCG, and 1.38 to
1.42) building blocks explored in the construction of multiplexing sensor arrays. b) Schematic representation of
different host co-assemblies, reporter dye combinations, ratios and environmental pH conditions used to
differentiate model proteins.
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Overall, the recent application of systems chemistry represents a paradigm shift in
the field towards increasingly complex, information-rich sensing. The development of
multi-component macrocyclic systems has led to more advanced sensing functions, with
rapid access to information-rich outputs. Through increased complexity, differential
sensing outcomes can be reached that are otherwise unachievable by conventional isolated
hostedye sensor arrays. This development in complex systems has begun to shift
supramolecular host-based sensing towards larger information-rich data sets, akin to those
seen in bioinformatics. This will stimulate further advancement and implementation of
machine learning algorithms and supervised differential analysis techniques, as host-based

sensing systems continue to grow in both complexity and capability.

Summary of dissertation

This dissertation presents strategies for developing functional supramolecular
systems of increasing complexity in aqueous solution. The goal of this dissertation is to
explore and expand on system-oriented approaches that can be used to improve host
synthesis and develop more powerful sensing tools. The host sCx4 is the parent structure
used throughout this dissertation, as it is an excellent candidate for biological
applications.®®” The sulfonated upper rim imparts water solubility, with the hydrophobic
cavity forming favourable complexes with nonpolar cationic guests in aqueous solution.
Synthetic modifications are readily achieved, tuning molecular recognition events and
introducing new functionalities.®® In this dissertation I create novel hosts with applications
in drug reversal (Chapter 2) and sensing of challenging analytes (Chapters 3 and 4). The
degree of complexity builds from Chapter to Chapter, aiming to provide conceptually new
methods that can be readily applied by others in the field. To demonstrate the benefit and
value of multi-interacting systems, each Chapter makes direct comparisons to previously
reported reductionist approaches.

In Chapter 2, I use a target drug to template the synthesis of novel bivalent hosts in
aqueous solution as new potential drug reversal agents. This work illustrates how
noncovalent self-assembly and dynamic covalent chemistry in aqueous solution can be

used as a tool to obtain more synthetically challenging host structures. We show that
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templated synthesis in aqueous solution not only produces pan-selective hosts, binding
target drugs that share a common pharmacophore to the template, but it also ensures strong
binding affinity under biologically relevant conditions.

In Chapter 3, I introduce an adaptive network of hosts as a new systems-oriented
approach to differential sensing. This work builds on the concepts of multi-component host
systems that were introduced in Section 1.4. We show that combining multiple hosts with
different integrated fluorophores into a single sensing solution forms a network of
interconnected equilibria. This network is primed to shift in distinct ways when an analyte
is introduced, with the overall shifts in multiple linked equilibria providing a unique
information-rich photophysical fingerprint. We show that the adaptive network out-
performs analogous traditional sensor arrays by distinguishing highly similar serum
albumin proteins and by profiling complex protein tissue extracts.

In Chapter 4, I further advance host-based sensing systems by co-assembling hosts
from different families, achieving an increase in the scope of analytes that can be detected.
By co-assembling two different host types via an integrated environmentally sensitive
fluorophore, we create a system that can detect analyte binding interactions to either host.
We show that mixed host co-assembled sensors can distinguish a range of hydrophobic,
cationic and neutral drugs. We further challenge the system and introduce complexity by

applying mixed host sensors to multi-component illicit street drug samples.

28



Chapter 2: Template-directed synthesis of bivalent, broad-spectrum
hosts for neuromuscular blocking agents

This work was adapted from a previously published paper.

Allison J. Selinger, Natalie A. Cavallin, Anat Yanai, Inanc Birol and Fraser Hof
Angew. Chem. Int. Ed., 2022, 61, €202113235.

AJS and FH conceptualized the idea. AJS was lead on investigation, formal analysis and
methodology development. AJS designed, optimized and characterized the synthesis of the
novel calix[5]arene precursor compounds 2.13, 2.14, sCx5-CHO, along with the novel
bivalent water-soluble hosts Super-sCx4 and Super-sCx5 and the control
monofunctionalized hosts sCx4-CH:NHNH: and sCx5-CH:NHNH:. AJS supervised
NAC in preliminary IDA binding experiments, while the final reported IDA results were
completed by AJS. Mechanistic studies that included DOSY NMR, molecular modeling,
'H NMR titrations, and ITC were designed, conducted, and analyzed by AJS. AY led the
cell viability assay experiments supervised by IB, in collaboration with Canada’s Michael
Smith Genome Sciences Centre, Vancouver, Canada. AJS wrote the original draft of the
paper. AJS and FH contributed to reviewing and editing the paper.

2.1 Foreword

The work presented in this Chapter began through a serendipitous discovery. The
original intent of this dissertation was to develop new sensing systems. While attempting
to synthesize a new monovalent hydrazone-linked calixarene sensor, I noticed a small
amount of bivalent hydrazone-linked host had formed in an NMR-tube scale experiment.
This opened the door to the possibility of synthesizing bivalent water-soluble hosts. The
synthesis of several different kinds of bivalent sulfonate calixarene hosts had been
previously attempted in the Hof group and repeatedly failed, due to the mutual repulsion
encountered when trying to link two highly anionic building blocks. To overcome this
challenge, I applied a templated synthesis approach. Motivated by the rising application of
synthetic hosts as drug reversal therapeutics, we selected a bisquaternary amine
neuromuscular blocking agent (NMBA) as both a template for synthesis and a target
analyte for further binding studies. We wanted to show that this template strategy can
produce new hosts that operate in biologically relevant conditions, with pan-selective
affinity towards drugs that share the same key binding motifs. This Chapter demonstrates
the power of equilibrating systems, relying on dynamic covalent interactions and self-

assembly to achieve a previously unobtainable host with therapeutic potential.
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2.2 Introduction

Neuromuscular blocking agent’s (NMBA’s) are frequently administered in clinical
practice during anesthesia. NMBA’s block the action of acetylcholine (ACh) by binding
nicotinic acetylcholine receptors (nAChR) at the postsynaptic endplate of the
neuromuscular junction.’® A variety of structurally diverse NMBA’s are used in clinical
practice to meet different pharmacological needs.”® Although NMBA’s vary in structure,
they adhere to a pharmacophore model having two alkyl ammonium ions separated by
~14 A in their lowest energy conformation.’! After surgery, NMBA reversal is needed to
facilitate patient recovery.

While NMBA'’s are bivalent, all reported supramolecular reversal agents contain a
single macrocyclic binding motif.” 8 Supramolecular reversal agents administered by
intravenous injection bind free NMBA’s in the blood, lowering the concentration of
NMBA’s at the neuromuscular junction and reversing effects.”? Several NMBA reversal
agents have been developed from macrocyclic hosts, including -cyclodextrins,
cucurbit[z]urils and pillar[n]arenes (Figure 2.1 and Figure 2.82).”® These hosts operate
via an inclusion binding mode that is inherently limited by the size of the host cavity and
the fit of the NMBA (Table 2.23). Sugammadex, a y-cyclodextrin host that is approved for
clinical use in over 50 countries, reverses steroidal NMBA’s vecuronium and
rocuronium.”® However, its cavity is too small to achieve reversal of wider curarine and
benzylisoquinoline NMBA'’s, and it is similarly inactive towards the thinner NMBA
suxamethonium.” Likewise, pillar[5]arene is too small to form a threaded complex with
steroidal NMBA’s, but thioether carboxylate decafunctionalized pillar[5]arene can form a
nesting complex with rocuronium.”® Water-soluble carboxylatopillar[6]arene (WP[6])
strongly binds the thinner NMBA suxamethonium,”® and sulfated Pillar[6]MaxQ strongly
binds steroidal NMBA’s.”” Calabadion 2, an acyclic cucurbituril analog, has broader
binding preferences, reversing steroidal and benzylisoquinoline NMBA’s, vecuronium,

rocuronium and cisatracurium; binding to suxamethonium has not been reported.”
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monovalent: Sugammadex, bivalent: this work
Calabadion 2, Pillar[6]MaxQ

Figure 2.1. Supramolecular reversal agents reported to date contain a single binding site. We propose a reversal
agent with dual binding sites separated by a flexible linker.

To complement a family of molecules with diverse biscationic structures but a
common geometrically defined pharmacophore, we chose a conceptually new approach:
building bivalent hosts using two promiscuous, but carefully spaced binding pockets
(Figure 2.1 and Figure 2.2). We selected p-sulfonatocalix[n]arenes, sCx4 and sCx5, as
their anionic upper rims and dynamic bowl like cavities are known to bind many kinds of

cationic moieties.”’
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2.3 Results and discussion

Templated synthesis with the NMBA decamethonium was effective at creating a
new water-soluble bivalent host. Simple models predicted that a very short linker would
be needed between two p-sulfonatocalix[n]arene building blocks. However, we repeatedly
found that late-stage covalent coupling was hampered by the mutual repulsion between two
highly anionic calixarenes. To overcome this barrier, monofunctionalized sCx4-CHO and
decamethonium were mixed in a 2:1 ratio in aqueous solution (Figure 2.3a). In situ 'H
NMR showed upfield shifting of the decamethonium methyl peaks, indicating
complexation (Figure 2.3bii). One-dimensional diffusion-ordered spectroscopy (1D
DOSY) NMR on the uncomplexed calixarene sCx4-CHO has a reported hydrodynamic
radius of 7.4 + 0.3 A,”? which we found increased to 11.7 £+ 0.3 A upon complexation with
decamethonium, supporting the formation of a self-assembled 2:1 complex under the
reaction conditions (Table 2.1 and Figure 2.65). Addition of hydrazine formed compound
2.1, a complex system with two reversible imine bonds and calixarenes engaged on either
end of the templating NMBA. Reductive amination locks the structure, forming the
bivalent host Super-sCx4 (Figure 2.3a). Continuous NMBA complexation throughout the
reaction is observed by further upfield-shifted methyl peaks in the final crude reaction mix
(Figure 2.3biii). Ultraperformance liquid chromatography mass spectrometry (UPLC-MS)
of the crude reaction identified the bivalent host Super-sCx4 as the major product with
minor formation of monovalent sCx4-CH:NHNH: (Figure 2.3c). Super-sCx4 was
isolated in a 50% yield after preparative high performance liquid chromatography (HPLC)

purification.
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Figure 2.3. NMBA templated synthesis forms bivalent calixarene hosts with a flexible hydrazine linker. a)
Synthetic scheme of Super-sCx4 templated by decamethonium in (NH4),CO; (50 mM, pD 6.4) in D,O. b) 'H
NMR spectrum of i) decamethonium (5 mM), ii) followed by the addition of 2 eq sCx4-CHO (10 mM), aldehyde
indicated by green diamond, and iii) the final crude after completed reductive amination (hydrazine linkage
indicated by blue star). Red dotted line shows encapsulation of decamethonium methyl groups throughout the
reaction. ¢) UPLC-MS (ES-) of the final crude shows major product formation of bivalent Super-sCx4 and minor
formation of monovalent sCx4-CH.NHNHo. d) Synthetic scheme of Super-sCx5 templated by pancuronium in
(NH4)>COs3 (50 mM, pD 6.4) in D,O.

We also developed a templated bivalent p-sulfonatocalix[5]arene analog (Figure
2.3d). Novel building block sCx5-CHO was synthesized in six steps by site-specific
functionalization of the calix[5]arene scaffold (see Section 2.5.2). Initial templation
attempts with sCx5-CHO and decamethonium showed a folded conformation was adopted
by decamethonium inside the larger sCx5-CHO cavity, forming a 1:1 complex (Figure
2.30) and preventing the success of the templated synthesis. The steroidal NMBA
pancuronium was selected as a more rigid template, as it has been shown to form a 2:1

complex with similarly sized cucurbit[7]uril.! Monofunctionalized sCx5-CHO and
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pancuronium were equilibrated in a 2:1 ratio in aqueous solution. Upfield shifts of the
quaternary amine methyl groups were observed by in situ 'H NMR reaction monitoring
(Figure 2.31). 1D DOSY NMR of this complex supports the formation of a 2:1 self-
assembly, 11 + 1 A in size (Table 2.1 and Figure 2.70). The addition of hydrazine formed
compound 2.2, followed by reductive amination obtaining bivalent Super-sCxS5, isolated
in a 25% yield after HPLC purification. A slightly larger hydrodynamic radius of
12.6 £ 0.2 A for isolated Super-sCx5 was determined (Table 2.1 and Figure 2.72).

Templation by NMBAs is essential to the formation of each bivalent host. Control
reactions without NMBA templates produced little or no detectable bivalent products by
UPLC-MS, instead resulting in the formation of monovalent sCx4-CH2NHNH2, sCx5-
CH:NHNH?2, and other reduced monovalent calixarenes (Figure 2.29 and Figure 2.32).

A wide variety of NMBA’s form 1:1 complexes with the new bivalent hosts.
Suxamethonium was selected for detailed 1D DOSY investigation as it displayed
distinguishable sharp peaks in 'H NMR when complexed with either Super-sCx4 or
Super-sCxS. The hydrodynamic radii of suxamethonium complexes with hosts Super-
sCx4 (11.2 + 0.6 A) and Super-sCx5 (12.4 = 0.6 A) were similar to the values for the
respective isolated Super-sCx hosts (Table 2.1, Figure 2.68 and Figure 2.73).

Table 2.1. Diffusion coefficients and hydrodynamic radii determined by 1D DOSY.

Compounds D (107! m?%s) i (A)
sCx4-CHO"? 3.29+0.02 7.4+0.3
sCx4-CHO+decamethonium® 2.16 £0.05 11.7+£0.3
sCx4-CH:NHNH 2.77+0.05 9.1£0.2
Super-sCx4® 2.22+0.02 11.4+0.1
Super-sCx4esuxamethonium® 2.3+0.1 11.2+£0.6
sCx5-CHO? 2.79 £0.03 9.0+0.1
sCx5-CHO¢pancuronium® 22402 11£1
sCx5-CH:NHNH:" 2.7+0.1 9.5+0.5
Super-sCx5° 2.00+0.03 12.6 £0.2
Super-sCx5+suxamethonium” 2.04 +£0.09 12.4+0.6

“Samples in (NH4),CO; (50 mM, pD 6.4) in D,O (500 MHz, 297 K). ®*Samples in NaH,PO/Na,HPO, (50 mM, pD
7.4) in D,0 (500 MHz, 297 K).

The 1:1 complexation demonstrated by DOSY is further supported by molecular
modeling. Conformational searches were carried out on complexes of each bivalent
Super-sCx host with a panel of structurally diverse NMBA’s (decamethonium,

suxamethonium, gallamine, pancuronium, tubocurarine and cisatracurium). In all cases,
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the most stable energy-minimized structures involved the two quaternary amines from the
NMBA'’s being engaged within the two pockets of the bivalent hosts (Figure 2.74 to Figure
2.77).

Six-point '"H NMR titrations of NMBA’s demonstrate qualitatively that matching
of bivalent guests with bivalent hosts is required for strong 1:1 binding. The upfield shifts
of NMBA methyl groups were monitored upon addition of hosts into NMBA’s, with all
titrations exhibiting fast exchange on the NMR time scale (see Section 2.5.6). Titrations of
bivalent hosts Super-sCx4 and Super-sCx5 into NMBA’s displayed strong binding,
resulting in saturation of chemical shift perturbation at 1.0 to 1.5 equivalents. Titrations
with monovalent control hosts sCx4-CH2NHNH: and sCx5-CH2NHNH: did not display
saturation at <3 equivalents, demonstrating that the monovalent control compounds form
weaker complexes with higher stoichiometries. Similarly, titrations of the bivalent Super-
sCx4 and Super-sCx5 hosts into cholines (Ch and ACh) showed weaker unsaturated
binding.

The new hosts exhibit pan-selective NMBA binding with selectivity over cholines
and other hydrophobic amines. We used an indicator displacement assay (IDA), with
lucigenin (LCG) to determine equilibrium dissociation constant (K4) values. Competitive
titrations of NMBA'’s into the pre-formed Super-sCx*LLCG complexes were conducted,
with displacement of LCG resulting in increased fluorescence (Figure 2.4).** Super-sCx4
exhibited stronger binding to the thinner NMBA'’s, suxamethonium (71 £ 8 uM) and
decamethonium (63 = 9 uM), with selectivity over ACh (Table 2.2). Super-sCxS5 exhibited
strong broad-specturm binding to all NMBA’s tested (2-18 uM) and selectivity over ACh
(Table 2.2). Notably the larger p-sulfonatocalix[5]arene cavity offered strong binding to
both the thinner NMBA suxamethonium (14 + 3 uM) and the bulkier NMBA cisatracurium
(6 = 3 uM). Other natural monovalent hydrophobic amines and basic drugs (nicotine,
acetaminophen, carnatine, phosphocholine and hexylamine) were tested and all displayed

weak or no binding (0.7 to >10 mM) (see Section 2.5.5 and Table 2.3).
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Figure 2.4. IDA determines binding affinity of NMBA’s to bivalent Super-sCx hosts. a) Direct binding titration
of Super-sCx4 (up to 40 uM) into LCG (0.25 uM). b) Competitive displacement titration of suxamethonium (up
to 640 uM) into Super-sCx4 (5 uM) and LCG (0.25 uM). Error bars were plotted for each duplicate but are not
visible in cases where the error is smaller than the plotted point. Solutions in NaH,PO4/Na,HPO4 (10 mM, pH 7.4)
in H,O, Aem= 485 nm (Aex = 369 nm).

Table 2.2. IDA determined equilibrium dissociation constants of Super-sCx hosts and their selectivity for NMBA’s
over ACh.

Guest Super-sCx4 Selectivity over Super-sCx5 Ky Selectivity over
Kq (M) ACh (fold) M)* ACh (fold)
LCG (6+£2)x 1077 - Bx1)x107 -
Ch >1.0 x 1072 - >1.0 x 1072 -
ACh >1.0 x 1072 - >1.0 x 1072 -
Decamethonium (6.3£0.9)x 107 >160 (1.8£0.4)x 107 >550
Suxamethonium (7.1+£0.8) x 107 >140 (1.4+03)x107° >720
Gallamine (8+6)x107% >1000? Q+2)x10% >4000°
Pancuronium (1.0+£02)x 107 >960 (1.4+03)x107° >700
Tubocurarine 2+1)x10™* >50 (1.8£0.8) x 107 >570
Cisatracurium (2.0+0.4) x10™* >51 (6+£3)x10™% >2000”

“All solutions in NaH,PO4+/Na,HPO4 (10 mM, pH 7.4) in H,O. Dissociation constants were determined from
fluorescence IDA titrations assuming 1:1 stoichiometry, values reported are the average of six measurements with
propagated standard error, where 1:1 binding was supported by molecular modeling of NMBA’s with Super-sCx
hosts. For exemplary binding curves and residuals see Section 2.5.5. ®Certain structurally complex NMBA’s
showed titration profiles that prove a non-1:1 stoichiometry. The apparent K4 values arising from 1:1 fits are
provided, but must be considered only as rough approximations of potency for binding.

Isothermal titration calorimetry (ITC) experiments with suxamethonium reveal
how p-sulfonatocalix[4]arene and p-sulfonatocalix[5]arene-based hosts have different
enthalpic (AH) and entropic (AS) driving forces, as expected for macrocycles of different
sizes (see Section 2.5.9). In both bivalent and monovalent hosts enthalpy dominates
complexation (Figure 2.5), as is also observed (for example) for such diverse comparitors
as Suggamadex or Pillar[6]MaxQ binding rocuronium.®> °” Notably, bivalent Super-sCx4
and monovalent sCx4-CHO bind suxamethonium with almost identical enthaplies to each

other, while the preorganization of Super-sCx4 provides a benefit in the form of >30
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kJ/mol more favourable entropy of binding (Figure 2.5). Super-sCx potencies measured by
this gold-standard method were very high (<150 nM), likely due to the use of a different

buffer, temperature and the absence of competing dye molecules.

a) b)
-0 -0
= -2 = -2
o ]
E 4 Ky=113+4 uM E 4 Ky=55+5nM
El 6 AH = -59 + 1 kJ/mol T 6 AH =-56.1 % 0.3 kJ/mol
= -TAS = 35.6 kJ/mol g -TAS = 1.1 kJ/mol
T -8 N =0.408 + 0.007 I’ N =0.718 + 0.004
< <-10
-10 12
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Figure 2.5. Direct ITC titrations of a) suxamethonium (7 mM) into sCx4-CHO (7 uM) and b) suxamethonium
(200 uM) into Super-sCx4 (20 pM). All samples in NaH,PO4/Na,HPO4 (50 mM, pH 7.4) in H,O at 30°C.

Sulfonated calixarenes have demonstrated in vivo activity in several models of
intoxication and have favourable toxicity profiles. sCx4 itself is biocompatible, with low
in vivo toxicity (100 mg/kg in mice) making it an excellent candidate for the development
of novel supramolecular drug reversal agents.'! We did in vitro cell viability assays of
bivalent hosts Super-sCx4 and Super-sCx5 and found no measurable toxicity up to tested
concentrations of 250 uM in human hepatoblastoma (HepG2) and human embryonic

kidney 293 (HEK293) cell lines (Figure 2.80 and Figure 2.81).

2.4 Conclusion

This work provides a new approach to developing reversal agents, using the target
as a template to build synthetically challenging hosts in aqueous solution. While several
examples of upper-rim-linked bivalent calixarenes exist,'?!% making covalent
connections between highly anionic building blocks is especially challenging. Templation
has been widely used to overcome such synthetic challenges, from small ion templation of
macrocycles,'® 1% to larger complex architectures like nanorings,'!! nanorods,!!?
molecular knots,''® and polymers.!'* More recently, templation has been applied to
dynamic combinatorial chemistry, by forming mixtures of synthetic building blocks that

favour linkage around a desired template.!% 115 116
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In some sense, a pharmacophore model is a useful message of promiscuity. It
teaches us that many drugs presenting related functional groups in a similar 3D
arrangement can be active against the same target. When paired with a promiscuous host
macrocycle, the use of a single template during synthesis can provide bivalent hosts that
have broad-spectrum activity and yet retain useful selectivity (e.g. over monovalent
competitors). While it seems that only certain NMBA’s are suitable for a given templation
reaction, the bivalent hosts in this work, once synthesized, have good affinity for NMBA’s
and weak affinity for the neurotransmitter ACh. p-Sulfonatocalix[n]arenes are known for
forming intrinsically weak (~mM) complexes with a large variety of cationic guests in salty
water.”” Until now, this has limited their biological applications to those that involve
targeted analytes that exist at relatively high in vivo concentrations.'!” Although the
affinities that arise from this approach are inferior to other NMBA reversal agents, the
selectivities over cholines are excellent (Table 2.23), and the broad-spectrum activities are
also unique, suggesting this approach might have some advantages over the current state

of the art in reversal agents.
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2.5 Supplementary information

2.5.1 General materials and methods

2.5.1a Materials

The following compounds were used as purchased. Suxamethonium chloride
(>98%), decamethonium bromide (>98%), phosphocholine chloride calcium salt
tetrahydrate (>98%), and 4-sulfocalix[4]arene hydrate (sCx4) were purchased from Tokyo
Chemical Industry. Choline chloride (Ch, >98%) and (S)-(-)-nicotine (99%) were
purchased from Alfa Aesar. Tubocurarine chloride (98%), cisatracurium besylate (88%),
pancuronium bromide (97%) and gallamine triethiodide (95%) were purchased from
Toronto Research Chemicals. Acetylcholine chloride (ACh, >98%), (%)-carnitine
hydrochloride (>98%), hydrazine hydrochloride, sodium cyanoborhydride and lucigenin
(LCG) were purchased form Sigma Aldrich.

Hexylamine (>99%) was purchased from Sigma Aldrich and converted to water
soluble hexylamine hydrochloride prior to use in IDA experiments. Hexylamine (200 pL,
1.51 mmol) was reacted on ice with a 4.0 M HCl solution (3.78 mL, 15.1 mmol) purchased
from Sigma Aldrich. Residual solvent was removed by rotary evaporation affording the

white powder hexylamine hydrochloride.

2.5.1b General NMR spectroscopy methods

Deuterated solvents were purchased from Sigma Aldrich. Reactions monitored in
situ were prepared using ammonium carbonate ((NH4).CO3, 50 mM, pD 6.4) in D0, pD
was adjusted using 1 M DCL. Ammonium carbonate was selected due to its lack of
interference in 'H NMR and compatibility with UPLC-MS. Adjusting the pD to 6.4
favoured the formation of hydrazone in the initial condensation reaction. '"H NMR titrations
were performed in NaH,PO4/NaxPOs (50 mM, pD 7.4) in D0, prepared using sodium
phosphate monobasic and sodium phosphate dibasic in D0, the pD was adjusted with I M
NaOD/DCI and determined using a pH meter.''8
'H, 3C, and 1D DOSY were recorded on a Bruker Avance Neo 500 MHz

spectrometer or 300 MHz spectrometer as specified. 'H and C NMR spectra were

processed using MestReNova by Mestrelab Research S.L. 1D DOSY experiments were
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pre-processed using TopSpin and diffusion coefficients were analyzed using Bruker

Dynamics Center.

2.5.1c General UPLC-MS and HPLC methods

Reactions were monitored and final host purity was verified using a Waters
UPLC-MS equipped with UV-Vis and QDa detector. All samples were filtered through a
13 mm syringe filter with a 0.45 um polytetrafluorethylene (PTFE) membrane then injected
onto an Aquity UPLC BEH C18 1.7 pym (21 mm X% 50 mm) column. A gradient of 90%
H20 (0.4% CH202)/10% CH3CN (0.4% CH202) to 30% H20 (0.4% CH202)/70% CH3CN
(0.4% CH203) over 5 min at 0.5 mL/min flow was used for all traces. Reaction mixtures
were directly purified on a Teledyne ACCQPrep HP150 HPLC system with UV detection
at 280 nm. A Phenomenex Luna C18, 250 mm x 22 mm, 5 um preparative column or a
Teledyne Redi Sep C18, 150 mm % 20 mm, 5 pum were used for purification. The column

and gradient methods are as specified for each synthetic protocol.

2.5.1d General HRMS, m.p. and IR methods

Accurate mass spectra of pure novel compounds were obtained by electrospray
ionization (ESI) using a Thermo Scientific™ Exactive™ Plus Orbitrap Ultimate 3000
liquid chromatography mass spectrometry (LC-MS) system. The eluent used was a 50:50
mix of Milli-Q™ water and Optima™ acetonitrile. Melting points (m.p.) were determined
using a Gallenkamp melting point apparatus. Infrared (IR) spectra were collected using a
Perkin Elmer 1000 Fourier transform infrared (FTIR) spectrometer. IR data are reported as

frequency of absorption (cm ') intensity; s = strong, m = medium, w = weak, br = broad.
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2.5.2 Synthesis
Calix[4]arene synthetic precursors were synthesized using adapted protocols

reported for compounds 2.4,'"° 2.5,12° 2.6,!%° 2.7,°* 2.8, and sCx4-CHO.>*

37% HCHO phenol
NaOH AICly BzCl
diphenyl ether toluene \ pyridine
3 h, 260°C OIN, 60°C OIN, r.t
OH
2.3 2.5

CH,Cl,

sCx4-CHO
Q.54 119,120

Scheme 2.1. Synthetic route of previously reported sCx4-CH

N,H, HCI

30 min, r.t.

sCx4-CHO

Super-sCx4
50% yield overall

Scheme 2.2. Synthesis of novel Super-sCx4.

Super-sCx4 — templated reaction. sCx4-CHO (30 mg, 0.043 mmol, final concentration
=10 mM) and decamethonium bromide (9 mg, 0.022 mmol, final concentration = 5 mM)
were dissolved in ammonium carbonate in D20 (4.34 mL, 50 mM, pD 6.4). The starting
material was equilibrated for 15 min at room temperature with stirring. The dissolved

starting material formed a clear colourless solution. 'H NMR of the starting material was
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taken to verify decamethonium complexation. Hydrazine hydrochloride (0.024 mmol, 24
uL of 1 M solution in D>O) was added and stirred at room temperature for 30 min. Upon
hydrazine hydrochloride addition the reaction formed an orange precipitate. Sodium
cyanoborohydride (0.43 mmol, 27 mg) was added, and stirred at room temperature for 2 h.
Upon sodium cyanoborohydride addition the reaction formed a clear colourless solution.
UPLC-MS verified the formation of bivalent Super-sCx4 as the major product (Figure
2.28). The reaction mixture was directly purified by HPLC using a gradient of 90% H>O
(0.1% C2HF302)/10% CH3CN (0.1% C2HF302) to 68% H20 (0.1% C2HF302)/32% CH3CN
(0.1% CoHF307) over 17 min on a Phenomenex Luna C18, 250 mm X 22 mm, 5 pm
preparative column. Fractions were collected, immediately flash frozen and lyophilized to
yield a white fluffy solid (15 mg, 50%). m.p. decomposed >250°C; 'H NMR (300 MHz,
D»0): 6 (ppm) 7.63 (s, 4H), 7.61 (s, 4H), 7.51 (s, 4H), 7.00 (s, 4H), 4.02 (d, /= 10.9 Hz,
16H), 3.75 (s, 4H); '*C NMR (126 MHz, de-DMSO): & (ppm) 151.6, 150.2, 149.4, 139.5,
139.1,130.1,128.1, 127.5,127.2,127.0, 126.6, 126.5, 126.4, 126.0, 51.0, 30.9, 30.6; FTIR:
3243 (br), 1594 (w), 1454 (w), 1136 (m), 1111 (m), 1037 (s), 625 (s), 551 (s) cm™'; HRMS
(ESI): m/z calculated for CssHsoN2026S6°~ 275.82265 [M-5H]*"; found 275.81569.

Super-sCx4 — control untemplated reaction. The control reaction was carried out exactly
as above but omitting decamethonium bromide. The dissolved starting material formed a
clear colourless solution. Upon hydrazine hydrochloride addition the reaction formed a
clear light-yellow solution. Upon sodium cyanoborohydride addition the reaction formed
a clear colourless solution. UPLC-MS verified that bivalent Super-sCx4 was not
synthesized in the absence of the decamethonium template. A mixture of the monovalent

hydrazone and reduced starting material sCx4-CH3 (2.16) were formed (Figure 2.29).
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N,H,4 HCI

30 min, r.t. 2h,rt.

sCx4-CH,NHNH,
69% yield overall

Scheme 2.3. Synthesis of novel sCx4-CHNHNH_.

sCx4-CH2NHNH:. sCx4-CHO (50 mg, 0.072 mmol, final concentration = 30 mM) was
dissolved in ammonium carbonate in D20 (2.41 mL, 50 mM, pD 6.4), forming a colourless
solution. Hydrazine hydrochloride (0.22 mmol, 217 uL of 1 M solution in D>O) was added.
Upon addition the solution turned yellow. The reaction was stirred at room temperature for
30 min, forming a yellow precipitate. Sodium cyanoborohydride (0.72 mmol, 45 mg) was
added, and stirred at room temperature for 2 h, forming a white cloudy solution. A minimal
amount of water was added to dissolve the precipitate (~2 mL). The crude reaction mixture
was directly purified by HPLC using a gradient of 90% H20 (0.1% C>HF30,)/10% CH3CN
(0.1% C2HF302) to 65% H20 (0.1% C2HF302)/35% CH3CN (0.1% C2HF302) over 17 min
on a Phenomenex Luna C18, 250 mm x 22 mm, 5 um preparative column. The fractions
were collected, immediately flash frozen and lyophilized, yielding a fluffy white product
(35 mg, 69%). m.p. decomposed >250°C; 'H NMR (500 MHz, D,0): & (ppm) 7.81 (s, 2H),
7.68 (d, J = 2.2Hz, 2H), 7.63 (s, 2H), 6.88 (s, 2H), 4.24-3.88 (m, 10H); '*C NMR (126
MHz, de-DMSO): 6 (ppm) 151.6, 150.2, 149.4, 139.5, 139.1, 130.1, 128.1, 127.5, 127.2,
127.0, 126.6, 126.5, 126.4, 126.0, 51.0, 30.9, 30.6; FTIR: 3200 (br), 1609 (w), 1460 (w),
1156 (s), 1040 (s), 626 (s), 557 (m) cm™'; HRMS (ESI): m/z calculated for C20H2sN2013S5>~
235.02512 [M-3H]*"; found 235.01876.
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Calix[5]arene compound 2.11 was provided by Prof. Dong-Sheng Guo and Juan-
Juan Li, Nankai University Tianjin, synthesized from compound 2.3 following previously

reported procedures.'?"> 122 Compound 2.12 was synthesized following the reported

protocol.!%
HO(CH,0),H phenol
KOH AICl3 BzCl

tetralin toluene pyrldlne N A\
3h,160°C “ahrt 6 / 25h,0°C 6 /

|
Oz OH

OH OH OBz

2.3 2.10 2 11 2.12

Scheme 2.4. Synthetic route of previously reported compound 2.12,104 121,122

\ Ny HMTA, C,HF;0,

|
JOAOL e
| 0,
OBz OBz OH 8%
OBz OBz

212

Scheme 2.5. Synthesis of novel compound 2.13.

4Bz-Cx5-CHO (2.13). 4Bz-Cx5 (2.12) (500 mg, 0.52 mmol) was dissolved in
trifluoroacetic acid (5 mL) and hexamethylenetetramine (665 mg, 4.75 mmol) was added.
The solution was heated for 4 h at 70°C forming a clear pink solution. Water was added to
the reaction forming a white precipitate. The precipitate was then dissolved upon addition
of dichloromethane and the layers were separated. The water layer was back extracted
twice with fresh dichloromethane. The combined organic layers were washed twice with
water, then twice with brine and dried over Na>SO4. The filtered organic layer was
concentrated to dryness on a rotary evaporator resulting in light yellow crystals (500 mg,
98% yield). This product was carried forward to debenzoylation after partial
characterization, due to poor ionization in HRMS and multiple conformations resulting in
intractable NMR spectra. 'H NMR (500 MHz, CDCl3): § (ppm) 9.91 (s, 1H), 8.39-5.99
(m, 34H), 4.23-3.11 (m, 10H).
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NaOH, MeOH
OIN, 65°C
96%

Scheme 2.6. Synthesis of novel compound 2.14.

Cx5-CHO (2.14). 4Bz-Cx5-CHO (2.13) (500 mg, 0.51 mmol) and sodium hydroxide
pellets (410 mg, 10.2 mmol) were dissolved in methanol (20 mL). The reaction was heated
at reflux overnight forming a clear orange-brown solution. The mixture was quenched with
cold 1 M HCI, forming a white precipitate. The precipitate was collected by vacuum
filtration then purified using a silica plug (~10 g). The crude was dissolved in minimal
dichloromethane and wet loaded. The plug was run with a starting eluent of CH2Cl> with a
gradient to CH>Cl, + 5% MeOH, affording a solid white product. (275 mg, yield 96%).
m.p. decomposed >250°C; 'H NMR (300 MHz, CDCls): § (ppm) 9.35 (s, 1H), 9.17 (s, 1H),
8.37 (s, 2H), 8.23 (s, 2H), 6.77-6.99 (m, 10H), 6.37 (t, J=7.7 Hz, 2H), 6.35 (t,J= 7.7 Hz,
2H), 3.38 (br, 10H); 1*C NMR (126 MHz, CDCl3): § (ppm) 191.0, 156.0, 150.0, 149.9,
131.4, 130.6, 129.7, 129.4 (2x), 129.4, 127.8, 127.0, 126.8, 126.6, 125.8, 122.1, 121.8,
31.4, 31.3, 31.3; FTIR: 3249 (br), 1686 (m), 1596 (m), 1446 (m), 753 (s) cm '; HRMS
(ESI): m/z calculated for C36H3006 557.20424 [M-H]'"; found 557.19679.
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2.14 sCx5-CHO
Scheme 2.7. Synthesis of novel sCx5-CHO.

sCx5-CHO. Cx5-CHO (2.14) (100 mg, 0.18 mmol) was dissolved in minimal
dichloromethane (2 mL). Concentrated sulfuric acid (192 pL, 3.6 mmol) was added and
the reaction was heated at reflux for 3 h. An insoluble pink-purple residue formed on the
sides of the reaction vial. Dichloromethane was decanted from the reaction. The residue
was rinsed with fresh dichloromethane and decanted again. The solid residue was then
suspended in ethyl acetate (~4 mL) by sonication and transferred into a 50 mL falcon tube.
Suspension in ethyl acetate was repeated two more times to completely remove all residue
from the reaction vial (~12 mL total). The suspension was diluted with cold diethyl ether
(0°C, ~30 mL) forming a grey precipitate. The suspension was centrifuged into a pellet (10
min, 4°C, 3400 rpm) and the supernatant was decanted. The pellet was resuspended in cold
diethyl ether (0°C, ~30 mL) with sonication, repeating the centrifugation and decanting
process. The pellet was left to air dry overnight then purified by HPLC. A gradient of 90%
H>0 (0.1% C2HF302)/10% CH3CN (0.1% C2HF302) to 77% H20 (0.1% C2HF302)/23%
CH3CN (0.1% C2HF302) over 12 min was used on a Teledyne Redi Sep C18, 150 mm X
20 mm, 5 pm preparative column. Fractions were concentrated by rotary evaporator then
lyophilized, affording a white fluffy powder (122 mg, 78%). m.p. decomposed >250°C; 'H
NMR (300 MHz, D;0O): & (ppm) 9.62 (s, 1H), 7.70 (s, 2H), 7.64 (d, J = 2.4 Hz, 2H), 7.60
—7.57 (m, 2H), 7.56 (d, J = 2.4 Hz, 1H), 3.92 (br, 10H); '3*C NMR (126 MHz, D;0): §
(ppm) 195.5, 158.2, 153.8, 153.7, 135.7 (2%), 132.1, 129.7, 129.7, 129.6, 129.6, 129.5,
129.3, 127.1, 127.1, 127.0, 126.9, 31.4, 31.4, 31.1; FTIR: 3282 (br), 1664 (w), 1111 (s),
1035 (s), 620 (m), 554 (m) cm™'; HRMS (ESI): m/z calculated for C3sH30015S4> 291.67717
[M-3H]*"; found 291.66999.
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Scheme 2.8. Synthesis of novel Super-sCx5.

Super-sCx5 — templated reaction. sCx5-CHO (30 mg, 0.034, final concentration = 10
mM) and pancuronium bromide (12.6 mg, 0.017 mmol, final concentration = 5 mM) were
dissolved in ammonium carbonate in D>O (3.43 mL, 50 mM, pD 6.4). The starting material
was equilibrated for 15 min at room temperature with stirring. The dissolved starting
material formed a clear colourless solution. 'H NMR of the starting material was taken to
verify pancuronium complexation. Hydrazine hydrochloride (0.019 mmol, 19 pL of 1 M
solution in D,0) was added and stirred at room temperature for 30 min. Upon hydrazine
hydrochloride addition the reaction formed an orange solution. Sodium cyanoborohydride
(0.34 mmol, 22 mg) was added, and stirred at room temperature for 2 h. Upon sodium
cyanoborohydride addition the reaction formed a clear colourless solution. UPLC-MS
verified the formation of bivalent Super-sCx5 as the major product (Figure 2.31). The
reaction mixture was directly purified by HPLC using a gradient of 90% H>O (0.1%
C2HF302)/10% CH3CN (0.1% C2HF302) to 68% H20 (0.1% C2HF302)/32% CH3CN (0.1%
C>2HF30.) over 17 min on a Phenomenex Luna C18, 250 mm X 22 mm, 5 um preparative
column. The fractions were collected, immediately flash frozen and lyophilized to yield a

white fluffy solid (6 mg, 25%). m.p. decomposed >250°C; 'H NMR (500 MHz, D,0): §
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7.64-7.56 (m, 16H), 7.10 (s, 4H), 3.97 (s, 4H), 3.90 (s, 12H), 3.85 (s, 8H); '°C NMR (126
MHz, ds-DMSO): & 152.2, 152.1, 151.4, 138.7, 138.4, 130.1, 128.4, 127.6, 127.4, 127.4,
127.2, 126.6 (x2), 126.5, 126.3, 124.8, 51.4, 31.5, 31.0, 30.8; FTIR: 3344 (br), 1594 (w),
1474 (w), 1139 (m), 1113 (s), 1038 (s), 622 (m), 558 (m) cm'; HRMS (ESI): m/z
calculated for C72HeaN2034S5 291.68510 [M-6H]®"; found 291.67723.

Super-sCxS5 — control untemplated reaction. The control reaction was carried out exactly
as above but omitting pancuronium bromide. The dissolved starting material formed a clear
colourless solution. Upon hydrazine hydrochloride addition the reaction formed a clear
light-yellow solution. Upon sodium cyanoborohydride addition the reaction formed a clear
colourless solution. UPLC-MS verified that bivalent Super-sCx5 was not synthesized in
the absence of the template pancuronium. A mixture of the monovalent hydrazone and

reduced starting material sCx5-CH3 (2.17) were formed (Figure 2.32).

N,H, HCI

30 min, r.t.

2h,rt.

OH OH
SCx5-CH,NHNH,
69% yield overall
Scheme 2.9. Synthesis of novel sCx5-CH:2NHNHo..

sCx5-CH2NHNH:. sCx5-CHO (50 mg, 0.057 mmol, final concentration = 30 mM) was
dissolved in ammonium carbonate in DO (1.91 mL, 50 mM, pD 6.4), forming a colourless
solution. Hydrazine hydrochloride (0.17 mmol, 171 pL of 1 M solution in D>0) was added.
Upon addition the solution turned yellow. The reaction was stirred at room temperature for
30 min. Sodium cyanoborohydride (0.57 mmol, 36 mg) was added, and stirred at room
temperature for 2 h, forming a colourless solution. The crude reaction mixture was directly
purified by HPLC using a gradient of 90% H>0 (0.1% C;HF30,)/10% CH3CN (0.1%
C2HF302) to 65% H20 (0.1% C2HF302)/35% CH3CN (0.1% C2HF302) over 17 min on a
Phenomenex Luna C18, 250 mm X 22 mm, 5 um preparative column. The fractions were
collected, immediately flash frozen and lyophilized, yielding a fluffy white product (28
mg, 69%). m.p. decomposed >250°C; '"H NMR (500 MHz, D>0): & (ppm) 7.73 (d, J=2.3
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Hz, 2H), 7.63 (d, J = 2.3 Hz, 2H), 7.59 (d, J = 2.3 Hz, 2H), 7.53 (d, J = 2.3 Hz, 2H), 7.01
(s, 2H), 3.99 (s, 2H), 3.96 (s, 6H), 3.90 (s, 2H). 1>C NMR (126 MHz, de-DMSO): & (ppm)
152.2, 151.9, 151.3, 139.0, 138.7, 128.2, 127.5, 127.3, 127.3, 127.0, 126.9, 126.8, 126.4,
126.3, 54.0, 31.1, 30.9, 30.5; FTIR: 3320 (br), 1593 (w), 1473 (w), 1139 (m), 1112 (s),

1037 (s), 623 (m), 558 (m) cm'. HRMS (ESI): m/z calculated for C3sH34N2017S4>"
297.02468 [M-3H]*"; found 297.01746.

2.5.3 Characterization data — 'H, *C, DEPT-135 NMR and UPLC-MS
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Figure 2.6. 'H NMR spectrum of novel bivalent Super-sCx4 (300 MHz, 300 K, in D,0).
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Figure 2.7. *C NMR spectrum of novel bivalent Super-sCx4 (125 MHz, 298 K, in ds-DMSO).
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Figure 2.8. DEPT-135 NMR spectrum of novel bivalent Super-sCx4 (125 MHz, 298 K, in ds-DMSO).
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Figure 2.9. UPLC-MS (ES-) trace of novel bivalent Super-sCx4 after preparative HPLC purification. Left = UV
diode array detected chromatogram (190:400 nm). Right = negative ion mode ESI mass spectrum of the eluted
peak.
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Figure 2.11. *C NMR spectrum of novel monovalent sCx4-CH:NHNH: (125 MHz, 298 K, in ds-DMSO).

o~ oW
S © © © o <. ®
M N NN [0} — O
- [to) ®®
——y \ <
-—
126.4 L
A o — o e -

1I90 1'80 1'70 1I60 1I50 1210 1'30 1I20 1l10 1'00 E;O E;O 7l0 6'0 5'0 4IO 3'0 2'0 1'0 0
S (ppm)
Figure 2.12. DEPT-135 NMR spectrum of novel monovalent sCx4-CHNHNH: (125 MHz, 298 K, in d.-DMSO).
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Figure 2.13. UPLC-MS (ES-) trace of novel monovalent sCx4-CHNHNH: after preparative HPLC purification.
Left = UV diode array detected chromatogram (190:400 nm). Right = negative ion mode ESI mass spectrum of the

eluted peak.
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Figure 2.14. '"H NMR spectrum of novel compound 2.13 (500 MHz, 298 K, in CDCl;). This compound was carried
forward without full characterization due to the intractable NMR spectra.
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Figure 2.17. 'H NMR spectrum of novel sCx5-CHO (300 MHz, 300 K, in D,0).
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Figure 2.18. 3C NMR spectrum of novel sCx5-CHO (125 MHz, 298 K, in D,0) calibrated with an external
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Figure 2.19. UPLC-MS (ES-) trace of novel sCx5-CHO after preparative HPLC purification. Left = UV diode
array detected chromatogram (190:400 nm). Right = negative ion mode ESI mass spectrum of the eluted peak.
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Figure 2.20. 'H NMR spectrum of novel bivalent Super-sCx5 (500 MHz, 298 K, in D,0).
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Figure 2.21. *C NMR spectrum of novel bivalent Super-sCx5 (125 MHz, 298 K, in ds-DMSO).
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Figure 2.23. UPLC-MS (ES-) trace of novel bivalent Super-sCxS5 after preparative HPLC purification. Left = UV
diode array detected chromatogram (190:400 nm). Right = negative ion mode ESI mass spectrum of the eluted
peak.
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Figure 2.24. 'H NMR spectrum of novel monovalent sCx5-CH>NHNH: (500 MHz, 298 K, in D,0).
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Figure 2.27. UPLC-MS (ES-) trace of novel monovalent sCx5-CH:NHNH?: after preparative HPLC purification.
Left = UV diode array detected chromatogram (190:400 nm). Right = negative ion mode ESI mass spectrum of the
eluted peak.
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2.5.4 In situ reaction monitoring by '"H NMR and UPLC-MS

a)
iii) +1.1 eq NyH,-HCI
+20 eq NaCNBH,4

ii) +2 eq sCx4-CHO !

| | Y
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N J\
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Figure 2.28. Bivalent Super-sCx4 host synthesis is templated by the NMBA decamethonium. a) '"H NMR of 1)
decamethonium bromide (5 mM), ii) after addition of sCx4-CHO (10 mM), and iii) crude reaction mixture after
condensation and reductive amination. Red dashed line illustrates the upfield-shifted decamethonium methyl peak,
indicating complexation inside the calix[4]arene cavity. Reaction in (NH4)>CO; (50 mM, pD 6.4) in D,O (300
MHz, 298 K). b) UPLC-MS (ES-) of the crude templated reaction shows minor formation of monovalent sCx4-
CH:NHNH: (1.96 min peak, left MS trace) and major product formation of bivalent Super-sCx4 (2.12 min peak,
right MS trace).
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Figure 2.29. The untemplated control reaction does not form a bivalent host. a) 'H NMR of i) sCx4-CHO (10
mM), and ii) crude reaction mixture after condensation and reductive amination. Reaction in (NH4),CO3 (50 mM,
pD 6.4) in D,O (300 MHz, 298 K). b) UPLC-MS (ES-) of the crude untemplated control reaction shows formation
of monovalent sCx4-CHNHNH: (1.84 min peak, left MS trace) and reduced starting material sCx4-CHs (2.16)
(2.00 min peak, right MS trace).
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Figure 2.30. Decamethonium is not suitable for bivalent calix[5]arene host templation. a) 'H NMR of 1)
decamethonium bromide (5 mM) and ii) addition of 2 eq sCx5-CHO (10 mM). Red dashed lines illustrate upfield
chemical shifts of decamethonium methylene peaks. b) COSY and change in chemical shifts (Ad) of
decamethonium methylene peaks indicate decamethonium assumes a folded conformation inside the binding
pocket of sCx5-CHO. Spectra collected in (NH4),CO3 (50 mM, pD 6.4) in D,O (300 MHz, 298 K).
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ii) +1.1 eq N,H,-HCI
+20 eq NaCNBH,

ii) +2 eq sCx5-CHO 1
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11
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Figure 2.31. Bivalent Super-sCx5 host synthesis is templated by the rigid NMBA pancuronium. a) 'H NMR of i)
pancuronium bromide (5 mM), ii) after addition of sCx5-CHO (10 mM), and iii) the crude reaction mixture after
condensation and reductive amination. Red dashed lines illustrate upfield-shifted quaternary amine methyl peaks,
indicating complexation inside the calix[5]arene cavity. Reaction in (NH4),COs (50 mM, pD 6.4) in D,O (300
MHz, 298 K). b) UPLC-MS (ES-) of the crude templated reaction shows formation of bivalent Super-sCx5 (1.57
min peak, right MS trace) as the major product.
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Figure 2.32. The untemplated control reaction does not form a bivalent host. a) 'H NMR of i) sCx5-CHO (10
mM), and ii) the crude reaction mixture after condensation and reductive amination. Reaction in (NH4),COj3 (50
mM, pD 6.4) in D,O (300 MHz, 298 K). b) UPLC-MS (ES-) of the crude untemplated control reaction shows
formation of monovalent sCx5-CH:NHNH: (1.29 min peak, left MS trace) and reduced staring material sCx5-
CH3 (2.17) (1.56 min peak, right MS trace).
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2.5.5 Indicator displacement assays

Direct and competitive titrations were done in NUNC black-walled, optical bottom
96-well plates. LCG was used as the indicator in all titrations and stock concentrations
were determined by €410nm = 8900 M'cm’!. Direct titration solutions were composed of
0.25 uM LCG and varying concentrations of host (0-40 uM) in Na,HPO4/NaH>PO4 (10
mM, pH 7.4), made in Milli-Q™ ultrapure water. Competitive titration solutions were
composed of 0.25 uM LCG, 5 uM host and varying concentrations of guest (0-10 mM), in
NaHPO4/NaH>PO4 (10 mM, pH 7.4), made in Milli-Q™ ultrapure water. Each well had a
final volume of 100 pL. All fluorescence readings were collected on a BioTek Cytation-5,
hem 485 nm (Aex 369 nm). Experiments were done in duplicate, performed on three different
days using new stock solutions for each guest, totaling six replicates per guest.

A blank containing only the LCG dye and no host (Fl,) was subtracted from each
duplicate experiment. The data for each of the duplicates was plotted producing a K4 with
standard error. The average Kq values of the three sets of duplicates was reported along
with the propagated standard error for each hosteguest interaction.

Direct host*LCG affinities were determined by plotting the fluorescence (FI-Fl,,
a.u.) as a function of host concentration. The data was fit in GraphPad Prism using the

following direct one site binding equation:

y (Drce + X + Kg1c6) = (Dice + X + Kq1c6)? — (4Dyc6x)
2Dy
Where, A = amplitude of change in fluorescence (FI-Fl,)
Dy c¢ = concentration of LCG
x = amount titrated
K, 1.c¢ = dissociation constant of LCG

Y=A4

Direct hosteLCG fitting was constrained by the constant concentration of dye (0.25
uM). The graphs were plotted with standard deviation, along with a second plot of x
residuals. All graphs met a criterion of R>> 0.95. The 90% inhibition concentration (ICs)
point from the direct titration was selected as the host concentrations used in competitive

guest titrations, determined to be 5 uM for both Super-sCx4 and Super-sCxS.
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Competitive hosteguest affinities were determined by plotting the logarithm of
guest concentration and the fluorescence response from LCG displacement (F1-Flo, a.u.).
The data was analyzed in GraphPad Prism using the following competitive one site binding

equation:

. Dice
logECso = log (10“’“‘19“6“ (“Kdm.-)>

Where, K, ;cq = dissociation constant of LCG
Djc¢ = concentration of LCG
K4 guest = dissociation constant of the guest of interest

Competitive hosteguest fitting was constrained by the determined direct host'LCG
dissociation constant (K4 Lcg) and the concentration of LCG (0.25 pM). This model fits
K guest directly and does not report the half maximal effective concentration (ECso). This
analysis assumes a 1:1 hosteguest reversible binding interaction at equilibrium. Data was
entered as logarithms of concentration and graphed on a linear axis with standard deviation.
A second plot of x residuals were determined. All graphs met a criterion of R>> 0.95. In
cases of weak binding where a clear inflection point of the curve was not observed and
change in FI-Fl, was <5000 a.u. (up to 10 mM concentrations tested) a cut off Kq >

1.0 x 102 M was assigned, a line of best fit and residuals were not plotted.
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Figure 2.33. Exemplary duplicate data from direct titrations of Super-sCx4 into LCG, and competitive titrations
of NMBA’s and cholines into Super-sCx4+LCG. Error bars were plotted for each duplicate but are not visible in
cases where the error is smaller than the plotted point.
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Figure 2.34. Exemplary duplicate data from direct titrations of Super-sCx5 into LCG, and competitive titrations
of NMBA’s and cholines into Super-sCx5+LCG. Error bars were plotted for each duplicate but are not visible in
cases where the error is smaller than the plotted point.
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Figure 2.35. Exemplary duplicate data from competitive titrations of other hydrophobic amines into Super-
sCx4°LCG. Error bars were plotted for each duplicate but are not visible in cases where the error is smaller than
the plotted point.
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Figure 2.36. Exemplary duplicate data from competitive titrations of other hydrophobic amines into Super-
sCx5-LCG. Error bars were plotted for each duplicate but are not visible in cases where the error is smaller than
the plotted point.

Table 2.3. IDA determined equilibrium dissociation constants of Super-sCx hosts with other hydrophobic amines.

Guest Super-sCx4 K4 (M)* Super-sCx5 K4 (M)*
Nicotine (T£1)x 10 (1.7%0.1)x 1073
Acetaminophen >1.0 x 1072 >1.0 x 1072
Carnitine >1.0 x 1072 >1.0 x 1072
Phosphocholine >1.0x 1072 >1.0x 1072
Hexylamine >1.0 x 1072 >1.0 x 1072

“All studies in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H>O. Dissociation constants were determined from
fluorescence IDA titrations assuming 1:1 stoichiometry, values reported are the average of six measurements with
propagated standard error.

66



2.5.6 '"H NMR titrations
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Figure 2.37. 'H NMR titration of bivalent Super-sCx4 (4 mM) into Ch (800 pM). Red dashed line indicates
binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Figure 2.38. 'H NMR titration of monovalent sCx4-CH:NHNH: (4 mM) into Ch (800 uM). Red dashed line
indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,
297 K).
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Figure 2.39. 'H NMR titration of bivalent Super-sCx4 (4 mM) into ACh (800 uM). Red dashed line indicates
binding of methyl groups. All solutions were in NaH,PO4/Na,HPO, (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Figure 2.40. 'H NMR titration of monovalent sCx4-CH:NHNH: (4 mM) into ACh (800 uM). Red dashed line
indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz,
297 K).
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Figure 2.41. 'H NMR titration of bivalent Super-sCx4 (4 mM) into decamethonium (800 pM). Red dashed line

indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,
297 K).

Monovalent
sCx4-CH,NHNH,:

3.0 eq

| y

L i
L. L

I

1.5eq

d

J\JL 1.0 eq
J A A \ /\__J 0.5eq

| 0.0 eq

1(I).O ' 9I.0 I 8I.O l 7I.O I 6'.0 I 5I.0 ' 4|.0 I 3I.O l 2I.0 I 1'.0 I OI.O ' -1|.0 I -2I_O
S (ppm)
Figure 2.42. "H NMR titration of monovalent sCx4-CHNHNH: (4 mM) into decamethonium (800 pM). Red

dashed line indicates binding of methyl groups. All solutions were in NaH,PO./Na,HPO, (50 mM, pD 7.4) in D,O
(500 MHz, 297 K).
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Figure 2.43. 'H NMR titration of bivalent Super-sCx4 (4 mM) into suxamethonium (800 pM). Red dashed line
indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,
297 K).
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Figure 2.44. 'H NMR titration of monovalent sCx4-CH:NHNH: (4 mM) into suxamethonium (800 uM). Red
dashed line indicates binding of methyl groups. All solutions were in NaH,PO./Na,HPO, (50 mM, pD 7.4) in D,O
(500 MHz, 297 K).
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Figure 2.45. '"H NMR titration of bivalent Super-sCx4 (4 mM) into gallamine (800 uM). Red dashed lines indicate

binding of ethyl and methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz,

297 K).
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Figure 2.46. 'H NMR titration of monovalent sCx4-CH:NHNH: (4 mM) into gallamine (800 uM). Red dashed
lines indicate the binding of ethyl and methyl groups. All solutions were in NaH,PO4/Na,HPO,4 (50 mM, pD 7.4)
in D,O (500 MHz, 297 K).
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Figure 2.47. '"H NMR titration of bivalent Super-sCx4 (4 mM) into pancuronium (800 uM). Red dashed lines

indicate binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz,
297 K).
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Figure 2.48. 'H NMR titration of monovalent sCx4-CH:NHNH: (4 mM) into pancuronium (800 pM). Red dashed
lines indicate binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500
MHz, 297 K).
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Figure 2.49. 'H NMR titration of bivalent Super-sCx4 (4 mM) into cisatracurium (800 pM). Red dashed lines
indicate the binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500

MHz, 297 K).
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Figure 2.50. 'H NMR titration of monovalent sCx4-CHNHNH: (4 mM) into cisatracurium (800 uM). Red dashed
lines indicate the binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O

(500 MHz, 297 K).
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Figure 2.51. 'H NMR titration of bivalent Super-sCx5 (4 mM) into Ch (800 pM). Red dashed line indicates
binding of methyl groups. All solutions were in NaH,PO4/Na,HPO, (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Figure 2.52. 'H NMR titration of monovalent sCx5-CH:NHNH: (4 mM) into Ch (800 uM). Red dashed line
indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,

297 K).
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Figure 2.53. 'H NMR titration of bivalent Super-sCx5 (4 mM) into ACh (800 uM). Red dashed line indicates
binding of methyl groups. All solutions were in NaH,PO4/Na,HPO, (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Figure 2.54. 'H NMR titration of monovalent sCx5-CH:NHNH: (4 mM) into ACh (800 uM). Red dashed line
indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,

297 K).
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Figure 2.55. 'H NMR titration of bivalent Super-sCx5 (4 mM) into decamethonium (800 pM). Red dashed line

indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,
297 K).
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Figure 2.56. '"H NMR titration of monovalent sCx5-CH:NHNH: (4 mM) into decamethonium (800 pM). Red
dashed line indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O
(500 MHz, 297 K).
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Figure 2.57. 'H NMR titration of bivalent Super-sCx5 (4 mM) into suxamethonium (800 pM). Red dashed line
indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,0 (500 MHz,
297 K).
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Figure 2.58. '"H NMR titration of monovalent sCx5-CH.NHNH: (4 mM) into suxamethonium (800 pM). Red
dashed line indicates binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O
(500 MHz, 297 K).
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Figure 2.59. 'H NMR titration of bivalent Super-sCx5 (4 mM) into gallamine (800 uM). Red dashed line indicates
binding of ethyl and methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz,

297 K).
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Figure 2.60. 'H NMR titration of monovalent sCx5-CH.NHNH: (4 mM) into gallamine (800 uM). Red dashed
lines indicate binding of ethyl and methyl groups. All solutions were in NaH,PO4/Na,HPO, (50 mM, pD 7.4) in

D,0 (500 MHz, 297 K).
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Figure 2.61. 'H NMR titration of bivalent Super-sCx5 (4 mM) into pancuronium (800 uM). Migration of
quaternary amine methyl groups were not distinguishable. All solutions were in NaH,PO4/Na,HPO, (50 mM, pD
7.4) in D,0 (500 MHz, 297 K).
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Figure 2.62. 'H NMR titration of monovalent sCx5-CH.NHNH: (4 mM) into pancuronium (800 uM). Red dashed
lines indicate binding of methyl groups. All solutions were in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500
MHz, 297 K).
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Figure 2.63. 'H NMR titration of bivalent Super-sCx5 (4 mM) into cisatracurium (800 pM). Migration of
quaternary amine methyl groups were not distinguishable. All solutions were in NaH,PO4/Na,HPO, (50 mM, pD
7.4) in D,0O (500 MHz, 297 K).
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Figure 2.64. "H NMR titration of monovalent sCx5-CH.NHNH: (4 mM) into cisatracurium (800 pM). Migration
of quaternary amine methyl groups were not distinguishable. All solutions were in NaH,PO4/Na,HPO4 (50 mM,
pD 7.4) in DO (500 MHz, 297 K).

*Note: 'H NMR titrations were not completed for tubocurarine due to solubility issues at
the concentrations required for NMR.
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2.5.7 Diffusion-ordered spectroscopy

For each DOSY experiment the 90° pulse was determined, the longitudinal
relaxation time (T1) was estimated, the diffusion time A (d20) was optimized and the
diffusion gradient length 6 (p30) was set. The 90° pulse was determined by measuring the
null pulse length (P1) at 360° and dividing by four using a zg pulse sequence. The T1
longitudinal relaxation time was estimated through an inversion recovery pulse sequence,
tlirld. The relaxation delay time (D1) for each DOSY experiment was set to be 5x the
estimated T1. For each DOSY experiment, the diffusion time A was determined by finding
a 90-95% intensity difference between the first and last spectra in the power array. The
diffusion gradient length 6 was set to 2500 us (maximum for the probe) and the diffusion
time A was initially set to 0.1 ms, then increased if needed to achieve 90-95% peak intensity
difference between the first and last power array spectra. A stimulated echo with bipolar
gradient pulses and 1 spoiler gradient (stebpgp1s1d) pulse sequence was used for all DOSY
experiments with a free induction decay (FID) size of 32 and a field gradient of 2% to 95%.
DOSY data was pre-processed and phased in TopSpin. The diffusion coefficients were
calculated using Bruker Dynamic Center. Peak integrals were defined and plotted as a
function of the field gradient (G). The data was fit using the following diffusion fit function
with a variable gradient strength and 95% confidence level to determine the diffusion

coefficient:

_2nr2C2 _§
00 = Leap " E (45

Where, I, = NMR signal intensity at a gradient strength of zero
y = gyromagnetic ratio of observed nuclei
G = field gradient strength (variable)
6 = length of the diffusion gradient
A = diffusion time
D = diffusion coefficient

The data was plotted as a function of the field gradient strength (G) with a residuals
plot. For each DOSY experiment the average diffusion coefficient was calculated with
standard error. The Stokes-Einstein equation was used to calculate the hydrodynamic

radius (ru) assuming the molecule or complex is spherical in shape.
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_ kgT
= 6mnD

n = viscosity of water, 8.94 x 10+ 2.78 x 107 Pa-s®

Where, kp = Boltzmann constant

T = temperature, 297 + 1 K,

D = diffusion coefficien

Table 2.4. Parameters used in diffusion analysis of templated starting material sCx4-CHO and decamethonium

(2:1).
Parameter Used value
Y 26752 rad/(s*Gauss)
) 0.0025000 s
A 0.13990 s

Table 2.5. Dynamics Center calculated diffusion coefficient outputs from defined integrals of the templated

starting material sCx4-CHO and decamethonium (2:1).

Peak name F2 (ppm) D (m?/s) error
1 9.66 2.21 x 10710 7 x 10713
2 7.56 2.20 x 10710 2x1071
3 3.97 2.18 x 10710 1 x 10712
4 1.97 2.12 x 10710 1 %1071
5 0.81 2.11 x 10710 1 x10"
a) 2
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Figure 2.65. a) 'H NMR of templated starting material sCx4-CHO (10 mM) and decamethonium (5 mM). Peak
area integrals highlighted in grey were used to calculate sample diffusion coefficients. b) 1D DOSY plots of each
selected integral, and c) the corresponding 1D residuals plot. Solution was in (NH4),COs (50 mM, pD 6.4) in D,O

(500 MHz, 297 K).
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Table 2.6. Parameters used in diffusion analysis of bivalent Super-sCx4.

Parameter Used value

Y 26752 rad/(s*Gauss)
) 0.0025000 s

A 0.13990 s

Table 2.7. Dynamics Center calculated diffusion coefficient outputs from defined integrals for bivalent

Super-sCx4.
Peak name F2 (ppm) D (m?/s) error
1 7.47 2.24 x 10710 4 %1071
2 6.99 2.20 x 10710 4 %101
3 3.78 2.21 x 10710 7 x 1071
a)
3
/ e
LI B B B | T ‘ LI O B B | ‘ L B B I | 1T ‘ L I B I | T ‘ T LI B B B |
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Dfit/1, 2.24e-10 m2/s Residual/D fit / 1, 2.24e-10 m2/s
»
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Figure 2.66. a) 'H NMR of bivalent Super-sCx4 (5 mM). Peak area integrals highlighted in grey were used to
calculate diffusion coefficients. b) 1D DOSY plots for each selected integral, and ¢) the corresponding 1D residuals

plot. Solution was in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Table 2.8. Parameters used in diffusion analysis of monovalent sCx4-CHNHNH,.

Parameter Used value

Used y 26752 rad/(s*Gauss)
Used 8 0.0025000 s

Used A 0.099900 s

Table 2.9. Dynamics Center calculated diffusion coefficient outputs from defined integrals for monovalent

sCx4-CH:NHNH:.

Peak name F2 (ppm) D (m?/s) error
1 7.73 2.82x 10710 2 x 10712
2 7.55 2.76 x 10710 5x 101
3 6.64 2.73 x 10°1° 4 %1012
a)
1
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J |
\
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UL e e e L e e e
8.00 7.00 6.00 5.00 4.00 3.00 ppm
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Dfit/1, 2.82e-10 m2/s Residual/D fit / 1, 2.82e-10 m2/s
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Figure 2.67. a) 'H NMR of monovalent sCx4-CH:NHNH: (5 mM). Peak area integrals highlighted in grey were
used to calculate diffusion coefficients. b) 1D DOSY plots for each integral, and c¢) the corresponding 1D residuals
plot. Solution was in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).

84



Table 2.10. Parameters used in diffusion analysis of Super-sCx4 and suxamethonium (1:1).

Parameter Used value

Y 26752 rad/(s*Gauss)
) 0.0025000 s

A 0.13990 s

Table 2.11. Dynamics Center calculated diffusion coefficients output from user defined integrals for Super-sCx4

and suxamethonium (1:1).

Peak name F2 (ppm) D (m?/s) error
1 7.52 2.20 x 10710 2x 10"
2 7.25 2.15 x 10710 5x 101
3 3.85 2.33 x 10710 2 x 10712
4 3.54 2.15x 10710 2 x 10712
5 2.65 2.39 x 10710 5x 10"
6 1.45 2.38 x 1071° 2 x 10713
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D fit/3, 2.33e-10 m2/s Residual/D fit/ 3, 2.33e-10 m2/s
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Figure 2.68. a) 'H NMR of Super-sCx4 (5 mM) and suxamethonium (5 mM). Peak area integrals highlighted in
grey were used to calculate diffusion coefficients. b) 1D DOSY plots for each integral and c¢) the corresponding
1D residuals plot. Solution was in NaH,PO4/Na;HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Table 2.12. Parameters used in diffusion analysis of sCx5-CHO.

Parameter Used value

Y 26752 rad/(s*Gauss)
) 0.0025000 s

A 0.10990 s

Table 2.13. Dynamics Center calculated diffusion coefficient outputs from defined integrals for sCx5-CHO.

Peak name F2 (ppm) D (m?/s) error
1 9.43 2.80 x 10710 1x101"
2 7.45 2.75 x 10710 1 x1012
3 7.49 2.77 x 10710 8 x 101
4 7.56 2.80 x 10710 3x 101
5 7.61 2.84 x 10710 1 %101
6 3.81 2.78 x 1071° g x 1013
a)
5
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L L A e s s s B s B s B LB e e B
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Figure 2.69. a) 'H NMR of sCx5-CHO (5 mM). Peak area integrals highlighted in grey were used to calculate
diffusion coefficients. b) 1D DOSY plots for each integral and ¢) the corresponding 1D residuals plot. Solution
was in NaH,PO4/Na,HPO,4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Table 2.14. Parameters used in diffusion analysis of templated starting material sCx5-CHO and pancuronium

(2:1).
Parameter Used value
Y 26752 rad/(s*Gauss)
) 0.0025000 s
A 0.12990 s

Table 2.15. Dynamics Center calculated diffusion coefficient outputs from user defined integrals for templated
starting material sCx5-CHO and pancuronium (2:1).

Peak name F2 (ppm) D (m?/s) error
1 9.61 2.41 x 10710 1 %101
2 7.67 2.43 x 10710 2x 101
3 3.89 2.41 x 10710 1 %101
4 2.05 2.05 x 10710 4 %1018
5 1.88 2.06 x 10710 7 %1013
6 0.36 2.02 x 10710 8 x 1013
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Figure 2.70. a) 'H NMR of templated starting material sCx5-CHO (10 mM) and pancuronium (5 mM). Peak area
integrals highlighted in grey were used to calculate diffusion coefficients. b) 1D DOSY plots for each integral, and
¢) the corresponding 1D residuals plot. Solution was in (NH4),COs (50 mM, pD 6.4) in D,O (500 MHz, 297 K).
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Table 2.16. Parameters used in diffusion analysis of monovalent sCx5-CHNHNH:.

Parameter Used value

Y 26752 rad/(s*Gauss)
) 0.0025000 s

A 0.10990 s

Table 2.17. Dynamics Center calculated diffusion coefficient outputs from defined integrals for monovalent sCx5-
CH:NHNH:.

Peak name F2 (ppm) D (m?/s) error
1 7.52 2.61 x 10710 4x1071
2 6.96 2.74 x 1010 8 x 10"
3 3.92 2.82 x 10710 5% 101
4 3.79 2.50 x 1010 9 x 101
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Dfit/3, 2.82e-10 m2/s Residual/D fit/ 3, 2.82e-10 m2/s
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Figure 2.71. a) 'H NMR of monovalent sCx5-CHNHNH: (5 mM). Peak area integrals highlighted in grey were
used to calculate diffusion coefficients. b) 1D DOSY plots for each integral, and c) the corresponding 1D residuals
plot. Solution was in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Table 2.18. Parameters used in diffusion analysis of bivalent Super-sCx5.

Parameter Used value

Y 26752 rad/(s*Gauss)
) 0.0025000 s

A 0.14490 s

Table 2.19. Dynamics Center calculated diffusion coefficient outputs from defined integrals for bivalent

Super-sCxS.
Peak name F2 (ppm) D (m?/s) error
1 7.45 2.03 x 10710 3x 10"
2 6.92 1.98 x 10710 8 x 101
3 3.77 1.99 x 10°1° 2 x 10"
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1 |
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Figure 2.72. a) 'H NMR of bivalent Super-sCx5 (5 mM). Peak area integrals highlighted in grey were used to
calculate diffusion coefficients. b) 1D DOSY plots for each integral, and ¢) the corresponding 1D residuals plot.
Solution was in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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Table 2.20. Parameters used in diffusion analysis of bivalent Super-sCx5 and suxamethonium (1:1).

Parameter Used value

Used y 26752 rad/(s*Gauss)
Used & 0.0025000 s

Used A 0.14990 s

Table 2.21. Dynamics Center calculated diffusion coefficient outputs from user defined integrals for bivalent
Super-sCx5 and suxamethonium (1:1).

Peak name F2 (ppm) D (m?/s) error
1 7.58 2.05 x 10710 3x10"
2 7.33 1.88 x 10710 2x 1012
3 3.88 2.08 x 10710 1 x 1072
4 3.32 2.04 x 10710 3 x 1012
5 2.24 2.14 x 10710 1 x 10712
6 1.59 2.04 x 10710 1x101"
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Figure 2.73. a) 'H NMR of bivalent Super-sCx5 (5 mM) and suxamethonium (5 mM). Peak area integrals
highlighted in grey were used to calculate diffusion coefficients. b) 1D DOSY plots for each integral, and c) the
corresponding 1D residuals plot. Solution was in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 297 K).
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2.5.8 Molecular modelling

Hosteguest complexes were modeled in Avogadro. Each individual host and guest
compound was geometry optimized using the molecular mechanics forcefield MMFF94.
A systematic rotor search was used to find the lowest energy conformers of each
compound. Then geometry optimization of the lowest energy conformer was done using a
5000 step with a steepest descent algorithm and 10e-7 convergence. The pre-optimized
structures were then combined to form a hosteguest complex, where another systematic
rotor search was used to find the lowest energy conformers for each hosteguest pair.
Optimization of the lowest energy hosteguest conformers was completed using a 5000 step

with a steepest descent algorithm and 10e-7 convergence.
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Top view Side view Bottom view

Super-sCx4

Super-sCx4-LCG

Super-sCx4-suxamethonium Super-sCx4+decamethonium

Super-sCx4-gallamine

Figure 2.74. Molecular modelling of Super-sCx4 shows 1:1 complexation with the dye LCG and the NMBA’s
decamethonium, suxamethonium and gallamine. In all cases the bisquaternary amines on the guest bind both cavity
sites present on bivalent Super-sCx4.
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Top view Side view Bottom view

Super-sCx4-pancuronium

Super-sCx4-tubocurarine

Super-sCx4-cisatracurium

Figure 2.75. Molecular modelling of Super-sCx4 shows 1:1 complexation with the NMBA’s pancuronium,
tubocurarine and cisatracurium. In all cases the bisquaternary amines on the guest bind both cavity sites present on
bivalent Super-sCx4.
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Top view Side view Bottom view

Super-sCx5

Super-sCx5-LCG

Super-sCx5-suxamethonium Super-sCx5-decamethonium

Super-sCx5-gallamine

Figure 2.76. Molecular modelling of Super-sCx5 shows 1:1 complexation with the dye LCG and the NMBA’s
decamethonium, suxamethonium and gallamine. In all cases the bisquaternary amines on the guest bind both cavity
sites present on bivalent Super-sCxS5.
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Top view Side view Bottom view

Super-sCx5+pancuronium

Super-sCx5-tubocurarine

Super-sCx5-cisatracurium

Figure 2.77. Molecular modelling of Super-sCx5 shows 1:1 complexation with the NMBA’s pancuronium,
tubocurarine and cisatracurium. In all cases the bisquaternary amines of the guest bind both cavity sites present on
the bivalent Super-sCx5 host.
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2.5.9 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using a VP-ITC calorimeter
(MicroCal, Northampton, MA). Both host and suxamethonium samples were prepared in
specified concentrations from solid in the same buffer, Na,HPO4/NaH>PO4 (50 mM, pH
7.4) in H>O. Solutions were degassed immediately before use. Direct titrations were
performed at 30°C by 29 injections (10 pL aliquots) of the suxamethonium solution into
the ITC sample cell (volume = 1.4217 mL) containing the host compound solution.

Data was analyzed in Origin7.0 using the manufacturer’s settings. A one set of sites
model with the fitting parameters K4, AH and N (number of sites) was used.'** AS was
calculated from Kqand AH. All ITC experiments were completed in duplicate. Final Kq,

AH, —TAS, N were reported as an average with propagated standard error.
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Figure 2.78. Exemplary ITC titrations of suxamethonium (7 mM) into sCx4-CHO (7 puM) (left) and
suxamethonium (200 pM) into Super-sCx4 (20 uM) (right) in NaH>PO4/Na,HPO, (50 mM, pH 7.4) in H>O at
30°C. Top panels shows the differential power between the reference and sample cell (ucal/sec) versus time,

bottom panels show a plot of AH (kcal/mol) as a function of the molar ratio. Data was fit with a one set of sites
binding model.
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Figure 2.79. Exemplary ITC titrations of suxamethonium (7 mM) into sCx5-CHO (7 puM) (left) and
suxamethonium (200 pM) into Super-sCx5 (20 uM) (right) in NaH>PO4/Na,HPO, (50 mM, pH 7.4) in H,O at
30°C. Top panels shows the differential power between the reference and sample cell (ucal/sec) versus time,

bottom panels show a plot of AH (kcal/mol) as a function of the molar ratio. Data was fit with a one set of sites
binding model.

Table 2.22. ITC determined equilibrium dissociation constants and thermodynamic parameters of bivalent Super-
sCx hosts and monovalent parent hosts with suxamethonium.

Host Suxamethonium K4 (M) AH (kJ/mol) —TAS (kJ/mol) N

sCx4-CHO* (1.18 £0.07) x 10* =57+2 35+2 0.41+0.01
Super-sCx4® (8+2)x 10?8 -50+9 1.7£0.8 0.70 £0.02
sCx5-CHO* (1.8+0.4) x 103 -26.1 £ 0.6 —1.42+0.00 0.78 £0.03
Super-sCx5° (1.31 £0.03) x 107 -585+04 18.5+0.5 0.53+£0.02

“Direct titration of suxamethonium (7 mM) into monovalent parent host (700 uM). “Direct titration of
suxamethonium (200 uM) into bivalent host (20 uM). All titrations done in NaH,PO4/Na,HPO, (50 mM, pH 7.4)
in H,O at 30°C. A one set of sites binding model was used to fit the data. All values are reported as an average of
two replicates with propagated standard error.
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2.5.10 Cell viability assay

The AlamarBlue cell viability assay was used to assess the cytotoxicity of Super-
sCx hosts in human embryonic kidney 293 (HEK293) and human hepatoblastoma (HepG2)
cells. HEK293 and HepG2 cell lines and reagents for cell cultures were purchased from the
American Type Culture Collection (ATCC; Manassas, VA). HEK293 and HepG2 cells
were cultured in a 5% CO: incubator at 37°C, in Eagle's minimal essential medium
(EMEM) supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin-
Streptomycin solution.

Super-sCx4 and Super-sCx5 hosts were plated in direct comparison to sCx4,
previously reported to have low toxicity in mice (100 mg/kg).'”! Melittin, a strongly lytic
peptide towards bacteria and human cells, was used as a positive control (ICso
0.941 £ 0.237 uM).'? OT20, a non-membrane active receptor binding peptide, was used
as a negative control (ICso = >300 pM).'?* Triton X-100 detergent (TX-100) was used as a
100% cell death control. Host stock solutions were prepared in Na;HPO4/NaH2PO4
(10 mM, pH 7.4) in H>O and sterilized by filtration through a 0.22 um filter prior to use in
the AlamarBlue cell viability assay.

AlamarBlue cell viability assay was conducted by distributing 1 x 10* cells to each
well of a 96-well cell culture plate and allowing to adhere overnight. The compounds sCx4,
Super-sCx4, Super-sCx5, Melittin, OT20 and TX-100 were added in respective wells.
Dilutions of compounds were conducted in growth media with hosts ranging from
250 uM-128 pM (five-fold dilutions), Melittin and OT20 ranging from 128 pg/mL to
0.25 pg/mL (two-fold dilutions). TX-100 was used at a final concentration of 0.2%. Cells
were then incubated for four hours. Following this incubation period, the media containing
the compounds was replaced with fresh growth media and the cells were incubated for an
additional twenty hours. The plates were imaged and qualitatively assessed as red being

metabolically active and blue as inactive/dead.
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Figure 2.80. AlamarBlue cell viability assay microplates of Super-sCx4 and sCx4 in a) human HepG2 and b)
HEK-293 cell lines. Calixarene concentrations are as indicated at the top of each image. OT-20 was used as a
negative control (128 pg/mL to 0.25 pg/mL), Melittin as a positive control (128 pg/mL to 0.25 pg/mL), and TX-
100 as a 100% cell death control (0.2% final concentration). Red indicates metabolically active cells, and blue
indicates inactive/dead cells.
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Figure 2.81. AlamarBlue cell viability assay microplates of Super-sCx5 and sCx4 in a) human HepG2 and b)
HEK-293 cell lines. Calixarene concentrations are as indicated at the top of each image. OT-20 was used as a
negative control (128 pg/mL to 0.25 pg/mL), Melittin as a positive control (128 pg/mL to 0.25 pg/mL), and TX-
100 as a 100% cell death control (0.2% final concentration). Red indicates metabolically active cells, and blue

indicates inactive/dead cells.

2.5.11 Comparative analysis of supramolecular NMBA reversal agents

0SO0,4~ 3"

\ /

Figure 2.82. Reported supramolecular reversal agents Sugammadex (left), Calabadion 2 (middle) and
Pillar[6]MaxQ (right) each contain a single binding motif, limiting NMBA binding to the size of the cavity and the

fit of the NMBA.
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Table 2.23. Supramolecular reversal agents reported dissociation constants of alkyl, steroidal and benzylisoquinoline NMBA’s and their selectivity over ACh.

Host Suxamethonium Steroidal Cisatracurium ACh Fold selectivity over
K4 (M) Ks(M) Kqs(M) Kqe (M) ACh (suxamethonium,
steroidal, cisatracuriam)
Super-sCx4 (7.1£0.8) x 1073¢ Pancuronium: (1.0 £0.2) x 107¢ (2.0£0.4) x 1074 >1.0 x 1072¢ >140, >960,>51
Super-sCx4 (8+2)x108% — - -
Super-sCx5 (1.4£0.3)x1073¢ Pancuronium: (1.4 £ 0.3) x 107¢ (6+3)x 107 >1.0 x 1072¢ >550, >700, >2000
Super-sCx5 (131 +0.03) x 107 - - -
Sugammadex n.r. Rocuronium: (9.5 = 0.1) x 107 %2 n.r.% -
Pillar[5]arene analog - Rocuronium: 2.2 x 1044 - -
WP[6] 3.58 x 10059 - - 2.82 x 10359 8, - —
WP[6] - Pancuronium: (6.37 = 0.02) x 10757 (9.52+0.09) x 10957 (5.4 +0.6) x 10767 ~.8,0.56
Rocuronium: (7.0 £ 0.2) x 107757 8
Vecuronium: (3.5 £0.4) x 107747 15
Pillar[6]MaxQ - Pancuronium: (1.4%02) x 1017 (1.1£02)x 10977 (1.9 0.1) x 10757 ~, 1400, 0.02
Rocuronium: (1.58 £ 0.02) x 10712¢7 12000
Vecuronium: (1.0 =0.4) x 107137 19000
Calabadion 2 - Pancuronium: (1.8 £0.2) x 107%¢# (2.1£04)x 107 (4.5+0.6) x 1076<% -, 2900, 27
Rocuronium: (2.9 £ 0.5) x 107108 19000
Vecuronium: (6.3 £0.8) x 107108 9000

— not reported, n.r. reported as no reversal in vitro “measured by IDA, ?measured by direct ITC, “measured by competitive ITC, “measured by UV-Vis direct titration
‘measured by UV-Vis displacement titration.



Chapter 3: Adaptive supramolecular networks — emergent sensing from
complex systems

This work was adapted from a previously published paper.

Allison J. Selinger and Fraser Hof
Angew. Chem. Int. Ed., 2023, 62, ¢202312407.

AJS and FH conceptualized the idea. AJS was the lead on investigation, formal analysis
and methodology development. AJS contributed synthesis design and characterization of
the novel sensors hemiDD1Cx4 and DD13Cx5 and synthesized previously reported
DD4Cx4 used in this work. All absorbance and fluorescence titrations, trypsin digestion
experiments, protein extraction, PCA, and STD NMR experiments were designed,
conducted, and analyzed by AJS. AJS wrote the original draft of the paper. AJS and FH
contributed to reviewing and editing the paper.

3.1 Foreword

This Chapter introduces a fundamental study in developing complex adaptive
sensing systems. Here I build on sensing system concepts outlined in Chapter 1. In Section
1.3, I introduced a panel of previously reported DimerDye sensors that operate in salty
biological solutions. In our previous publications, DimerDyes had only been used in
isolation, operating as discrete disassembly-driven turn-on sensors.>* 7% 126 At the outset
of this Chapter, I was driven by a general curiosity into how different DimerDyes would
behave when mixed in solution (i.e. would they form self-sorting homodimers or would
they cross-interact and form heterodimers)? Our idea was that constructing an
interconnected network of sensor equilibria would maximize the diversity of photophysical
responses that could be produced from a single solution. To test the value of increasing
system complexity, I decided to make a direct comparison to an analogous commonly used
approach, in which the same sensors are used in isolation within an array. As a proof of
concept, | selected highly similar serum albumin (SA) proteins as challenging sensing

targets for differentiation.
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3.2 Introduction

In systems chemistry, networks of interacting and reacting molecules respond to
changing conditions in complex ways. Complex systems can generate emergent properties
that are hard or impossible to predict a priori. Some examples of system complexity

explore kinetically trapped metastable self-assemblies,'?’ 128

and out-of-equilibrium
dissipative self-assemblies.!? 1** Supramolecular complexity can also be introduced by
building a system in which multiple building blocks simultaneously interact with each
other and establish a complex web of interconnected equilibria.!3! 132

Complex molecular systems have been used to create multi-responsive sensors.
Different than analytical methods that rely on highly specific binding elements (e.g.

antibodies) to detect a single bioactive analyte,!?

multi-responsive selective chemical
sensors detect multiple target analytes and help characterize mixtures of analytes.*® In this
context, “multi-responsive” can mean both “responding to multiple analytes” and also
“producing varying kinds of optical responses to any given analyte”. Supramolecular
sensing that involves selectively binding individual analytes is routinely done through
displacement assays, often utilizing an external reporter dye.>® 4% 4143 Several host-type
sensors are typically deployed in an array to generate characteristic analyte-patterned
responses for discrimination (Figure 3.1a).°> 13* This approach generally requires a large
array of sensor elements used in isolation from each other (i.e. in different wells in a
microwell plate). Alternative approaches of small molecule dynamic combinatorial

77,79

libraries, and cross-reactive sensors have shown advantages in differential sensing.'®

The scope of biological targets and complexity of macrocyclic host-type sensors is being
pushed with recent advances in arrays of covalently attached macrocycle-sensors to detect

bioorganic analytes and misfolded proteins,’* 78

noncovalent macrocyclic sensors to
identify small modifications in DNA,”% 8283 and new strategies of adjusting hostssensor
combinations and solution environment to discriminate cell lines and complex protein

mixtures.’* 8
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a) Sensor array: isolated elements

O000EO=-0Ee00®
000000000000

b) Equilibrating network: one-pot multiresponsive adaptive sensing
®-®-®

equilibrating

Figure 3.1. Complex systems offer information-rich outputs in a single solution. a) Array-based sensing requires
a panel of individual sensoreanalyte response patterns to achieve discrimination. b) We propose a one-pot adaptive
sensing network, combining structurally and photochemically diverse sensors to produce fingerprint analyte
responses within a single solution.

Here we report a one-pot systems chemistry sensing approach of interacting and
reacting sensors that provide information-rich outputs in a single solution. The key to
unlocking a functional adaptive network of sensors is using responsive sensor elements
that contain homo- and hetero-assembly interactions, paired with a range of analyte binding
properties. The reported output is influenced by a complex interconnected web of
sensoresensor and sensoreanalyte equilibria (Figure 3.1b). Slight shifts in this network
equilibrium position upon analyte binding are expressed through multi-responsive outputs
from more than one mutually interacting sensor, even from sensor elements that might not
directly bind the analyte. In this complex system, supramolecular emergent properties arise
from the unpredictable adaptations of the network’s overall equilibrium position.
Photophysical emergent properties arise from the complex, unpredictable ground-state and
excited-state interactions of heterodimeric sensors juxtaposing different chromophores.

Unlike sensor arrays, the adaptive network of sensors operates within a single solution.
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To explore this concept, we chose DimerDyes — a family of dimerizing calixarenes
containing an integrated fluorophore.>* 7> 126 DimerDyes operate by a disassembly-driven
sensing mechanism. In the absence of analyte, individual DimerDyes self-assemble into
homodimers, where two dyes stack in an antiparallel arrangement and the dyes’ emission
is quenched. The addition of a good analyte out-competes dimerization to form a
DimerDyeeanalyte complex, resulting in a turn-on fluorescence response (Figure 3.2a). We
postulated that a mixture of DimerDyes would self-assemble into homo- and hetero-
dimers, thus creating a complex network of assembled sensors. Here, we report an adaptive
network that arises from three sensors, combining different binding and optical properties
in a single solution. Exploiting the combination of emergent supramolecular and
photophysical properties, we show that sensing capabilities arise from an adaptive network
of mutually assembling sensors, which prove to be more powerful than a sensor array built

from the same components.

3.3 Results and discussion

Mixing three DimerDyes containing diverse photochemical properties and
structures creates a complex, functional sensing network. We selected three merocyanine
dyes — N-methyl pyridinium, N-phenyl pyridinium and indolinium — to span a range of
absorbance and emission wavelengths and to encourage new photophysical properties to
emerge from dyeedye interactions. To diversify analyte binding affinities, these
fluorophores were integrated into p-sulfonatocalix[4]arene and p-sulfonatocalix[5]arene
scaffolds, varying the upper-rim sulfonate anionic charge and hydrophobic cavity size
(Figure 3.2b). Novel hemiDD1Cx4 was synthesized through monosubstitution of a
calix[4]arene dialdehyde (Scheme 3.1 and Scheme 3.2). Novel DD13Cx5 was synthesized
via aldehyde-functionalized calix[5]arene (Scheme 3.3 and Scheme 3.4). And previously
reported DD4Cx4 was synthesized through aldehyde-functionalized -calix[4]arene
(Scheme 3.5).7? These isolated DimerDye sensors — hemiDD1Cx4, DD4Cx4 and
DD13Cx5 — exhibit characteristic signs of homodimerization in aqueous solution,
observed by 'H NMR and fluorescence studies of each isolated sensor (see Section 3.5.3).

Combining these three sensors in a one-pot mixture of homo- and hetero-assembled sensors
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creates a DimerDyeNetwork (DDNetwork), an adaptive network of self-assembling

sensors with varied guest-binding and photophysical properties.

N -
DD1Cx4-analyte

hemiDD1Cx4 DD13Cx5 DD4Cx4

n 1 11l
Aex = 380 Nm hex =410 nm Aex =480 nm
Aem = 580 Nnm Aem = 620 Nm Aem = 565 Nnm

Figure 3.2. Structurally and photophysically diverse DimerDyes for cross-reactive one-pot sensing. a) Previously
reported DD1Cx4 integrates a merocyanine chromophore (1.1) into the p-sulfonatocalix[4]arene scaffold.
DD1Cx4; operates by a disassembly driven turn-on fluorescence sensing mechanism when an analyte binds the
calixarene cavity.>* b) Chemical structures of DimerDye sensors used in this work vary in optical properties, cavity
size and anionic charge.

The DDNetwork contains both homodimers and heterodimers equilibrating in
aqueous solution. If each calixarene in the mixture participated exclusively in homodimers

),136 then the absorbance of the

(i.e. if the system underwent narcissistic self-sorting
DDNetwork would equal the sum of its components studied individually. Instead,
comparison of the DDNetwork’s absorbance spectrum to the mathematically added spectra
of the individual sensors shows strong differences in the absorbance profile. This supports
that hetero-aggregates form in the DDNetwork (Figure 3.3b and Figure 3.19). In the
absence of analyte, the DDNetwork maintains an overall quenched fluorescent state,
similar to the individual sensors. The different absorbance properties and non-emissive

state of the DDNetwork indicate that heterodimer formation occurs in solution. The

presence of both homodimers and heterodimers in equilibrium is independently supported
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by 'H NMR. When hemiDD1Cx4 and DD4Cx4 are combined, new resonances in slow
exchange alongside those of each homodimer demonstrate the presence of hetero-
aggregates (Figure 3.18). Information-rich outputs are obtained by observations at different
wavelengths, when an analyte is added to a single solution of the adaptive network.
DimerDye sensors hemiDD1Cx4, DD4Cx4, and DD13Cx5 mixed in an equimolar ratio
(1:1:1) have a certain distribution of homodimers and heterodimers. As the ratio of one
DimerDye is increased in the network, the equilibrium shifts towards more homodimer,
demonstrating that the network equilibrium responds as expected to changing
concentrations (Figure 3.20). Upon the addition of choline (Ch), a promiscuous analyte
that binds all DimerDyes to some extent, the DDNetwork is perturbed. This is evidenced
by changes in absorbance and turn-on fluorescence responses within the network (Figure
3.3¢). When the DDNetwork is saturated with excess Ch the equilibrium position is pushed
entirely toward Ch bound monomers (Figure 3.21). Under this extreme saturating
condition, the network should not contain any homo- or heterodimers and the spectra
should resemble the data arising from monomeric hosteanalyte complexes. This is observed
by the absorbance response of the DDNetwork to 200 eq Ch closely resembling the
mathematically added spectra of the isolated DimerDyes under the same saturating
conditions (Figure 3.21d). At sub-saturating amounts of analyte, the DDNetwork includes
a mixture of self-assembled homodimers, heterodimers and analyte-bound monomers. In
principle, the interconnected equilibria of the adaptive network should be highly sensitive
to the identity of a given analyte, even without any specifically designed hosteanalyte

recognition elements.
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Figure 3.3. The adaptive DDNetwork behaves differently than the sum of its parts. a) Schematic of DDNetwork
assembling into homodimers and heterodimers, followed by analyte binding perturbing the network and inducing
a turn-on fluorescence response. b) Absorbance spectra of the DDNetwork (solid red line) and the mathematically
added spectra (dashed red line) of the individual sensors (hemiDD1Cx4 (black line), DD4Cx4 (grey line) and
DD13CxS5 (teal line)) are not equal, indicating the presence of heterodimers in the DDNetwork. Fluorescence
spectra show the DDNetwork maintains minimal or quenched fluorescence. ¢) Addition of the analyte Ch results
in an absorbance profile change and a turn-on fluorescence response. Hosts in all samples are present at identical
concentrations — [hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM — either mixed with
each other or separate as indicated. All samples in NaH,PO4/Na,HPO, (10 mM, pH 7.4) in H,O.

We selected a panel of serum albumin (SA) proteins as challenging model analytes
for discrimination by the adaptive network. Highly conserved amino acid content, surface
charge distribution and crystal structure alignment are reported across several species.'*’
We selected mammalian SA proteins ranging from 69% to 92% conserved amino acid
identity (human (HSA), bovine (BSA), sheep (SSA), porcine (PSA), rat (RSA) and mouse
(MSA)) (Figure 3.4b, Figure 3.23, Figure 3.22 and Table 3.1). Highly conserved sequence
identity with homologous hydrophobic binding sites,'*® makes them extremely challenging

for discrimination by supramolecular sensors.
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A one-pot adaptive network successfully detects and discriminates highly similar
proteins. The DDNetwork’s complex photophysical responses to SA proteins was captured
by absorbance spectral scans and fluorescence spectral scans, exciting at different
wavelengths (Aex = 380, 410, 450, 480 and 510 nm). Each SA protein perturbed the
DDNetwork in distinct ways (Figure 3.4c). Responses were analyzed by Principal
Component Analysis (PCA), aiming to minimize the number of observations while
achieving the best discrimination. Three absorbance wavelengths (440, 495, 515 nm)
achieved complete discrimination of all SA proteins (Figure 3.4d and Figure 3.25a). Six
selected emission responses from the DDNetwork (Aem = 580 nm (Aex = 380 nm), Aem 580
nm (Aex =410 nm), Aem 620 nm (Aex =410 nm), Aem 625 nm (Aex =450 nm), Aem 565 nm (Aex
= 480 nm) and Aem 580 nm (Aex = 510 nm)) achieved discrimination of four SA species,
with BSA and PSA overlapping (Figure 3.28).

The adaptive network is more powerful than the equivalent array of individual
sensors. The isolated DimerDye sensing responses to SA proteins were measured (Figure
3.25, Figure 3.29 to Figure 3.31). The limit of detection (LOD) for HSA and the individual
DimerDyes were determined to range from 0.19 to 1.8 uM (Figure 3.24 and Table 3.2).
Notably, isolated DD13CxS5 exhibited the greatest variation in absorbance responses to SA
binding. Shifts in Amax up to ~100 nm (Figure 3.25d), along with observed 'H NMR
conformational flexibility (Figure 3.12 and Figure 3.37), indicates the p-
sulfonatocalix[5]arene scaffold provides distinct conformational changes and sensing
properties. HemiDD1Cx4 exhibited the greatest variation in fluorescence intensity
responses, possibly due to altered affinities from the upper-rim aldehyde handle (Figure
3.29). As a direct comparison, the same wavelengths used in PCA analysis of the
DDNetwork were applied to the sensing responses of the three isolated DimerDyes in a
sensor array. Therefore, sensor array analyses inherently had the advantage of including
3% the number of data observations relative to the one-pot adaptive network. PCA analysis
comparison of the compiled isolated sensors in an array (9 absorbance observations, or 18
fluorescence observations) did not achieve complete discrimination with overlapping

confidence ellipses of similar proteins (Figure 3.4f, Figure 3.26 and Figure 3.32).
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Figure 3.4. A one-pot adaptive network discriminates highly similar model proteins. a) Schematic of the
DDNetwork adaptive interactions with SA proteins resulting in fingerprint sensing patterns. b) SA protein
sequence %identity is highly conserved across different species. Phylogenetic tree depicts evolutionary
commonality between species. ¢) Unique absorbance profile changes occur upon DDNetwork binding to different
SA proteins. Black dashed lines depict absorbance wavelengths used in PCA analysis. PCA scores plots of d)
DDNetwork ¢) DD4Cx4 and f) the compiled isolated sensor responses in an array; hemiDD1Cx4, DD4Cx4 and
DD13CxS5. PCA analysis was done using absorbance responses at 440, 495 and 515 nm. PCA (covariance) scores
plots show each sample set (n = 8) enclosed by 95% confidence ellipses. DimerDyes in all samples are present at
identical concentrations — [hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 pM and [DD13Cx5] = 12 uM — either
mixed with each other or separate as indicated, [SA] =32 pM. All samples are in NaH,PO4/Na,HPO, (10 mM, pH
7.4) in H,O.

The network can adapt quickly to provide real-time analysis of changing biological
samples. Trypsin digest experiments of native HSA were conducted to test the
DDNetwork’s ability to adapt its equilibrium within a changing protein solution over time.
Measurable changes in absorbance were observed on the time scale of minutes as HSA
underwent proteolysis in both phosphate buffer (pH 7.4) and ammonium bicarbonate buffer

(pH 8.0) (Figure 3.34).
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The adaptive network components provide useful sensing readouts despite their
undesigned engagement of protein surface elements. HSA was studied with individual
DimerDyes using saturation transfer difference (STD) NMR, which shows how closely
engaged ligand protons are to any part of a protein binding partner.'*® Positive STD NMR
signals were observed for hemiDD1Cx4, DD4Cx4 and DD13CxS5 (Figure 3.35 to Figure
3.37), providing a general view of the collective complexes formed with HSA. STD
intensities for hemiDD1Cx4 (Figure 3.5b) indicate a predominant complexation geometry
where the DimerDye pendant arm and cavity engage the protein and the calixarene lower
rim points out towards solvent. To rule out binding in specific ligand-binding pockets,
competitive STD NMR was done on hemiDD1Cx4 using saturating amounts of known
high affinity competitors that target the primary drug binding sites of HSA.'4*143 Warfarin
was used to competitively probe Sudlow site I (Kansa = 3 pM),!** 1% and naproxen was
used to competitively probe Sudlow site II (Kq usa = 560 nM).!'*> The appearance of
competitor STD signals was observed in both cases and little to no reduction in the STD
signals of hemiDD1Cx4 was observed (Figure 3.38-3.41). This data indicates DimerDyes
engage SA proteins through surface binding interactions and do not target the primary
ligand-binding sites Sudlow site I and II. These results align with crystallography reports
of p-sulfonatocalix[4]arenes binding different proteins at positively charged surface lysine

and arginine residues with multi-complexation interactions.!#6-14°

Cx-Ar

9.5 90 85 80 7.5 7.0 66'.5 6.0 40 35 3.0 1.0 05 00
(ppm)
Figure 3.5. HemiDD1Cx4 binds HSA via pendant arm and upper rim interactions. a) Reference NMR and b) STD
NMR of hemiDD1Cx4 (1.2 mM) with HSA (20 puM). Red box indicates lower rim methylene protons have the
least intense STD signal. Sample in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in 90% H>0/10% D-O.
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Adaptive network sensing can be applied to the discrimination of real-world
complex protein mixtures. To further investigate the networks sensing capabilities we
extracted protein mixtures from a tissue sample of cod, halibut, rockfish and sole (Figure
3.6a). DDNetwork sensing produced variable absorbance and fluorescence responses.
These results used in PCA analysis achieved discrimination of extracted protein mixtures
from the different white fish varieties (Figure 3.6 and Figure 3.33). These results further
demonstrate the ability of the adaptive network to operate in complex mixtures and
illustrates its potential use in applications of tissue classification, food fraud and quality

control.
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Figure 3.6. DDNetwork discriminates fish varieties from extracted protein mixtures. a) Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) shows extracted protein mixtures obtained from a cod, halibut,
rockfish and sole tissue sample. b) PCA (correlation) scores plot show each sample set (n = 8, technical replicates)
enclosed by 95% confidence ellipses. Samples contain DDNetwork (ThemiDD1Cx4] = 12 pM, [DD4Cx4] = 12
uM and [DD13Cx5] = 12 uM) and [protein extract] = 1 mg/mL. All samples are in NaH,PO4/Na,HPO4 (10 mM,
pH 7.4) in H,0.

3.4 Conclusion

Combining sensors that interact directly with each other within a single complex
system provide new kinds of information-rich outputs. The overall emergent profile
changes in absorbance and fluorescence produced by the adaptive network provide more
powerful tools for discrimination than increased/decreased signal intensities that arise from
individual sensors. With the addition of a simple small molecule analyte, a total of 9
possible self-assemblies can occur (3 homodimers, 3 heterodimers and 3 analyte-bound
monomers). When analytes become more complex in size and structure, there is an
increased number of binding events, modes and equilibria. Varying hostehost, hosteanalyte

affinities, and induced host conformational changes are reflected in the range of optical
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outputs from the adaptive network, proving to be richer in information than the same
sensors deployed as an array.

This work illustrates that a complex supramolecular system can be easily built by
mixing components. Adaptive systems that embrace promiscuous sensing can be harnessed
to achieve challenging sensing tasks. This approach can be applied in any system in which

sensoresensor and sensoreanalyte interactions combine to create networked complexity.
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3.5 Supplementary information

3.5.1 General materials and methods

3.5.1a Materials

The following proteins and compounds were used as purchased from Sigma
Aldrich; human serum albumin (HSA, P02768), bovine serum albumin (BSA, P02769),
sheep serum albumin (SSA, P14639), porcine serum albumin (PSA, P08835), rat serum
albumin (RSA, P02770), mouse serum albumin (MSA, P07724), trypsin from bovine
pancreas, warfarin analytical standard (98%) and (+)-naproxen pharmaceutical secondary

standard (<= 100%). Choline chloride (Ch, >98%) was purchased from Alfa Aesar.

3.5.1b General NMR spectroscopy methods

Deuterated solvents were purchased from Sigma Aldrich. 'H NMR performed in
NaH>PO4/Na;PO4 (50 mM, pD 7.4) in DoO was prepared using sodium phosphate
monobasic and sodium phosphate dibasic in D>O, the pD was adjusted with 1 M
NaOD/DCI and determined using a pH meter.!'® All NMR spectra were recorded on a
Bruker Avance Neo 500 at 298 K ('H: 500 MHz, '3C: 126 MHz). Spectra were processed
using MestReNova by Mestrelab Research S.L. DimerDye pendant arm assignments were

determined with the aid of ChemDraw Professional Predict "H NMR Shifts in ds-DMSO.

3.5.1c General UPLC-MS, HPLC and HRMS methods

Crude DimerDye reaction mixtures were purified using an ACCQPrep HP125
HPLC equipped with a UV detector. All crude samples were filtered through a 13 mm
syringe filter with a 0.45 mm PTFE membrane then injected onto a Phenomenex Luna C18,
250 mm X 22 mm, 5 pm preparative column. Compound purity was verified after
purification using a Waters UPLC-MS equipped with an Acquity UPLC BEH C18 1.7 um
(21 mm % 50 mm) column, UV-Vis and QDa detector. A gradient of 90% H>O (0.4%
CH:02)/10% CH3;CN (0.4% CH202) to 30% H20 (0.4% CH202)/70% CH3CN (0.4%
CH20») over 5 min at 0.5 mL/min flow, was used for all purity traces. Accurate mass

spectra of pure novel compounds were obtained by ESI using a Thermo Scientific™



Exactive™ Plus Orbitrap Ultimate 3000 LC-MS system, with 50:50 Milli-Q™ water and

Optima™ Acetonitrile eluent.

3.5.1d General absorbance and fluorescence methods

Absorbance and fluorescence readings were collected on a BioTek Cytation-5. All
samples for spectroscopic studies were prepared in Milli-Q™ ultrapure water. Stock
solutions of individual DimerDyes were prepared by mass in NaH2PO4/NaHPO4 (10 mM,
pH 7.4) in H>O. Experiments were plated in NUNC black-walled optical bottom 384-well

plates, with 35 pL final well volumes.

3.5.2 Synthesis
Calixarene precursors were synthesized following adapted protocols reported for
compounds 3.1,%° 3.2,1°! 33,51 §Cx4-2CHO,"! sCx5-CHO,'”> and sCx4-CHO.**
Heterocycle compounds 3.4,'3 3.5,'5% and 3.6,'°° were synthesized as previously reported.

DD4Cx4 was synthesized as previously reported.”

37% HCHO phenol Na,CO3
NaOH AICI3 BzCl
diphenyl ether toluene N \ _ CHsCN
3h, 260°C OIN, 60°C Q JC // OIN, 82°C @
| [
OH OH OH QH HO OH OBZOBZ HO
2.3
Ox Ox
HMTA NaOH H2804
CoHF30, MeOH CH,Cl,
OIN, 70°C OIN, 65°C OIN, 40°C

sCx4-2CHO

Scheme 3.1. Synthetic route of previously reported sCx4-2CHO.'!
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OH OH OH ~O OH OH OH ~©O
sCx4-2CHO hemiDD1Cx4

Scheme 3.2. Synthesis of novel hemiDD1Cx4.

hemiDD1Cx4. sCx4-2CHO (50 mg, 0.078 mmol) and morpholine (54 mL, 0.626 mmol)
were dissolved in methanol (1.5 mL) and heated to 50°C. 4-methyl-1-methylpyridinium
iodide (3.4) (18 mg, 0.078 mmol) was dissolved in methanol (0.5 mL) and added dropwise
to the reaction mixture over 4 min. The reaction was heated at 50°C overnight forming a
dark orange solution. The reaction mixture was cooled to room temperature and transferred
to a 50 mL falcon tube. The reaction vessel was rinsed twice with ethyl acetate (~8 mL
total) and transferred to the 50 mL falcon tube. Cold diethyl ether (0°C, ~30 mL) was added
to the falcon tube, forming an orange suspension. The suspension was centrifuged (10 min,
5°C, 3750 rpm) into an orange pellet and the supernatant was decanted and discarded. The
pellet was resuspended in cold diethyl ether (0°C, ~30 mL) with sonication; the
centrifugation and decanting process was repeated. The pellet was left to air dry overnight.
The pellet was dissolved in 50% DMSO/50% NaH>PO4/Na;HPO4 (50 mM, pH 7.4) in H,O
and purified by HPLC (gradient of 90% H>O (0.1% C>HF;02)/10% CH3CN (0.1%
C2HF30,) to 45% H20 (0.1% C2HF302)/55% CH3CN (0.1% CHF;02) over 13 min).
Fractions were collected then lyophilized, affording a yellow powder (16 mg, 28%). 'H
NMR (500 MHz, NaH>PO4/Na;HPO4 (50 mM, pD 7.4) in D2O): 8 (ppm) 9.49 (s, 1H), 7.82
(s, 2H), 7.79 (br s, 2H), 7.75 (br s, 2H), 7.43 (d, J = 6.5 Hz, 1H), 7.22 (s, 2H), 6.96 (d, J =
16.3 Hz, 1H), 6.55 (d, /= 16.3 Hz, 1 H), 6.47 (d, J = 6.4 Hz, 2H), 4.46 (d, J = 13.1 Hz,
2H), 4.41 (d, J = 13.2 Hz, 2H), 3.72 (d, J = 13.3 Hz, 2H), 3.58 (d, J = 13.2 Hz, 2H), 0.57
(s, 3H); ®C NMR (126 MHz, 50% ds-DMS0/50% NaH>PO4/Na,HPO4 (50 mM, pD 7.4)
in D20): 8 (ppm) 192.2, 154.8, 154.0, 153.5, 144.4, 140.9, 138.8, 131.8, 131.3, 130.9,
130.2, 129.7, 129.4, 127.9, 126.8, 123.8, 120.7, 44.5, 32.6, 31.6; HRMS (ESI): m/z
calculated for (C37H20NO11S2)2* 363.55965 [M>-6H]*; found 363.56038.

116
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OBz CIJH
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35

OIN, 50° C

sCx5-CHO DD13Cx5
Scheme 3.4. Synthesis of novel DD13Cx5.

DD13CxS. sCx5-CHO (50 mg, 0.057 mmol), 4-methyl-1-phenylpyridinium chloride (3.5)
(13 mg, 0.063 mmol) and morpholine (197 mL, 2.29 mmol) were dissolved in methanol (2
mL) and heated at 50°C overnight, forming a dark orange solution. The reaction mixture
was cooled to room temperature and transferred to a 50 mL falcon tube. The reaction vessel
was rinsed twice with ethyl acetate (~8 mL total) and transferred to a 50 mL falcon tube.
Cold diethyl ether (0°C, ~30 mL) was added to the falcon tube, forming an orange
suspension. The suspension was centrifuged (10 min, 5°C, 3750 rpm) into an orange pellet
and the supernatant was decanted and discarded. The pellet was resuspended in cold diethyl
ether (0°C, ~30 mL) with sonication; the centrifugation and decanting process was
repeated. The pellet was left to air dry overnight then dissolved in 90% H20 (0.1%
C2HF30,)/10% CH3CN (0.1% C>HF302) and purified by HPLC (gradient of 90% H>O
(0.1% C2HF302)/10% CH3CN (0.1% C2HF302) to 60% H20 (0.1% C2HF302)/40% CH3CN
(0.1% C2HF302) over 15 min). Fractions were collected then lyophilized, affording an
orange powder (23 mg, 39%). 'H NMR (500 MHz, de-DMSO): & (ppm) 9.08 (d, J = 6.6
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Hz, 2H), 8.29 (d, J = 6.6 Hz, 2H), 8.08 (d, /= 16.1 Hz, 1H), 7.85 (d, J= 7.5 Hz, 2H), 7.69-
7.67 (m, 3H), 7.53 (s, 2H), 7.42-7.33 (m, 9H), 3.84-3.80 (m, 10H); '3C NMR (126 MHz,
ds-DMSO): & (ppm) 155.3, 154.5, 152.4, 152.0, 143.6, 143.0, 142.2, 139.3, 138.5, 130.7,
130.2, 130.0, 128.9, 127.9, 127.8, 127.6, 127.4, 127.0, 126.6, 126.5 (x3), 124.2, 123.3,

120.2, 31.7, 31.3, 31.2; HRMS (ESI): m/z calculated for CasH4NO17S4'* 1030.11736
[M]"; found 1030.11754.

a)

I 37%HCHO _: phenol
NaOH AICl3 BzCl
diphenyl ether toluene \ pyrldme X \
3 h, 260°C OIN, 60°C J\A O, t. , JCV ,/
| [
OH OH OH H HO OBz OBzOBzHO
23 2.6

HS04 -0,8 -0,8 $O;5”

0 f

b)

46 -0,5 “0sS SO;

O -0 H ™
sCx4- CHO DD4Cx4
Scheme 3.5. Synthetic route of the previously reported a) sCx4-CHO precursor and b) DD4Cx4.
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3.5.3 Characterization data — '"H NMR, '3C NMR and UPLC-MS
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Figure 3.7. 'H NMR spectrum of hemiDD1Cx4 (5 mM) in de-DMSO (500 MHz, 298 K). The NMR chemical

shifts and fluorescent appearance support the existence of the molecule as a monomer in DMSO. NMR tube

irradiated with a hand-held UV lamp (Aex 356 + 20 nm).
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Figure 3.8. 'H NMR spectrum of hemiDD1Cx4 (5 mM) in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500

MHz, 298 K) shows upfield-shifted pendant arm methyl and aromatic protons. The NMR chemical shifts and non-

fluorescent appearance support the existence of the molecule as a dimer (hemiDD1Cx4:) in aqueous solution.

NMR tube irradiated with a hand-held UV lamp (Aex 356 £ 20 nm).
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Figure 3.9. °C NMR spectrum of hemiDD1Cx4 in 50% ds-DMS0/50% NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in
D,O (126 MHz, 298 K).
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Figure 3.10. UPLC-MS (ES+) characterization of hemiDD1Cx4. 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 3.11. 'H NMR spectrum of DD13Cx5 (5 mM) in d¢-DMSO (500 MHz, 298 K). The NMR chemical shifts
and fluorescent appearance support the existence of the molecule as a monomer in DMSO. NMR tube irradiated

with a hand-held UV lamp (Aex 356 + 20 nm).
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Figure 3.12. 'H NMR spectrum of DD13Cx5 (5 mM) in NaH,PO4/Na,HPO, (50 mM, pD 7.4) in D,0O (500 MHz,
298 K) shows upfield-shifted aromatic protons. Increased conformational flexibility is observed by broadening of
the methylene bridges.!*® The NMR chemical shifts and non-fluorescent appearance support the existence of the
molecule as a dimer (DD13Cx35;) in aqueous solution. Specific assignments unclear due to the large number of
overlapping aromatic protons. NMR tube irradiated with a hand-held UV lamp (A¢x 356 20 nm).

121



39.5 DMSO

MUVYTOOVONNINNOD®MDOTOOWVWLNON

OSTANNDOONDOOOOONNININNGOOOT®O [~ O N
VWOOITTONOOONNNNNNNNNNNN N -~ —
gl gl el B SRR NN JRCGRLINA SR BN SRL SRL SR SRLSRA A SRL IR A B SRERY)
NN N rr—— e —

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
5 (ppm)

Figure 3.13. 1*C NMR spectrum of DD13CxS5 in ds-DMSO (126 MHz, 298 K).
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Figure 3.14. UPLC-MS (ES+) characterization of DD13CxS5. 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 3.15. 'H NMR spectrum of DD4Cx4 (5 mM) in ds-DMSO (500 MHz, 298 K). The NMR chemical shifts
and fluorescent appearance support the existence of the molecule as a monomer in DMSO. NMR tube irradiated
with a hand-held UV lamp (Aex 356 =20 nm).
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Figure 3.16. 'H NMR spectrum of DD4Cx4 (5 mM) in NaH,PO4/Na,HPO, (50 mM, pD 7.4) in D,O (500 MHz,

298 K) shows upfield-shifted pendant arm methyl and aromatic protons. The NMR chemical shifts and non-

fluorescent appearance support the existence of the molecule as a dimer (DD4Cx42) in aqueous solution. NMR
tube irradiated with a hand-held UV lamp (Aex 356 =20 nm).
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Figure 3.17. UPLC-MS (ES+) characterization of DD4Cx4. Left = UV diode array detected chromatogram
(190:400 nm). Right = positive ion mode ESI mass spectrum of the eluted peak.

3.5.4 DDNetwork characterization — '"H NMR, absorbance and fluorescence

a) 5
H H
o ° 4 —= |
H

b) hemiDD1Cx4, DD4Cx4, hemiDD1Cx4-DD4Cx4

i) 1 mM hemiDD1Cx4

Oﬁ/Hoj

ii) 1 mM DD4Cx4

CHy%
HNZ_H

U[JL [

iii) 1 mM hemiDD1Cx4

1 mM DD4Cx4
.o
O 66% !
i 65% 1 a4,
I
135% l | !
1 1
AL A (g
10 9 8 7 6 5 4 3 2 1 0

S (ppm)

Figure 3.18. Evidence that heterodimers form when hemiDD1Cx4 and DD4Cx4 are combined. a) Schematic of
heterodimer formation in equilibrium. b) 'H NMR of i) hemiDD1Cx4 (1 mM) in fast exchange, upfield-shifted
methyl peak shows diagnostic features of dimerization, ii) DD4Cx4 (1 mM) in fast exchange, upfield-shifted
aromatic and methyl peaks show diagnostic features of dimerization, and iii) hemiDD1Cx4 (1 mM) and DD4Cx4
(1 mM) combined in solution show homodimers and heterodimers present in slow exchange by the aldehyde peaks
and upfield-shifted methyl peaks present on hemiDD1Cx4 (red boxes). The further upfield-shifted aromatic peaks
of DD4Cx4 in fast exchange also support the presence of heterodimers (red arrows). All samples are in
NaH,P04/Na;HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 298 K).

124



a) @
2 i 2 @ @
| I @
hemiDD1Cx4, DD4Cx4, DD13Cx5 @ @
DDNetwork i

b) 0.3

+ N

12 uM hemiDD1Cx4
12 uM DD4Cx4
12 uM DD13Cx5

2 DDNetwork
0.1 Added
0.0
400 500 600 700
wavelength, nm
©) E1ooo—' 21000-: §1ooo
] Q 500
S A Eaans ina s i I
:: 500 550 600 650 700 500 550 600 650 700
T wavelength, nm wavelength, nm

550 600 650 700 600 650 700
wavelength, nm wavelength, nm

Figure 3.19. The mixing of all three hosts in solution leads to the formation of a network of non-emissive homo-
and heterodimers. a) Schematic of DDNetwork assembling into homo- and heterodimers. b) The comparison of
absorbance spectra for the DDNetwork (solid red line) and the mathematically added spectra (dashed red line) of
the individual DimerDyes; hemiDD1Cx4 (black line), DD4Cx4 (grey line) and DD13CxS5 (teal line), show that
the optical properties of the DDNetwork are not equal to the sum of the individual parts. This supports the presence
of'a complex network containing heterodimers with absorbance properties that are different than the isolated hosts.
¢) Fluorescence spectra show the DDNetwork maintains minimal or quenched fluorescence, similar to the
individual DimerDyes. Hosts in all samples are present at identical concentrations — [hemiDD1Cx4] = 12 uM,
[DD4Cx4] =12 uM and [DD13Cx5] = 12 pM — either mixed with each other or as separate samples as indicated.
All samples are in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H,O. Absorbance and fluorescence spectra are plotted
as the mean of experiments done in triplicate with error bars corresponding to the standard deviation.
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Figure 3.20. Increasing the ratio of one DimerDye shifts the network equilibrium towards more homodimers.
Absorbance spectra of the DDNetwork (solid red line) compared to the mathematically added spectra (dashed red
line) of the individual DimerDyes, adjusting the ratio of DimerDyes (hemiDD1Cx4 (black line): DD4Cx4 (grey
line): DD13CxS5 (teal line)) one at a time; a) 1:1:1, 2:1:1 and 3:1:1, b) 1:1:1, 1:2:1 and 1:3:1, ¢) 1:1:1, 1:1:2, and
1:1:3. Increasing the ratio of one DimerDye in the network shifts the absorbance profile towards that of the added
spectra, demonstrating that the network equilibrium responds as expected to changing concentrations. Operating
at an equal molar ratio of DimerDye sensors (1:1:1) exploits the distinctive absorbance features that arise from the
interacting complex mixture. All samples are in NaH,PO4/Na,HPO,4 (10 mM, pH 7.4) in H,O. Absorbance and
fluorescence spectra are plotted as the mean of experiments done in triplicate with error bars corresponding to the
standard deviation.
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Figure 3.21. Saturating the DDNetwork with a promiscuous analyte pushes the network’s equilibrium position
towards host monomers with turn-on fluorescence responses. a) Schematic of excess Ch binding all DimerDye
hosts and shifting the equilibrium towards all fluorescent monomers. Absorbance and fluorescence responses of
the DDNetwork with the addition of b) 50 eq ¢) 100 eq and d) 200 eq Ch. In the presence of saturating amounts
of promiscuous analyte, the absorbance spectra for DDNetwork (solid red line) and the mathematical added spectra
(dashed red line) of individual DimerDyes; hemiDD1Cx4 (black line), DD4Cx4 (grey line) and DD13CxS5 (teal
line), closely resemble each other. This demonstrates that the network has shifted to analyte-bound monomers and
away from homo- and heterodimers. The bottom panels show turn-on fluorescence responses observed in both the
DDNetwork and individual host solutions, as expected for systems that are moving completely toward emissive
monomers. Hosts in all samples are present at identical concentrations — [hemiDD1Cx4] = 12 pM,
[DD4Cx4] =12 uM and [DD13Cx5] = 12 uM — either mixed with each other or separate samples as indicated.
All samples in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H>O. Absorbance and fluorescence spectra are plotted as
the mean of experiments done in triplicate with error bars corresponding to the standard deviation.
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3.5.5 Serum albumin parameters, sequence alignment and %identity

The Sigma provided UniProt accession numbers of the SA proteins were used to
retrieve the FASTA sequences of each pre-proalbumin. Parameter determination was based
on pre-proalbumin sequences which contain an N-terminus tail. In blood the tail is cleaved
to form mature proalbumin (e.g. 24 amino acids are cleaved from the N-terminus of HSA
pre-proalbumin to form the 585 amino acid proalbumin found in the blood).!>”- 158

Computational physical and chemical parameters were calculated using FASTA
sequences in Expasy ProtParam: https://web.expasy.org/protparam/ (Table 3.1).!% SA
sequences were aligned using Clustal Omega Multiple Sequence Alignment:

https://www.ebi.ac.uk/Tools/msa/clustalo/.'®

The % identity matrix of all pairs of SA
proteins was plotted as a heat map in OriginPro 2022b along with a phylogenetic tree, using

the Phylogenetic Tree App (Version: 2.10, File Name:PhylogeneticTree.opx).

Table 3.1. Expasy Prot Param computational physical and chemical parameters of SA proteins.

Protein UniProt #amino MW pl  Asp, Arg, €280 nm Aliphatic ~ Grand average
accession acids (g/mol) Glu Lys (M-em™) index” of hydropathy
no. (GRAVY)®

HSA P02768 609 69366.68  5.92 98 87 41435 77.57 -0.354
BSA P02769 607 6929341  5.82 99 86 49915 77.46 -0.429
SSA P14639 607 69188.28 5.80 100 86 49915 77.31 -0.422
PSA P08835 607 69692.17  6.08 97 87 52895 82.31 -0.370
RSA P02770 608 68730.80 6.09 89 81 44415 75.95 -0.380
MSA P07724 608 68692.51 575 90 76 46030 74.51 -0.381

Calculations based on UNIPROT pre-proalbumin sequences. “Aliphatic index is defined as the relative volume
occupied by aliphatic side chains (alanine, valine, isoleucine, and leucine), a positive factor for increased protein
thermostability. ‘GRAVY is defined as the sum of the hydropathy amino acid values divided by the number of
residues in the sequence, where a negative value indicates non-polar and a positive value indicates polar.'>

sp|P@2770|ALBU_RAT 100.00 89.80 73.36 72.49 70.18 69.69
sp|P@7724|ALBU_MOUSE 89.80 100.00 72.37 70.51 69.69 69.36
sp|P@2768| ALBU_HUMAN 73.36 72.37 100.00 76.11 76.61 75.78
sp|Pe8835|ALBU_PIG 72.49 70.51 76.11 100.00  79.90 78.25
sp|P©2769 | ALBU_BOVIN 70.18 69.69 76.61 79.90 100.00 92.42
sp|P14639 | ALBU_SHEEP 69.69 69.36 75.78 78.25 92.42 100.00

AUV h WN R

Figure 3.22. Clustal Omega percent identity matrix of SA proteins.
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https://web.expasy.org/protparam/
https://www.ebi.ac.uk/Tools/msa/clustalo/

sp|P82770| ALBU_RAT MKWVTFLLLLFISGSAFSRGVFRREAHKSETIAHRFKDLGEQHFKGLVLIAFSQYLQKCPY 60
sp|P87724 | ALBU_MOUSE MKWVTFLLLLFVSGSAFSRGVFRREAHKSEIAHRYNDLGEQHFKGLVLIAFSQYLQKCSY 60
sp|P82768 | ALBU_HUMAN MKWVTFISLLFLFSSAYSRGVFRRDAHKSEVAHRFKDLGEENFKALVLIAFAQYLQQCPF 60
sp|Pe8835|ALBU_PIG MKWVTFISLLFLFSSAYSRGVFRRDTYKSEIAHRFKDLGEQYFKGLVLIAFSQHLQQCPY 60
sp|P82769 | ALBU_BOVIN MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPF 60
sp|P14639 | ALBU_SHEEP MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFNDLGEENFQGLVLIAFSQYLQQCPF 60
****XX: *’X:: .**:*X*****:::***:***::****: *:.******:*:**:X :
sp|P82770| ALBU_RAT EEHIKLVQEVTDFAKTCVADENAENCDKSIHTLFGDKLCAIPKLRDNYGELADCCAKQEP 120
sp|P87724| ALBU_MOUSE DEHAKLVQEVTDFAKTCVADESAANCDKSLHTLFGDKLCAIPNLRENYGELADCCTKQEP 120
sp|P@2768| ALBU_HUMAN EDHVKLVNEVTEFAKTCVADESAENCDKSLHTLFGDKLCTVATLRETYGEMADCCAKQEP 128
sp|P@8835|ALBU_PIG EEHVKLVREVTEFAKTCVADESAENCDKSIHTLFGDKLCAIPSLREHYGDLADCCEKEEP 120
sp|P@2769| ALBU_BOVIN DEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP 120
sp|P14639| ALBU_SHEEP DEHVKLVKELTEFAKTCVADESHAGCDKSLHTLFGDELCKVATLRETYGDMADCCEKQEP 120
::* ***.*:*:*****X***. .*:**:******:XX{ s '**: **::*X** *:**
sp|P82770| ALBU_RAT ERNECF LQHKDDNPNLPPFQRPEAEAMCTSFQENPTSFLGHYLHEVARRHPYFYAPELLY 180
sp|P@7724| ALBU_MOUSE ERNECF LQHKDDNPSLPPFERPEAEAMCTSFKENPTTFMGHYLHEVARRHPYFYAPELLY 180
sp|P82768 | ALBU_HUMAN ERNECF LQHKDDNPNLPRLVRPEVDVMCTAFHDNEETFLKKYLYEIARRHPYFYAPELLF 180
sp|Pe8835|ALBU_PIG ERNECF LQHKNDNPDIPKL -KPDPVALCADFQEDEQKFWGKYLYETARRHPYFYAPELLY 179
sp|P82769| ALBU_BOVIN ERNECF LSHKDDSPDLPKL -KPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLY 179
sp|P14639| ALBU_SHEEP ERNECF LNHKDDSPDLPKL -KPEPDTLCAEFKADEKKFWGKYLYEVARRHPYFYAPELLY 179
*******.**:*.*.:* . :*: .:* *: . .X :**:*:****XX*******:
sp|P@2770| ALBU_RAT YAEKYNEVLTQCCTESDKAACLTPKLDAVKEKALVAAVRQRMKCSSMQRFGERAFKAWAY 240
sp|P@7724| ALBU_MOUSE YAEQYNEILTQCCAEADKESCLTPKLDGVKEKALVSSVRQRMKCSSMQKFGERAFKAWAY 240
sp|P82768| ALBU_HUMAN FAKRYKAAF TECCQAADKAACL LPKLDELRDEGKASSAKQRLKCASLQKFGERAFKAWAV 248
sp|Pe8835|ALBU_PIG YAIIYKDVFSECCQAADKAACLLPKIEHLREKVLTSAAKQRLKCASIQKFGERAFKAWSL 239
sp|P82769 | ALBU_BOVIN YANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSY 239
sp|P14639| ALBU_SHEEP YANKYNGVFQECCQAEDKGACLLPKIDAMREKVLASSARQRLRCASIQKFGERALKANSV 239
* 2‘~ . *X * % :X* XK . 4ia .. .::.'wi* ’K X * *’F’F** KKK o s
sp|P82770| ALBU_RAT ARMSQRFPNAEFAEITKLATDVTKINKECCHGDLLECADDRAELAKYMCENQATISSKLQ 300
sp|P@7724| ALBU_MOUSE ARLSQTFPNADFAEITKLATDLTKVNKECCHGDLLECADDRAELAKYMCENQATISSKLQ 300
sp|P82768 | ALBU_HUMAN ARLSQRFPKAEFAEVSKLVTDLTKVHTECCHGDLLECADDRADLAKYICENQDSISSKLK 300
sp|Pe8835|ALBU_PIG ARLSQRFPKADFTEISKIVTDLAKVHKECCHGDLLECADDRADLAKYICENQDTISTKLK 299
sp|P@2769 | ALBU_BOVIN ARLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLK 299
sp|P14639| ALBU_SHEEP ARLSQKFPKADFTDVTKIVTDLTKVHKECCHGDLLECADDRADLAKYICDHQDALSSKLK 299
x* * % x* * * ::.*: EE :*:: *************** ***X * . :x e * X)k
sp|P82770| ALBU_RAT ACCDKPVLQKSQCLAEIEHDNIPADLPSIAADFVEDKEVCKNYAEAKDVFLGTFLYEYSR 360
sp|P87724 | ALBU_MOUSE TCCDKPLLKKAHCLSEVEHDTMPADLPATAADFVEDQEVCKNYAEAKDVFLGTFLYEYSR 360
sp|P82768| ALBU_HUMAN ECCEKPLLEKSHCIAEVENDEMPADLPSLAADFVESKDVCKNYAEAKDVFLGMFLYEYAR 360
sp|P@8835|ALBU_PIG ECCDKPLLEKSHCIAEAKRDELPADLNPLEHDFVEDKEVCKNYKEAKHVFLGTFLYEYSR 359
sp|P82769| ALBU_BOVIN ECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSR 359
sp|P14639| ALBU_SHEEP ECCDKPVLEKSHCTAEVDKDAVPENLPPLTADFAEDKEVCKNYQEAKDVF LGSFLYEYSR - 359
** )KX * * . :)( * )k * = s *1(_* o XK KKK !(*X' x* %K% *X*** *
sp|P@2770| ALBU_RAT RHPDYSVSLLLRLAKKYEATLEKCCAEGDPPACYGTVLAEFQPLVEEPKNLVKTNCELYE 420
sp|P@7724 | ALBU_MOUSE RHPDYSVSLLLRLAKKYEATLEKCCAEANPPACYGTVLAEFQPLVEEPKNLVKTNCDLYE 420
sp|P82768| ALBU_HUMAN RHPDYSVVLLLRLAKTYETTLEKCCAAADPHECYAKVFDEFKPLVEEPQNLIKQNCELFE 420
sp|P@8835|ALBU_PIG RHPDYSVSLLLRIAKIYEATLEDCCAKEDPPACYATVFDKFQPLVDEPKNLIKQNCELFE 419
sp|P82769| ALBU_BOVIN RHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFE 419
sp|P14639| ALBU_SHEEP RHPEYAVSVLLRLAKEYEATLEDCCAKEDPHACYATVFDKLKHLVDEPQNLIKKNCELFE 419
*** * * **X XK KX . *** XXX :* x X .*‘ tee xx.*x *l * ** :X
sp|P82770| ALBU_RAT KLGEYGFQNAVLVRYTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEAQRLPCVEDYLSAI 480
sp|P87724| ALBU_MOUSE KLGEYGFQNAILVRYTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEDQRLPCVEDYLSAT 480
sp|P82768 | ALBU_HUMAN QLGEYKFQNALLVRYTKKVPQVSTPTLVEVSRNLGKVGSKCCKHPEAKRMPCAEDYLSVV 480
sp|Pe8835|ALBU_PIG KLGEYGFQNALIVRYTKKVPQVSTPTLVEVARKLGLVGSRCCKRPEEERLSCAEDYLSLYV 479
sp|P82769| ALBU_BOVIN KLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLI 479
sp|P14639| ALBU_SHEEP KHGEYGFQNALIVRYTRKAPQVSTPTLVEISRSLGKVGTKCCAKPESERMPCTEDYLSLI 479
. EE 33 xx**::*x**:*.x****xx*** :X.X* **::** x* % :*: X.***)‘* .
sp|P82770| ALBU_RAT LNRLCVLHEKTPVSEKVTKCCSGSLVERRPCFSALTVDETYVPKEFKAETFTFHSDICTL 540
sp|P87724| ALBU_MOUSE LNRVCLLHEKTPVSEHVTKCCSGSLVERRPCFSALTVDETYVPKEFKAETFTFHSDICTL 540
sp|P82768 | ALBU_HUMAN LNQLCVLHEKTPVSDRVTKCCTESLVNRRPCFSALEVDETYVPKEFNAETFTFHADICTL 540
sp|Pe8835|ALBU_PIG LNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYKPKEFVEGTFTFHADLCTL 539
sp|P82769| ALBU_BOVIN LNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTL 539
sp|P14639| ALBU_SHEEP LNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSDLTLDETYVPKPFDEKFFTFHADICTL 539
Fho ok BARRRERE: KEERE . KRR KKEREE K KRKK KK K RREE K RE
sp|P82770| ALBU_RAT PDKEKQIKKQTALAELVKHKPKATEDQLKTVMGDFAQFVDKCCKAADKDNCFATEGPNLY 608
sp|P87724| ALBU_MOUSE PEKEKQIKKQTALAELVKHKPKATAEQLKTVMDDFAQF LDTCCKAADKDTCFSTEGPNLY 600
sp|P82768 | ALBU_HUMAN SEKERQIKKQTALVELVKHKPKATKEQLKAVMDDFAAFVEKCCKADDKETCFAEEGKKLY 600
sp|Pe8835|ALBU_PIG PEDEKQIKKQTALVELLKHKPHATEEQLRTVLGNFAAFVQKCCAAPDHEACFAVEGPKFV 599
sp|P82769| ALBU_BOVIN PDTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLY 599
sp|P14639| ALBU_SHEEP PDTEKQIKKQTALVELLKHKPKATDEQLKTVMENFVAFVDKCCAADDKEGCFVLEGPKLY 599

Ko RKKKKKKEK Ko KKKK KK +KKe oKe oK Koo KK XK XKoo XK KK o 0%

Figure 3.23. Clustal Omega multiple sequence alignment of SA proteins. Red represents small and hydrophobic
residues, blue represents acidic residues, magenta represent basic residues, green represents hydroxyl, sulfhydryl,
amine and G residues. “*” indicates a position of a single fully conserved residue, “:” indicates conservation
between groups of strongly similar properties and “.” Indicates conservation between groups of weakly similar
properties.
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3.5.6 Titrations of hemiDD1Cx4, DD4Cx4, and DD13Cx5 with HSA
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Figure 3.24. HSA titrations into individual DimerDyes shows red shifts in absorbance and turn on fluorescence
responses. HSA titrations into a) hemiDD1Cx4 (12 uM) b) DD4Cx4 (12 pM) and ¢) DD13Cx5 (12 pM) are
monitored by absorbance (left spectra) and fluorescence (right spectra). The darkest orange line represents the
highest concentration of HSA (128 uM) and the lightest orange line represents the lowest concentration of HSA
(0.5 uM). Blank traces of the individual DimerDyes, hemiDD1Cx4 (black line), DD4Cx4 (grey line) and
DD13Cx5 (teal line), are shown on the respective graphs. Insets show the binding isotherms monitored at the
absorbance Amax and the emission Amax response for each DimerDye. All solutions in NaH,PO4/Na,HPO, (10 mM,
pH 7.4) in H,O. Absorbance and fluorescence spectra are plotted as the mean of experiments done in triplicate.
Inset binding isotherms are shown with error bars corresponding to the standard deviation and are not visible in
cases where the error is smaller than the depicted data point.
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Limits of detection (LOD) were determined by fitting a linear regression to the
initial linear region of each HSA titration curve and calculated using, LOD = %, where

o is the standard deviation of the y-intercept and m is the slope of the linear regression.'®!

Table 3.2. LOD of HSA with DimerDyes in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H,O.

HSAus HSAq
c m LOD (uM) c m LOD (uM)
hemiDD1Cx4 0.0015 -0.0028 1.8 26.8 478 0.19
DD4Cx4 0.0029 -0.0052 1.8 54.6 313 0.58
DD13Cx5 0.0025 -0.010 0.83 77.6 300 0.85

3.5.7 Principal component analysis — absorbance and fluorescence

Full absorbance spectral scans, and fluorescence emission spectral scans were taken
to cover binding-induced changes in shape, Amax, and intensity arising from complex
supramolecular and photophysical processes. Excitation wavelengths at the maxima of
each isolated DimerDye (hemiDD1Cx4 Aex = 380 nm, DD4Cx4 Aex = 480 nm, DD13Cx5
Aex = 410 nm) were selected. To cover the shifting absorbance properties of the network
mixture, excitation wavelengths between (Aex = 450 nm) and above (Aex = 510 nm) the
DimerDye regions were selected. Collected raw data was preprocessed by subtracting a
buffer blank from absorbance and fluorescence readings. Absorbance and fluorescence
wavelengths that provided discrimination of protein samples were selected for PCA, while
aiming to use a minimal number of observations. PCA analysis was done using a
covariance matrix in cases where only absorbance or only fluorescence measurements were
used. In cases where absorbance and fluorescence measurements were combined, a
correlation matrix was used. PCA scores 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).
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3.5.7a Identifying serum albumin proteins

All SA stock solutions were prepared from solid in NaH2PO4/Na;HPO4 (10 mM,
pH 7.4) in H>O. Protein stock concentrations were determined by a Take3 Microarray
Nanodrop (Biotek) using the molar extinction coefficient at 280 nm and the molecular
weight (Table 3.1). Stock solutions of individual DimerDyes were prepared by mass in
NaH>PO4/Na;HPO4 (10 mM, pH 7.4) in H2O. Discriminant analysis experiments were
plated in NUNC black-walled optical bottom 384-well plates, with 35 pL final well
volumes. Final solutions contained DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4] =
12 uM and [DD13Cx5] = 12 uM), and SA (32 uM) in NaH,PO4/Na;HPO4 (10 mM, pH
7.4) in H20. Each individual DimerDye was tested at identical concentrations and
conditions. A blank of each SA alone (HSA, BSA, MSA, RSA, PSA, SSA) was measured
to ensure no signal overlap in the DimerDye regions. A second set of absorbance spectral
scans were taken after the experiment was completed and compared to the absorbance
spectral scans from the start of the experiment. This was done to ensure that the system
maintained a steady equilibrium throughout the course of the experimental measurements.
The absorbance integral of each SA sensing sample relative to the respective isolated
DimerDye varied with no particular trend (2% to 30% variation), indicating possible

changes in the ground state upon DimerDye complexation with SA proteins.

Table 3.3. Absorbance wavelengths used in PCA analysis of SA proteins.
Aabs (NM
440
495
515

Table 3.4. Fluorescence excitation and emission wavelengths used in PCA analysis of SA proteins.

Aex (nm) Aem (NM)

380 580
410 580
410 620
450 625
480 565
510 580
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Figure 3.25. Absorbance responses of the DDNetwork completely discriminate highly similar SA proteins,
whereas absorbance responses from the individual DimerDyes do not. a) PCA analysis of DDNetwork shows
complete discrimination of SA proteins and the network, with no overlapping confidence ellipses. PCA analysis
of isolated b) hemiDD1Cx4, ¢) DD4Cx4 and d) DD13Cx5 do not achieve complete discrimination, displaying
overlapping confidence ellipses. Absorbance wavelengths used in all PCA analyses are shown as black dashed
lines in absorbance spectra (440, 495 and 515 nm). PCA (covariance) scores plots show each sample set (n = 8)
enclosed by 95% confidence ellipses with the respective loading plots shown as blue arrows. DimerDyes in all
samples are present at identical concentrations — [hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5]
= 12 uM — either mixed with each other or separate as indicated, [SA] = 32 puM. All samples are in
NaHzPO4/Na2HPO4 (10 mM, pH 74) in Hzo.
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Figure 3.26. Absorbance PCA analysis shows the DDNetwork provides better discrimination than the sensor array.
a) Three absorbance responses from the DDNetwork completely discriminate all SA proteins and the network,
with no overlapping confidence ellipses. b) Nine compiled absorbance responses from hemiDD1Cx4, DD4Cx4
and DD13CxS5 in a sensor array do not achieve complete discrimination, with overlapping confidence ellipses of
highly similar SA proteins. PCA analysis was done using absorbance responses at 440, 495 and 515 nm. PCA
(covariance) scores plots show each sample set (n = 8) enclosed by 95% confidence ellipses with the respective
loading plots shown as blue arrows. DimerDyes in all samples are present at identical concentrations —
[hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 pM — either mixed with each other or
separate as indicated, [SA] =32 uM. All samples are in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H,O.

134



-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Abs_495 0.8
2 HSA SSA \
— DDNetwork Abs_515 Abs 440 0.6
—+16 pM HSA 1{ RSA Lo T opo4
+16 uM BSA 9 . BSA 9 0.2
— +16 UM SSA Q0 S 0.0
—+16 uM PSA = MSA N 02
+16 uM RSA 8 -1 DDNetwork e -0.4
— +16 pM MSA blank -0.6
2 PS 08
3 1.0
2 A 0 1 2 %
400 500 600 700 PC1(56.2%)
Wavelenath PC1 (56.2%)
b) avelength, nm 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
: : 3 SSA ~ Abs_440 0.8
[ }
0.2 _ DDNetwork HSA Abs_495 0.6
: : DDNetwork 2 blank o o (Ab 5151 0.4
, —+8 uM HSA 31 o[22 9 =
' +8 uM BSA ) A0 Rrsa ) 0.2
é X — +8 uM SSA o g 0.0
0.1 — +8 UM PSA S 4 BSA ) 0.2
+8 UM RSA o PS & 0.4
N\ — +8 uM MSA 2 MSA 06
3 K
0.0 o8
i 50 500 700 2 4 o0 1 2 3 PC1 (56.1%)
PC1 (56.1%)
c) Wavelength, nm 10 05 00 05 1.0
v 4 1.0
e HSA Abs_f515,Abs_495
0.2 v — DDNetwork 2 -/ BSA f 0.5
1 ’
Vo — +4 yM HSA 3 RSA / :.4 SSA 3
' +4 yM BSA N MS / B
8 ' — +4 UM SSA S 0 j 2 1 s 0.0
0.1 — +4 uM PSA S PSA & S ~
+4 yM RSA o , 4 & Abs_440 o5
= +4 uM MSA DDNetwork '
BSA blank
0.0 -4 -1.0
1 3 2 414 0 1 2 3 PC1(90.7%)
400 500 600 700 PC1 (90.7%)
d) Wavelength, nm . -0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
"
' Abs 515 1.0
0.2 1 — DDNetwork 4 HSA
: : —+2 uM HSA . . - 0.5
g +2 UM BSA 22 " BN
2 S —+2 UM SSA < MSA < APsA95
<041 — +2 M PSA Yo — |5 0.0
+2 UM RSA [ 4 e
—+2 pM MSA 2 DDNetwork .
X SSA| blank Abs_440}-0.5
0.0 -4
2 4 0 1 2 3 PC1 (98.5%)

400 500 600 700
Wavelength, nm

Figure 3.27. Absorbance responses of the DDNetwork to SA protein concentrations of a) 16 uM b) 8 uM ¢) 4 uM
and d) 2 uM. Absorbance wavelengths used in PCA analysis are shown as black dashed lines in absorbance spectra
(440, 495 and 515 nm). PCA (covariance) scores plots show each sample set (n = 8) enclosed by 95% confidence
ellipses with the respective loading plots shown as blue arrows. Samples contain DDNetwork ((hemiDD1Cx4] =
12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM) with [SA] = 16, 8, 4 and 2 uM. All samples are in
NaHzPO4/Na2HPO4 (10 mM, pH 74) in HzO.
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Figure 3.28. Fluorescence responses and PCA analysis of the DDNetwork. a) Fluorescence spectral scans of the
DDNetwork. Fluorescence observations used in PCA analysis are shown as black dashed lines (Aem = 580 nm (Aex
=380 nm), Aem = 580 nm (Aex = 410 nM), Aem = 620 nm (Aex = 410 nM), Aem = 625 nm (Aex = 450 nm), Aem = 565 nm
(Aex =480 nm) and Aem = 580 nm (Aex = 510 nm)). b) PCA analysis does not achieve complete discrimination. PCA
(covariance) scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with the respective
loading plot shown as blue arrows. Samples contain DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM
and [DD13Cx5] = 12 uM) with [SA] = 32 uM. All samples are in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H>O.
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Figure 3.29. Fluorescence responses and PCA analysis of hemiDD1Cx4. a) Fluorescence spectral scans of
hemiDD1Cx4. Fluorescence observations used in PCA analysis are shown as black dashed lines (Aem = 580 nm
(Aex = 380 nm), Aem = 580 nm (Aex = 410 nm), Aemy = 620 N (Aex = 410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565
nm (Aex = 480 nm) and Aem = 580 nm (Aex = 510 nm)). b) PCA analysis does not achieve complete discrimination.
PCA (covariance) scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with the
respective loading plot shown as blue arrows. Samples contain [hemiDD1Cx4] = 12 uM with [SA] =32 uM. All
samples are in NaH,PO4/Na,HPO, (10 mM, pH 7.4) in H,O.

137



a) .

600
Wavelength, nm

Fl (Aex 410 nm), a.u.
>
o
o
]

— DD4Cx4
— +32 UM HSA

+32 UM BSA
— +32 uM SSA
— +32 uM PSA

+32 UM RSA
— +32 uM MSA

o
1
E

700

— DD4Cx4
— +32 uM HSA

+32 UM BSA
— +32 uM SSA
— +32 uM PSA

+32 UM RSA
— +32 uM MSA

0— =
500 600 700
Wavelength, nm
N 1
] | — DD4Cx4
. N ! — +32 M HSA
fg 2000 ] ! +32 uM BSA
P . —+32 yM SSA
E ] — +32 uM PSA
s J +32 uM RSA
X 1000— —+32 yM MSA
ﬁ -
< 4
o -
0 . T L} T T T L) L) T T l T L] T T T - L] T T I
500 600 700
Wavelength, nm
b) 400 — T T T r
DD4Cx4 HSA
blank
2004 + | psA . ]
9 SBA
- o’ &
8 0 - a& =
N v ‘.
4 &
-200 1 MSA E
RSA
-400 r r r
-1000 0 1000 2000

PC1 (97.1%)

PC2 (2.1%)

Fl (Aex 510 nm), a.u.
>
o
o
]

— DD4Cx4
— +32 UM HSA

+32 UM BSA
— +32 uM SSA
— +32 uM PSA

+32 UM RSA
— +32 uM MSA

500 600 700
Wavelength, nm
)
i ' — DD4Cx4
_ | —+32 yM HSA
2000 i +32 yM BSA
A —+32 yM SSA
- = +32 yM PSA
- +32 yM RSA
—+32 yM MSA
: 7
o_lllllll:lllllllll
500 600 700
Wavelength, nm
04 -0.2 0.0 0.2 0.4 0.6 0.8
i i " " i 1_0
ex480e9565
0.5
ex380em580
ex410em>580
- ex450em625
€x410em620 0.0
+-0.5
-~
ex510em580
. . -1.0

PC1 (97.1%)

Figure 3.30. Fluorescence responses and PCA analysis of DD4Cx4. a) Fluorescence spectral scans of DD4Cx4.
Fluorescence observations used in PCA are shown as black dashed lines (Aem = 580 nm (Aex = 380 nm), Aem = 580
nm (Aex = 410 nm), Aem = 620 nm (Aex = 410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565 nm (Aex = 480 nm) and
hem = 580 nm (Aex = 510 nm)). b) PCA analysis does not achieve complete discrimination. PCA (covariance) scores
plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with the respective loading plot shown as
blue arrows. Samples contain [DD4Cx4] = 12 puM with [SA] =32 uM. All samples are in NaH,PO4/Na,HPO4 (10

mM, pH 7.4) in H,O.
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Figure 3.31. Fluorescence responses and PCA analysis of DD13CxS5. a) Fluorescence spectral scans of DD13CxS5.
Fluorescence observations used in PCA analysis are shown as black dashed lines (Aem = 580 nm (Aex = 380 nm),
Aem = 580 nm (Aex = 410 nm), A = 620 nm (Aex = 410 nm), Aem = 625 nm (Aex = 450 nm), Aem = 565 nm (Aex = 480
nm) and Aen = 580 nm (A = 510 nm)). b) PCA analysis does not achieve complete discrimination. PCA
(covariance) scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses with the respective
loading plot shown as blue arrows. Samples contain [DD13Cx5] = 12 pM with [SA] = 32 uM. All samples are in

NaHzPO4/Na2HPO4 (10 mM, pH 74) in Hzo.
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Figure 3.32. Fluorescence PCA analysis of the DDNetwork compared to the sensor array. a) Six fluorescence
responses from the DDNetwork do not achieve complete discrimination, with two overlapping SA protein
confidence ellipses. b) Eighteen compiled fluorescence responses from hemiDD1Cx4, DD4Cx and DD13CxS5 in
a sensor array do not achieve complete discrimination, with two SA confidence ellipses overlapping. PCA analysis
was done using fluorescence responses at Aem = 580 nm (Aex = 380 nm), Aem = 580 nm (Aex = 410 nm), Aem = 620
nm (Aex = 410 nm), Aem = 625 nm (hex = 450 nm), Aem = 565 nm (Aex = 480 nm) and Aem = 580 nm (Aex = 510 nm).
PCA (covariance) scores plots show each sample set (n = 8) enclosed by 95% confidence ellipses with the
respective loading plots shown as blue arrows. DimerDyes in all samples are present at identical concentrations —
[hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 pM — either mixed with each other or
separate as indicated, [SA] = 32 uM. All samples are in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H,O.
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3.5.7b Identifying fish varieties from tissue protein extracts

Fresh fish tissue samples of Ocean Wise Icelandic Cod, Ocean Wise Halibut,
Pacific Rockfish and Pacific Sole were purchased from a local grocery store and processed
the same day. Fish tissue sample (150 mg) and Thermo Scientific T-PER™ Tissue-Protein
Extraction Reagent (1.5 mL) were added to Qiagen PowerBead lysis tubes containing 1.4
mm ceramic beads. Fish tissue samples were homogenized using a PowerLyzer 24®
Homogenizer at 3,500 speed, 2 cycles of 45 s each, with a 30 s pause. Homogenized fish
tissue samples were transferred to epis (1.5 mL) and centrifuged (10 min, 5°C, 14,000 X g)
to pellet out cell debris. The soluble protein supernatant was collected and pooled into
Amicon® Ultra centrifugal filters (10 kDa molecular weight cut-off). Protein samples were
concentrated by centrifugation (10 min, 5°C, 14,000 x g), then reconstituted in
NaH>PO4/Na;HPO4 (10 mM, pH 7.4) in H2O. The centrifugation and reconstitution process
was repeated three times to exchange protein buffer conditions to NaH,PO4/NaxHPO4 (10
mM, pH 7.4) in H2O. The supernatants were transferred to epis and centrifuged (10 min,
5°C, 14,000 x g) to ensure only soluble proteins remained. Fish tissue protein extract
concentration (mg/mL) was determined using a Take3 Microarray Nanodrop (Biotek).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was run
to verify the presence of a mixture of proteins from the extracted fish tissue samples.
Protein extract samples (0.5 pg/puL) were prepared in 2x loading buffer (4% SDS, 20%
glycerol, 200 mM dithiothreitol, 0.01% bromophenol blue, 0.1 M Tris pH 6.8). Samples
were boiled (100°C, 5 min) and loaded (20 pL) into a SDS-PAGE gel (1 mm thick)
containing 15% acrylamide, along with a molecular weight standard broad range ladder.
The gel was run at 196 V, then stained using R-250 Coomassie Blue stain.

Discriminant analysis experiments were plated in NUNC black-walled optical
bottom 384-well plates, with 35 pL final well volumes. Final solutions contained
DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM),
and fish protein extract (I mg/mL) in NaH2PO4/Na,HPO4 (10 mM, pH 7.4) in H,0. A
blank of the fish protein extracts alone were measured to ensure no signal overlap in the

DimerDye regions.
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Table 3.5. Absorbance wavelength used in PCA analysis of fish tissue protein extracts.

7\-abs nm
415

Table 3.6. Fluorescence excitation and emission wavelengths used in PCA analysis of fish tissue protein extract.

Aex (Nnm) Aem (NM)

380 570
410 620
450 620
480 580
510 620
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Figure 3.33. DDNetwork absorbance and fluorescence responses can discriminate protein mixtures extracted from
different fish species. a) Absorbance and fluorescence responses of the DDNetwork to protein mixtures extracted
from a cod, halibut, rockfish and sole tissue sample. Wavelengths used in PCA analysis are shown as black dashed
lines (Aaps =415 nm, Aem = 570 nm (Aex = 380 nm), Aem = 620 nm (Aex = 410 nm), Aem = 620 nm (Aex = 450 nm), Aem
=580 nm (hex = 480 nm) and Aem = 620 nm (Aex = 510 nm)) b) PCA (correlation) scores plot shows each sample
set (n = 8, technical replicates) enclosed by 95% confidence ellipses (left) with the respective loading plots shown
as blue arrows (right). Samples contain DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and
[DD13Cx5] = 12 uM) and [fish protein extract] = 1 mg/mL. All samples are in NaH,PO4/Na,;HPO4 (10 mM, pH
7.4) in H,0. ¢) SDS-PAGE analysis verifies a mixture of proteins present in extracted fish tissue samples.
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3.5.8 Native HSA trypsin digests

Trypsin digest experiments were carried out using a SpectraMax M5 Multi-Mode
Microplate Reader. The cuvette chamber incubator was preheated to 37°C. Samples were
measured in a HellmaAnalytics quartz glass high precision micro cell, 10 X 2 mm light
path with a PTFE stopper to prevent sample evaporation. Digests were performed using a
1:100 protease:protein ratio with trypsin from bovine pancrease and native HSA. Digest
solutions contained DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 uM and
[DD13Cx5] = 12 uM), HSA (32 uM) and trypsin (0.32 uM). Digest experiments were
done in Na,HPO4/NaH;PO4 (10 mM, pH 7.4) in H>O and in NH4HCO3 (10 mM, pH 8.0)
in H>O. Absorbance spectral scan speed-reads were taken at 10 min time intervals over the
course of 6 h. Control experiments of HSA (32 uM) and trypsin (0.32 uM) were measured
to ensure the proteins alone did not contribute to the measured signals. A control
experiment of DDNetwork ([hemiDD1Cx4] = 12 uM, [DD4Cx4] = 12 puM and
[DD13CxS5] = 12 uM) with trypsin (0.32 uM) was measured, to ensure that trypsin was not
interacting with the DDNetwork and did not contribute a change in absorbance. The raw
data was calibrated to account for speed-read absorbance adjustments. A buffer blank was

subtracted from all reads.
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Figure 3.34. DDNetwork adapts within minutes to changes in biological samples providing real-time analysis.
Native HSA trypsin digestion shows monitorable changes in the DDNetwork over 6 h by monitoring full spectral
scans and individual wavelengths in a) H,PO4/Na,HPO, (10 mM, pH 7.4) in H,O and b) NHsHCO; (10 mM, pH
8.0) in H,O. Dark grey line illustrates the DDNetwork response to HSA. Green arrows depict the change in
DDNetwork response over time as HSA undergoes trypsin digestion. Samples contain [hemiDD1Cx4] = 12 uM,
[DD4Cx4] = 12 uM and [DD13Cx5] = 12 uM), [HSA] =32 pM and [trypsin] = 0.32 pM.

3.5.9 Saturation transfer difference NMR
All STD NMR samples were prepared from solid, with final solutions containing
DimerDye (1.2 mM) and HSA (20 uM) in NaH;PO4/Na;HPO4 (50 mM, pD 7.4) in 90%
H>0/10% D20. Competitive STD NMR experiments were done using saturating amounts
of known high affinity competitors to probe the primary drug binding sites. Warfarin was
used as a competitive probe for Sudlow site I (Kqnsa = 3 pM),!43 144
solution of hemiDD1Cx4 (1.2 mM), HSA (20 puM) and warfarin (1.2 mM) in

NaH>PO4/Na;HPO4 (50 mM, pD 7.4) in 87.3% H20/9.7% D20/3% ds-DMSO. Naproxen

with a final sample

was used as a competitive probe for Sudlow site II (Kansa = 560 nM),!43

solution of hemiDD1Cx4 (1.2 mM), HSA (20 uM) and naproxen (1.2 mM) in

with a final sample
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NaH,PO4/Na;HPO4 (50 mM, pD 7.4) in 90% H>0/10% D,0. Control '"H NMRs of each
competitor with hemiDD1Cx4 were taken in the respective deuterated solution conditions
to ensure minimal to no binding to the calixarene cavity at concentrations used in STD
NMR.

For STD NMR experiments the 90° pulse was first determined for the sample
buffering conditions by measuring the pulse length at 360° with a zg pulse sequence and
dividing by four. The determined 90° pulse was used as the P1 in STD NMR experiments,
and also the basis for determining correct power settings for the spinlock and shaped pulses.
For each STD NMR sample the shift of the water peak (O1) was determined for water peak
suppression, using a zg30 pulse sequence with the receiver gain (RG) set to 1. STD NMR
experiments were performed using the Bruker pulse sequence stddiffesgp.3,!6? which uses
excitation sculpting for water suppression and a spinlock to suppress resonances from the
protein.'®® The selective saturation pulse on F2 (SPW9) was set to 40 dB, the spin lock
time for protein background suppression (D29) was set to 50 ms, the saturation time (D20)
was set to 2 s and the relaxation delay (D1) was set to 2 s. An off-resonance irradiation
position of 20000 Hz was used for all experiments. On-resonance positions were chosen to
selectively saturate the protein. An on-resonance position of 1250 Hz (2.5 ppm) was used
for hemiDD1Cx4*HSA, DD4Cx4°HSA, DDI13Cx5°HSA and competitive
hemiDD1Cx4*HSAenaproxen experiments. An on-resonance position of 500 Hz (1 ppm)
was used for the competitive hemiDD1Cx4eHSAewarfarin experiment. Spectra were
processed using the Bruker Topspin macro stdsplit, providing the off-resonance-irradiated
reference spectrum and performing the spectral subtraction for the STD difference
spectrum. The highest intensity STD signal was matched to the reference spectrum in all

figures for qualitative observation of the closest interacting protons.
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Figure 3.35. HemiDD1Cx4 binds HSA via pendant arm and upper rim interactions. a) Reference NMR and
corresponding b) STD NMR of hemiDD1Cx4 (1.2 mM) and HSA (20 uM). Red box indicates lower rim
methylene protons have the least intense STD signal. Solution in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in 90%
H>0/10% D»O (500 MHz, 298 K). Note: not all methylene protons are visible due to water peak suppression.
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Figure 3.36. DD4Cx4 binds HSA via pendant arm and upper rim interactions. a) Reference NMR and

corresponding b) STD NMR of DD4Cx4 (1.2 mM) with HSA (20 pM). Red boxes indicate the lower rim

methylene protons have the least intense STD signal. Solution in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in 90%

H>0/10% D,O (500 MHz, 298 K). Note: protons 3, 4 and not all methylene protons are visible due to water peak

suppression.
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Figure 3.37. DD13Cx5 binds HSA. a) Reference NMR and corresponding b) STD NMR of DD13Cx5 (1.2 mM)
and HSA (20 pM). STD signals observed in aromatic region indicates binding interactions to HSA, intractable
proton signals due to multiple conformations. Methylene protons are at coalescence on the NMR timescale and not
visible in reference or STD NMR. Solution in NaH,PO.4/Na,HPO, (50 mM, pD 7.4) in 90% H,0/10% D,O (500
MHz, 298 K).
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Figure 3.38. 'H NMR of hemiDD1Cx4 and naproxen (1:1) show minimal changes to hemiDD1Cx4 resonances
indicating naproxen does not disrupt the dimer (red arrows). a) HemiDD1Cx4 (1.2 mM) combined with naproxen
(1.2 mM), b) naproxen (1.2 mM) and c¢) hemiDD1Cx4 (1.2 mM). Solutions in NaH,PO4/Na,HPO, (50 mM, pD
7.4) in D,0 (500 MHz, 298 K).
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Figure 3.39. Naproxen competitive STD NMR shows hemiDD1Cx4 does not target Sudlow site II in HSA. a)
Reference competitive STD NMR of hemiDD1Cx4 (1.2 mM), HSA (20 uM) and naproxen (1.2 mM). b) The
corresponding competitive STD NMR (red trace) compared to the STD NMR prior to the addition of naproxen
(blue trace). The appearance of naproxen STD signals indicates binding of the competitor to the protein (red
asterisks). Minimal reduction of hemiDD1Cx4 STD signals in the presence of saturating amounts of competitor
conclude hemiDD1Cx4 does not target Sudlow site II. Solution in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in 90%
H>0/10% D,0O (500 MHz, 298 K).
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Figure 3.40. 'H NMR of hemiDD1Cx4 and warfarin (1:1) show minimal changes in hemiDD1Cx4 resonances
indicating warfarin does not disrupt the dimer (red arrows). a) hemiDD1Cx4 (1.2 mM) combined with warfarin
(1.2 mM), b) warfarin (1.2 mM) and ¢) hemiDD1Cx4 (1.2 mM). Dimerization of hemiDD1Cx4 is observed by
the upfield-shifted alkene protons (red arrows). The methyl peak of hemiDD1Cx4 broadens into the baseline in
solution conditions of NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in 97% D»0/3% ds-DMSO (500 MHz, 298 K).
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Figure 3.41. Warfarin competitive STD NMR shows hemiDD1Cx4 does not target Sudlow site I in HSA. a)
Reference competitive STD NMR of hemiDD1Cx4 (1.2 mM), HSA (20 pM) and warfarin (1.2 mM). b) The
corresponding competitive STD NMR (red trace) compared to STD NMR prior to the addition of naproxen (blue
trace). The appearance of warfarin STD signals indicates binding of the competitor to the protein (red asterisks).
Minimal reduction of hemiDD1Cx4 STD signals in the presence of saturating amounts of competitor conclude
hemiDD1Cx4 does not target Sudlow site I. Solution in NaH,PO4/Na,HPO,4 (50 mM, pD 7.4) in 90% H,0/10%

D,0 (500 MHz, 298 K).
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Chapter 4: Mixed host co-assembled systems for broad-scope analyte
sensing

This work was adapted from a previously published paper.

Allison J. Selinger,* Joana Krimer,* Eric Poarch, Dennis Hore, Frank Biedermann, and
Fraser Hof

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

*AJS and JK contributed equally.

This work was conducted in collaboration with JK, FB (Institute of Nanotechnology,
Karlsruhe Institute of Technology, Karlsruhe, Germany), EP and DH (Canadian Institute
for Substance Use Research, University of Victoria, Victoria, BC, Canada). AJS, JK, FB
and FH conceptualized the idea. AJS and JK contributed to investigation, formal analysis
and methodology, with some of the work done during a visit by JK to work directly with
AJS at University of Victoria. AJS synthesized previously reported DD4Cx4, DD8Cx4,
and DD13Cx4. JK provided CB8. JK conducted preliminary mixed host screening
experiments. The final reported mixed host screening results were completed by AJS. AJS
conducted the absorbance/fluorescence mixed host titrations presented in this work. AJS
designed, conducted, and analyzed the 'H NMR, absorbance/fluorescence and
MALDI-TOF MS experiments that investigated the co-assembly mechanism. FB provided
the DFT model. AJS completed LOD experiments with cocaine. JK completed PCA
experiments of the mixed host sensors with isolated illicit drugs and adulterants. AJS
completed the correspond control sensor array PCA experiments. EP under supervision of
DH selected and provided multi-component street drug samples from Substance, the
Vancouver Island Drug Checking Project. AJS completed PCA experiments with the multi-
component street drug samples for both mixed host co-assembled sensors and the control
sensor array. AJS independently wrote the complete initial draft of the paper. All authors
contributed to reviewing and editing the paper.

4.1 Foreword

This Chapter explores a new system design of mixed host co-assembly for
enhancing sensing scope. In Chapter 3 we learned that a system comprised of different
interacting reporter fluorophores can produce information-rich photophysical outputs. In
this Chapter we were interested in exploring self-assembling systems that incorporate
different receptor host elements, with the aim of further diversifying analyte interactions.
The motivation behind this work was to overcome one of the main limitations of DimerDye
p-sulfonatocalix[n]arenes, only binding and responding to cationic molecules. We
incorporated a cucurbit[z]uril host scaffold that binds hydrophobic, neutral and cationic

molecules, in collaboration with Dr. Frank Biedermann and a visiting exchange PhD
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student, Joana Kriamer (Institute of Nanotechnology, Karlsruhe Institute of Technology,
Karlsruhe, Germany). Together we established that co-assemblies made up of multiple
kinds of hosts can achieve sensing of analytes with diverse chemical properties. To further
explore analyte complexity, we applied co-assembled mixed host sensing systems to the
profiling of illicit street drug samples, which are each made up of multiple hydrophobic,

neutral and/or cationic molecules.

4.2 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.* !4 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.®> 1% More recently,
the conceptual development of sensors has advanced towards information-rich chemical
nose or cross-reactive sensors 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.®> 1% These design strategies are highlighted
by examples of unimolecular probes that covalently integrate multiple complexing receptor

167, 168

and/or reporter components, and biological noncovalent self-assembly-based probes

that function through multi-complexing systems. 3% 16171

Macrocyclic hosts are well-defined synthetic receptors for the detection of small
molecules and biomacromolecules.?* 17> 17* Host-based sensing is traditionally done using
an indicator displacement assay (IDA) that operates through competitive binding of an
analyte to a preformed hosteindicator complex. This generally results in a fluorescence
response, where sensitivity is dictated by binding affinity.*% 3> 4° 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 hosteindicator sensors are often applied, where varied response patterns arise

from affinity differences, producing an optical fingerprint for discrimination.!** This
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strategy has been employed in macrocyclic host-based sensor arrays with some recent

3

examples in differentiating neurotransmitters,”> small molecule bioorganic analytes,’

175 and

folded DNA G-quadruplexes,’® %> # insect pheromones,'’”* natural amino acids,
amyloid structures.”

The power of cross-reactive self-assemblies is demonstrated by macrocyclic host-
based 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 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 sensors.!”® Despite these advances, one consistent limitation of supramolecular
sensors is they tend to sense only a single class of analyte. The current conceptual
framework would have us overcome these limitations through synthesis of new sensors, 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 sensor 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 p-
sulfonatocalix[4]arenes and cucurbit[#]urils, into a single composite mixed host sensor
(Figure 4.1). Key to this approach is the integration of a dye into the p-
sulfonatocalix[4]arene scaffold, which both facilitates co-assembly and acts as a reporter
for all hostehost and hosteanalyte interactions. The equilibrium of any one pre-assembled
mixed host sensor 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 “responding to multiple analytes” and also “producing varying kinds of optical
responses to a given analyte” (Figure 4.1b). We prove the benefits of this simple co-

assembly approach in an array-based platform through the differentiation of hydrophobic,
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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.’?
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Figure 4.1. A mixed host sensor produces multi-responsive outputs, increasing the scope of analyte detection. a)
Schematic illustration of DimerDye disassembly-driven turn-on fluorescence sensing of cationic analytes. b) This
work establishes mixed host co-assembled sensors that produce multi-responsive outputs for a wide range of
hydrophobic, neutral, and cationic analytes. DimerDye complexation with cucurbit[z]uril forms a mixed host
sensor with moderate changes in absorbance/fluorescence. The subsequent addition of an analyte that favours
cucurbit[#]uril binding produces a change in absorbance and/or decreased fluorescence, whereas an analyte that
prefers DimerDye binding results in a change in absorbance and/or increased fluorescence. The schematic shown
represents the expected behaviours for CB7, while additional higher-order complexes are possible for CBS.
Structures of ¢) DimerDye host sensors DD4Cx4, DD8Cx4, and DD13Cx4, and cucurbit[#n]uril hosts CB7 and
CB8 used in this work.

4.2 Results and discussion

Two distinct host classes were selected to encourage hostehost co-assembly.
Previously reported DimerDye p-sulfonatocalix[4]arenes DD4Cx4, DD8Cx4, and
DD13Cx4," and cucurbit[n]uril hosts, CB7 and CB8 were selected to promote hetero co-

assembly while contributing different analyte binding properties (Figure 4.1c). p-
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Sulfonatocalix[4]arenes contain a flexible chalice-shaped cavity and negatively charged
upper rim.” In aqueous solution 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
(Figure 4.1a).5* 7% 126 The selected DimerDyes (DD4Cx4, DD8Cx4, and DD13Cx4) cover
a range of structural, absorbance, and emission properties, however, they are limited to
binding cationic analytes. Conversely, cucurbit[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 hydrophobic guests

complementary in size and shape,'8% 8!

and amphiphilic cationic ammonium or
diammonium guests that favour hydrophobic and ion-dipole interactions.!”® We selected
CB7 and CBS8 to accommodate different sized guests, where the larger CB8 cavity offers
binding to bulkier hydrophobic drugs.'®* 83 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.

Different pairs of one DimerDye and one cucurbit[n]uril can co-assemble to form
a mixed host sensor with distinct photophysical properties. Combinations of DD4Cx4,
DD8Cx4 and DD13Cx4 with CB7 and CB8 were screened for induced changes in
DimerDye absorbance and/or fluorescence (Figure 4.16). The mixed host pairs that
displayed significant changes in absorbance and/or fluorescence (DD4Cx4+CBS,
DD8Cx4+CBS8, DD13Cx4+CB8, and DD13Cx4+CB7) were selected for further study. To
establish the formation of these hetero hostshost complexes, changes in DimerDye
absorbance and emission were monitored during titrations with increasing concentrations
of cucurbit[n]uril. Titrations of CB8 into DD4Cx4 and CB7 into DD13Cx4 resulted in
both changes in absorbance and turn-on fluorescence (Figure 4.2a,b and Figure 4.17).
These results indicate the parent DimerDye disassembles 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 DD4Cx4*CB8 and DD13Cx4*CB7 by the appearance of

new upfield-shifted and broadened resonances, attributed to the DimerDye pendant arm
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protons being in a shielded environment (Figure 4.2d, Figure 4.19 and Figure 4.20). The
broadened CB7 and CB8 peaks indicate possible aggregate formation at concentrations
used in NMR, coinciding with the low solubilities of these mixed host assemblies (Figure
4.2d, Figure 4.19 and Figure 4.20). Upon addition of CB8, the DimerDyes DD8Cx4 and
DD13Cx4, exhibited shifts in absorbance, indicating that CB8 forms a hetero-complex
with DD8Cx4 and DD13Cx4 (Figure 4.17). However, these complexation events caused
minimal changes in emission (Figure 4.17). In cases where both a colour change and turn-
on emission are observed (DD4Cx4+CB8 and DD13Cx4+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 DD13Cx4 with
CB7 is presented in Figure 4.22. Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) further confirmed 1:1 complexation, reporting a
DD13Cx4+CB7 co-assembly peak of m/z 2006.4606 (Figure 4.2¢). In cases where only a
colour change is observed (DD8Cx4+CB8 and DD13Cx4+CBS) 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 p-sulfonatocalix[4]arenes in aqueous solution have
been reported, 3> 136 as well as potential ternary complexes inside the larger CB8 cavity, 8"
189 where two DimerDye pendant arms could potentially bind stacked inside the CBS8
cavity. Irrespective of the exact complexes occurring in solution, these co-assemblies
constitute different mixed host sensors from which distinct absorbance and fluorescence

sensing outputs can arise (Figure 4.1b).
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Figure 4.2. Mixed host DD13Cx4+CB7 co-assembly functions as a turn-off sensor for strong binding guests of
CB7. a) Schematic of DD13Cx4+CB7 formation and sensing mechanism of AANHj. b) The addition of increasing
concentrations of CB7 (1.3 to 84 uM) into DD13Cx4 (10.5 pM) results in a blue shift in absorbance (left) and
increased fluorescence (right). Black dashed line represents DD13Cx4 (10.5 pM). Insets show the addition of
increasing concentrations of AANH; (2.6 to 21 uM) to the co-assembled DD13Cx4+CB7 sensor, induces a red
shift in absorbance (left) and turn-off fluorescence (right). Inset blue line represents DD13Cx4 (10.5 uM) with
CB7 (21 uM). All samples in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in H,O. ¢) MALDI-TOF MS of DD13Cx4 (50
uM) with CB7 (50 uM) confirms DD13Cx4+CB7 co-assembly. d) 'H NMR of iii) DD13Cx4 (100 uM) with CB7
(100 uM) shows evidence of hetero host co-assembly by the appearance of new upfield-shifted DD13Cx4 peaks
and new CB7 peaks (blue stars). Disassembly of the homodimer DD13Cx4: is supported by the fluorescent
appearance of the NMR tube. v) The addition of AANH; (100 uM) displaces the DD13Cx4+CB7 complex,
indicated by the upfield-shifted AANH} peaks (red dashed lines) and return of native homodimer DD13Cx4; peaks.
The non-fluorescent appearance further supports the reformation of the homodimer DD13Cx4,. All samples in
NaH,P04/Na,HPO,4 (10 mM, pD 7.4) in D,0O (500 MHz, 298 K). NMR tubes irradiated with a hand-held UV lamp
(Aex 356 £20 nm).

Mixed host mechanistic studies with a CB-selective guest demonstrate multi-
responsive emergent sensing properties that are not present in the parent sensor. To validate
the contribution of cucurbit[z]uril sensing responses, we selected amantadine (AdNH3) as
a high affinity guest for CB7 (Kq = 240 fM),'”® while the adamantane moiety has been
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shown to scarcely interact with sulfonated calixarenes.!”! Our 'H NMR experiments
corroborate this, showing minimal binding of AANH; to DD13Cx4 (Figure 4.21d). In
contrast, the addition of AANHj; to the pre-assembled moderately fluorescent co-
assembled mixed host sensor DD13Cx4+CB7 resulted in a turn-off fluorescence response
and red shifted absorbance (Figure 4.2b). 'H NMR studies independently confirmed the
turn-off fluorescence response is due to the reformation of the quenched homodimer
complex DD13Cx4: and assembly of the hosteguest complex CB7*AdNHj (Figure 4.2d
and Figure 4.21). 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.

Cannabinoids

Benzodiazepine analogs

N
LpP H o \/’ N
O \g O N\/S; s |N\§ Amphetamine
OH
cl cl o
SNe
diazepam lorazepam etizolam
Opiates Anesthetic
HO HaG
*NH O
s
T + (oI fo)
HOY N H\CH:; )J\O < cocaine
morphine 0
Adulterants o 9 /
O=Cr &I YTy
A\ AN
levamisole H phenacetin | caffeine
N H i +( HO ) OH
\n/>N/\ O/\/NH/ \ B
o I\ HO o)
lidocaine HN procaine Vitamin C 0

Figure 4.3. Chemical structures of illicit drugs and adulterants ranging in hydrophobic, neutral, cationic and
anionic properties.

Mixed host sensors further expand detection capabilities to new classes of analytes.
On their own, DimerDyes have been reported to detect cationic illicit drugs.”> To determine
if mixed host sensors expand sensing abilities we selected cocaine, cannabidiol (CBD) and
Vitamin C as analytes, representing cationic, neutral and anionic classes of drugs (Figure

4.3). As a direct comparison, we measured the fluorescence responses of the mixed host
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sensor DD13Cx4+CB?7 and isolated DD13Cx42 (Figure 4.4). Assays with only DimerDye
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 (Figure 4.4b). However, the mixed host sensor DD13Cx4+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 (Figure 4.4a). We probed
whether the co-assembly of sensors would affect the emission intensities and limits of
detection (LODs), using cationic cocaine as a test analyte. The LODs of cocaine with
mixed host sensors (DD4Cx4°CB8, DD8Cx4+CB8, DD13Cx4+CB8 and DD13Cx4+CB7)
were of similar magnitude to the parent DimerDyes (DD4Cx4, DD8Cx4 and DD13Cx4),
ranging from 0.5 to 3.6 uM (Table 4.2). Interestingly, mixed host sensors DD4Cx4+CB8,
DD13Cx4+CB8 and DD13Cx4+CB7 showed an overall enhancement of fluorescence in
comparison to the isolated parent DimerDyes (DD4Cx4 and DD13Cx4), displaying larger
changes in amplitude (Figure 4.23 to Figure 4.25). Although mixed-host systems have
competing hosteanalyte and hostehost interactions, these results emphasize favourable
emergent photophysical properties, providing varied responses to different analytes,

including those that otherwise wouldn’t bind.
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Figure 4.4. A mixed host sensor has multi-capable responses to neutral, cationic and anionic structures. a)
Fluorescence response of mixed host co-assembled sensor DD13Cx4+CB7 to anionic Vitamin C, neutral CBD and
cationic cocaine. Samples contain [DD13Cx4] = 10.5 uM, [CB7] =21 uM and [drug] = 105 pM. b) Fluorescence
response of isolated DD13Cx4 to anionic Vitamin C, neutral CBD and cationic cocaine. Samples contain
[DD13Cx4] = 10.5 pM and [drug] = 105 uM. All samples are in NaH,PO4/Na,HPO4 (8.4 mM, pH 7.4) in H,O
with 2% MeOH.
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To further probe the power of using mixed host sensors, a large set of bulky,
hydrophobic, cationic, neutral and anionic drugs and adulterants were selected for
differentiation (Figure 4.3). The analytes were chosen to test the sensing range capabilities
of our mixed host co-assembled sensors while targeting compounds commonly found in
harm-reduction-based drug checking of Canadian illicit street drugs.'*> An array of mixed
host sensors (DD4Cx4+CB8, DD8Cx4+CB8, DD13Cx4+CB8, and DD13Cx4+CB7) were
screened for sensing responses, measuring select absorbance and fluorescence wavelengths
(Table 4.3). Principal component analysis (PCA) was then used to analyze the fingerprint
response patterns, aiming to discriminate samples while minimizing the number of required
observations, see Section 4.5.5 for systematic PCA process.®’

Mixed host sensors can generate surprising emergent properties, 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 and co-workers 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 and are therefore unable to
achieve cannabinoid discrimination (Figure 4.4b, Figure 4.5b and Figure 4.27). Although
THC has been reported not to bind CB7,'”* we found our mixed host sensors
DD13Cx4+CB7 and DD13Cx4+CBS8 each produced variable, information-rich responses.
We postulate that the decreased emission observed from DD13Cx4+CB7 upon addition of
CBD (Figure 4.4a), 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 cannabinoid sensing possible from the mixed host sensors, but the combination of
absorbance and fluorescence outputs from only two mixed host sensors in an array
(DD13Cx4+CB7 and DD13Cx4+CB8) allowed for the complete discrimination of highly
similar A3-THC and A°-THC isomers, which differ only in the position of a double bond
(Figure 4.5a and Figure 4.26). These results show that emergent properties are produced
from the co-assembly with cucurbit[n]uril hosts, providing superior information-rich

responses (Figure 4.5).
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Figure 4.5. An array of mixed host sensors discriminates highly similar neutral cannabinoids. a) PCA scores plot
of a mixed host co-assembled DD*CB sensor array completely discriminates CBD, A-THC and A’~THC isomers.
Sensor array includes absorbance and fluorescence responses of mixed host sensing pairs DD13Cx4+CB8 and
DD13Cx4+CB7. Samples contain [DD] = 10.5 pM, [CB] = 21 puM and [drug] = 105 pM. b) On their own,
DimerDye sensors do not discriminate cannabinoids. Sensor array contains absorbance and fluorescence responses
of DD4Cx4, DD8Cx4 and DD13Cx4. Samples contain [DD] = 10.5 uM and [drug] = 105 pM. PCA (correlation)
scores plots show each sample set (n = 8) enclosed by 95% confidence ellipses. All samples are in
NaH,P0O4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.

A small array of mixed host sensors achieves discrimination of a large set of illicit
drugs and adulterants from many distinct chemical classes. We first focused on a test set
containing 1illicit central nervous system depressants, which included both neutral
benzodiazepines and cationic opiates. In this analysis, the benzodiazepines etizolam and
diazepam displayed overlapping confidence ellipses while the other depressants were
discriminated (Figure 4.6a and Figure 4.28). Next, we studied a test set including cocaine
and MDMA, along with a set of pharmacologically active adulterants commonly added for
their synergistic effects (Figure 4.6b and Figure 4.29).!%% 19 The prescription adulterants
procaine, lidocaine, levamisole, and phenacetin, 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 benzodiazepines and the adulterants Vitamin C and

caffeine (Figure 4.6c and Figure 4.30).
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Figure 4.6. An array of mixed host co-assembled sensors distinguishes 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 sensors includes absorbance and fluorescence
responses from DD8Cx4+CB8, DD13Cx4-CB8 and DD13Cx4+CB7. b) PCA plot discriminates anesthetics and
amphetamine from common adulterants. The array of mixed host sensors includes responses from DD4Cx4+CBS,
DD13Cx4+CB8, and DD13Cx4+CB7. ¢) PCA analysis of all tested drugs and adulterants. The array of mixed host
sensors includes responses from DD4Cx4+<CBS, DD8Cx4+CB8, DD13Cx4°CB8 and DD13Cx4:CB7. PCA
(correlation) scores plot shows each sample set (n = 8) enclosed by 95% confidence ellipses. Samples contain [DD]
=10.5 pM, [CB] =21 uM and [drug] = 105 uM. All samples are in NaH,PO4/Na,HPO4 (8.4 mM, pH 7.4) in H,O
with 2% MeOH.

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 overdose crisis.!”” People who use drugs access drug checking services to
reduce risks by obtaining an understanding of the complete composition (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
combinations of immunoassay test strips, chromatography, mass spectrometry, Raman,
and infrared (IR) spectroscopic methods.!” Typing drug samples using a sensor array
would provide a complementary technique to current instrument-based analysis. Here we
aimed to see if our mixed host sensors 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

t’ZOO, 201

through Substance, the Vancouver Island Drug Checking Projec where drug
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composition and quantification were determined using Fourier transform infrared (FTIR)
spectroscopy and paper spray mass spectrometry (PS-MS) (Table 4.1 and Figure 4.31). 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 dissolving 1.5 mg in 1 mL methanol.??? These stock solutions were

then further diluted down to 0.03 mg/mL in all sensing experiments.

Table 4.1. Multi-component illicit street drug sample compositions.
Street drug ~ Composition®

sample

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.

Mixed host sensors identify multi-component street drug samples where a
comparable traditional sensor array cannot. Full spectral absorbance and fluorescence
responses of each mixed host sensor (DD4Cx4+CB8, DD8Cx4+CB8, DD13Cx4+CB8 and
DD13Cx4+CB7) were acquired for all multi-component street drug samples, to determine
if mixed host sensing operated in more complex sample matrices (Figure 4.32). To provide
a direct comparison to a traditional sensor array, responses of each isolated DimerDye
(DD4Cx4, DD8Cx4, and DD13Cx4) were also collected (Figure 4.33). Mixed host sensors
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 fentanyl samples (E-I) (Figure 4.7a and Figure 4.32). In comparison,
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DimerDye sensors alone produced sensing responses smaller in amplitude, only providing
increased emission responses for cationic samples A, C and D (Figure 4.7c and Figure
4.33). Select absorbance and fluorescence wavelengths from the array of mixed host
sensors (Table 4.5) were applied to PCA analysis, providing discrimination of all multi-
component samples (Figure 4.7b and Figure 4.34). 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 sample. The same observations
(Table 4.6) 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 (Figure 4.7d and
Figure 4.35). 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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Figure 4.7. An array of mixed host co-assembled sensors provides information-rich responses that discriminate
multi-component street drug samples. a) An array of mixed host co-assembled sensors shows diverse response
patterns of absorbance and fluorescence to multi-component street drug samples A-I. b) PCA analysis using
responses from DD4Cx4+CB8, DD8Cx4-CB8, DD13Cx4+CB8, and DD13Cx4*CB7. Samples contain [DD] =
10.5 uM, [CB] =21 puM and [street drug sample] = 0.03 mg/mL. ¢) An array of DimerDye sensors shows similar
response patterns of absorbance and fluorescence to multi-component street drug samples A-I. d) DimerDye
sensors on their own do not discriminate multi-component street drug samples. Sensor array contains absorbance
and fluorescence responses of DD4Cx4, DD8Cx4 and DD13Cx4. Samples contain [DD]=10.5 uM and
[drug] = 0.03 mg/mL. PCA (correlation) scores plots show each sample set (n = 8) enclosed by 95% confidence
ellipses. All samples are in NaH,PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.

4.4 Conclusion

This work shows the value of increased systems chemistry complexity through
easily co-assembled mixed host 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 combinations of macrocycles to
generate more information-rich sensing fingerprints than aren’t possible using the
macrocycles in isolation from each other. 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, fluorophores, and
recognition binding elements, offering almost unlimited possibilities for enhancing current

sensing systems.
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4.5 Supporting information

4.5.1 General materials and methods

4.5.1a Materials

The following chemicals were used as received without further purification.
Cucurbit[7]uril hydrate (CB7), berberine chloride (BC), phenacetin (=98.0%), procaine
hydrochloride (>97%), lidocaine hydrochloride monohydrate and levamisole
hydrochloride were purchased from Sigma Aldrich. L-ascorbic acid (=99.0%) was
purchased from Fisher Scientific. 1-Adamantanamine (AdNH3) hydrochloride (>99.0%)
was purchased from TCI. 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, (—)-A3- tetrahydrocannabinol (A3-THC)
solution,  (#)-3,4-methylenedioxymethamphetamine (MDMA) solution, cocaine
hydrochloride solution, heroin solution and lorazepam solution.

The DimerDyes DD4Cx4, DD8Cx4, and DD13Cx4 were synthesized and purified
following reported protocols.”> Cucurbit[8]uril (CB8) was synthesized and purified
following literature procedures.??>2% N, N ’-dimethyl-2,7-diazapyrenium diiodide (MDAP)
was synthesized and purified following the reported protocol.2%

Street drug samples were collected from Substance, the Vancouver Island Drug
Checking Project, located in Victoria, BC, Canada.?* 2% 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 classification 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.2%% 20821 Cases where measurements were above the limit of quantification
are reported as >80%, where the lower limit of quantification is approximately 0.1%

(weight/weight).2%
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4.5.1b General UPLC-MS, NMR and MALDI-TOF methods

DimerDye purity was verified using a Waters UPLC-MS equipped with an Acquity
UPLC BEH C18 1.7 um (21 mm % 50 mm) column, UV-Vis and QDa detector. A gradient
of 90% H>0 (0.4% CH202)/10% CH3CN (0.4% CH203) to 30% H20 (0.4% CH202)/70%
CH3CN (0.4% CH20:) over 5 min 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 NaH2PO4/Na,PO4 (50 mM, pD 7.4) was prepared using sodium
phosphate monobasic and sodium phosphate dibasic in D>0O, the pD was adjusted with 1
M NaOD/DCI and determined using a pH meter.!!®

Mixed host co-assembly of DD13Cx4+CB7 was verified by MALDI-TOF MS
performed on a Bruker timsTOF flex MALDI-2 instrument (Bruker, Breman, Germany) in
the positive ion mode. The instrument was calibrated before the experiment in an
electrospray mode by a direct infusion of Agilent Calibration mix (Agilent Technologies,
Santa Clara, CA, USA). A sample of DD13Cx4 (50 pM) and CB7 (50 puM) in
NaH>PO4/Na;HPO4 (2 mM, pH 7.4) in H,O was deposited (2 uL) onto a steel target plate
and then dried under vacuum. A matrix solution was separately prepared by dissolving a-
cyano-4-hydroxycinnamic acid (CHCA, 12 mg) and ammonium citrate dibasic (3.6 mg) in
30% H20/70% CH3CN with 0.1% C2HF302 (4 mL). The CHCA matrix solution was then
deposited (2 pL) on top of the dried sample spot, the plate was dried again under vacuum

prior to running.
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4.5.1c General sample preparation — absorbance and fluorescence

Absorbance and fluorescence readings were collected on a BioTek Cytation-5 in
NUNC black-walled optical bottom 384-well plates. All samples for spectroscopic studies
were prepared in Milli-Q™ ultrapure water. Stock solutions of cucurbit[z]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 M'cm™! and
MDAP, €393 nm = 7800 M-'ecm™) and Beer-Lambert Law.?!'2!3 The concentration of
cucurbit[n]uril stock solutions (CB7 and CB8) were determined in H>O following reported
titration protocols with known strong binding dyes (MDAP and BC, respectively).?!!- 212
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 NaH,PO4/Na,HPO4 (10 mM,
pH 7.4) in H,0. Analytical drug ampules were evaporated overnight under a gentle air
stream and redissolved in analytical-grade methanol to form 5.2 mM stock solutions used
in the preparation of sensing samples. Solid multi-component street drug samples were
dissolved in analytical-grade methanol to form 1.5 mg/mL stock solutions used in the

preparation of sensing samples.
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4.5.2. Macrocyclic host synthesis and purity — '"H NMR and UPLC-MS
The calix[4]arene intermediate sCx4-CHO was synthesized following reported
protocols.’* DimerDyes DD4Cx4, DD8Cx4 and DD13Cx4 were synthesized and purified
following reported protocols (Scheme 4.1).7?

a) -
37% HCHO _= Ll ¢ _ phenol
NaOH AICl3 BzCl
diphenyl ether toluene \ pyridine
3 h, 260°C OIN, 60°C OIN, r.t
OH
2.3 2.5
HMTA
C,HF30,
4 h, 70°C
b)
0,8 “0s8 SO5
A
S
o 7 —
|
OH OHOH O
c)
-0, ~0s8 SOz
N
S
2 P~ —
| [
OH OHQOH O
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O H O H
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Scheme 4.1. Synthetic route of previously reported a) intermediate sCx4-CHO and DimerDyes, b) DD4Cx4, c)
DD8Cx4 and d) DD13Cx4.5* 7
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Figure 4.8. 'H NMR spectrum of DD4Cx4 in NaH,PO./Na,HPO, (50 mM, pD 7.4) in D,O (500 MHz, 298 K)
shows upfield-shifted pendant arm methyl and aromatic protons, supporting the existence of the molecule as a
homodimer (DD4Cx4:) in aqueous solution.
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Figure 4.9. UPLC-MS (ES+) of DD4Cx4. 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 4.10. 'H NMR spectrum of DD8Cx4 in NaH,PO4/Na,HPO4 (50 mM, pD 7.4) in D,O (500 MHz, 298 K)
shows upfield-shifted pendant arm methyl and aromatic protons, supporting the existence of the molecule as a
homodimer (DD8Cx4:) in aqueous solution.
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Figure 4.11. UPLC-MS (ES+) of DD8Cx4. Left = UV diode array detected chromatogram (190:800 nm). Right =
positive ion mode ESI mass spectrum of the eluted peak.

170



ONTONTOONOMO N~ © [N
MM®OBOOWYITMOOO N - Nw
WONMNNMNNNNNNNOO ©O Lol <
e e N N N ~N

8.36 78 77 76 75 74

Cx-Ar

Cx-Ar

Cx |

-Ar
4 5
I

6 3 2 | I I
| Iy I . 1 DD13Cx4,
1
| . .

L T ¥ MY
S O = ¥ e o S c oo oS o
o o ™ - -~ Y SR S

1(I).O 9I.5 9'.0 8l.5 80 7.5 7I.O 6I.5 6'.0 5l.5 5I.0 45 40 35 3'.0 2I.5 2I.O 1I.5 1I.O 0I.5 0'.0
S (ppm)
Figure 4.12. '"H NMR spectrum of DD13Cx4 in NaH,PO,/Na,HPO, (50 mM, pD 7.4) in D,0O (500 MHz, 298 K)
shows upfield-shifted pendant arm aromatic protons, supporting the existence of the molecule as a homodimer

(DD13Cx42) in aqueous solution.
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Figure 4.13. UPLC-MS (ES+) of DD13Cx4. 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 4.2. Synthetic route of CB8.2%
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Figure 4.15. 'H NMR spectrum of CB7 in D,O (500 MHz, 298 K).
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4.5.3 Mixed host co-assembled DimerDyeecucurbit[z]uril sensors

4.5.3a Cucurbit[n]uril into DimerDye titrations — absorbance and fluorescence

Preliminary experiments of a panel of previously reported DimerDyes (DD1Cx4,
DD4Cx4, DD8Cx4, DD12Cx4 and DD13Cx4),”> with CB7 and CB8 were conducted, data
not shown. DimerDyes in this work were narrowed down to DD4Cx4, DD8Cx4 and
DD13Cx4 that showed changes in absorbance and/or fluorescence upon addition of CB7

or CBS.
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Figure 4.16. Select cucurbit[n]urils induce changes in DimerDye absorbance and fluorescence. a) DD4Cx4
produces a red shift in absorbance and turn-on fluorescence response with CB8. No change in DD4Cx4 absorbance
or fluorescence is observed with CB7. b) DD8Cx4 produces a red shift in absorbance with CB8. No change in
DD8Cx4 absorbance or fluorescence is observed with CB7. ¢) DD13Cx4 produces a blue shift in absorbance and
turn-on fluorescence response with CB7 and a red shift in absorbance with CB8. Traces of DimerDyes (10.5 M)
alone are shown as black dashed lines. DimerDyes (10.5 pM) with CB7 (21 uM) are shown as red lines. DimerDyes
(10.5 uM) with CB8 (21 uM) are shown as teal lines. All solutions in NaH,PO4/Na,HPO4 (10 mM, pH 7.4) in
H>0. 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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Figure 4.17. Titrations of cucurbit[xn]uril into DimerDye induce red/blue shifts in absorbance and turn-on
fluorescence responses. CB8 titrations into a) DD4Cx4 (10.5 uM), b) DD8Cx4 (10.5 uM), and ¢) DD13Cx4
(10.5 pM). CB7 titration into d) DD13Cx4 (10.5 uM). Titrations are monitored by absorbance (left) and
fluorescence (right), where the darkest purple line represents the highest concentration of CB (84 uM) and the
lightest green line represents the lowest concentration of CB (1.3 pM). Traces of DimerDyes (10.5 M) alone are
shown as black dashed lines. Insets show the binding isotherms. All solutions in NaH,PO4/Na,HPO4 (10 mM, pH
7.4) in H,0. 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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Previous stopped-flow dimerization studies determined a dimer association
constant (Ka) of (1.6 = 0.9) x 10° M"! for DD1Cx4.'%® Apparent dissociation constants
(K4, app) of DD*CB mixed host co-assemblies were determined using absorbance binding
isotherms, plotting the change in DimerDye absorbance (Abs-Abs,) as a function of
cucurbit[n]ruil concentration. The data was fit in GraphPad Prism using a direct one site

binding equation, constrained by the constant concentration of DimerDye (10.5 uM).

4 (DD + x + Ky, app) — /(DD + x + Ky, app)? — (4DDx)
X
2DD
Where, A = amplitude of change in absorbance (Abs-Abs,),

DD = concentration of DimerDye
x = amount titrated

K4, app = apparent dissociation constant
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Figure 4.18. Apparent dissociation constants (Kg, app) 0f DD*CB complexes determined from a direct one site
binding model. Triplicate data from direct titrations of CB8 and CB7 into DimerDyes DD4Cx4 (10.5 uM),
DD8Cx4 (10.5 uM) and DD13Cx4 (10.5 pM). Error bars were plotted for each triplicate but are not visible in
cases where the error is smaller than the plotted point. All solutions in NaH,PO4/Na,HPO, (10 mM, pH 7.4) in
H,0. Note: These fits do not account for the dissociation of the dimer and should only be considered as comparisons
between related systems.
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4.5.3b TH NMR investigation of mixed host co-assembled DD*CB 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 DD4Cx4+CB8 and DD13Cx4+CB7 were investigated by 'H NMR. The
turn-off fluorescence sensing mechanism of DD13Cx4+CB7 was further probed by 'H
NMR through the addition of a CB7 selective guest (AdNH3). Solubility limitations
prevented further experimental investigation of the size of complexes formed by dynamic
light scattering (DLS) or diffusion ordered spectroscopy (DOSY).

Stock solutions of cucurbit[#n]uril hosts (CB7 and CB8) were prepared in D>O and
concentrations were determined by titration experiments with known strong binding dyes
(MDAP and BC, respectively) in H,0.2!! 212 Stock solutions of DimerDyes (1 mM) were
prepared by mass in NaH2PO4/NaxHPO4 (50 mM, pD 7.4) in D;0. Final NMR solutions
contained [DD] = 100 uM, [CB] = 100 uM in NaH>PO4/Na;HPO4 (10 mM, pD 7.4) in
DO.
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Figure 4.19. DD4Cx4 and CB8 form a fluorescent mixed host sensor. a) Schematic of DD4Cx4+CB8 co-assembly
illustrating possible binary and ternary complexes that could form in the larger CB8 cavity.'®”'% b) 'H NMR of i)
DD4Cx4 (100 uM). Upfield-shifted aromatic peaks in fast exchange and non-fluorescent appearance support the
existence of the homodimer DD4Cx4: in aqueous solution. ii) CB8 (100 uM). iii) DD4Cx4 (100 uM) and CB8
(100 uM) combined. Blue stars illustrate the appearance of new DD4Cx4 and CB8 resonances. The presence of
new upfield-shifted and broadened aromatic peaks and upfield-shifted methyl peaks indicate DD4Cx4-CB8
complexation. Fluorescent appearance of the NMR tube further supports the disassembly of the homodimer
DD4Cx4:. NMR tube irradiated with a hand-held UV lamp (Aex = 356 + 20 nm). All samples in NaH>PO4/Na,HPO4
(10 mM, pD 7.4) in D,O (500 MHz, 298 K).
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Figure 4.20. DD13Cx4+CB7 complex functions as a turn-off mixed host sensor for strong binding guests of CB7.
a) Schematic of DD13Cx4+CB7 formation and turn-off sensing mechanism upon analyte addition. b) 'H NMR of
i) DD13Cx4 (100 uM) shows upfield-shifted aromatic peaks in fast exchange. Non-fluorescent appearance of the
NMR tube supports the existence of homodimer DD13Cx4: in aqueous solution. ii) CB7 (100 uM). iii) DD13Cx4
(100 pM) and CB7 (100 pM) combined. Blue stars illustrate the appearance of new DD13Cx4 and CB7
resonances. The presence of new upfield-shifted and broadened aromatic peaks indicate DD4Cx4<CB8
complexation. The fluorescent appearance of the NMR tube further supports the disassembly of the homodimer
DD13Cx4:. iv) AANHj (100 uM). v) DD13Cx4 (100 uM), CB7 (100 uM) and AANHj (100 uM) combined.
Upfield-shifted AANH; peaks (red dashed lines) and the return of homodimer DD13Cx4: peaks indicate a
CB7-AdNH; assembly forms. The non-fluorescent appearance of the NMR tube further supports the reformation
of the homodimer DD13Cx4,. NMR tube irradiated with a hand-held UV lamp (Aex 356 + 20 nm). All samples in
NaH,PO4/Na;HPO4 (10 mM, pD 7.4) in D,O (500 MHz, 298 K).
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Figure 4.21. Control experiments demonstrate that the DD13Cx4+CB7 mixed host complex is responsible for
observed sensing responses. a) Schematic illustrating CB7-AdNHj favoured complexation. b) 'H NMR of i) CB7
(100 pM), ii) AANHj; (100 pM), and iii) CB7 (100 pM) combined with AANHS (100 uM). Complexation of
AdNHj is observed by upfield-shifted resonances in slow exchange, shown as red dashed lines. All NMR tubes
are non-fluorescent in appearance as CB7 and AdNHj are spectroscopically silent. ¢) Schematic illustrating the
homodimer DD13Cx4; is favoured over DD13Cx4*AdNHj complexation. d) "H NMR of i) DD13Cx4 (100 uM),
upfield-shifted aromatic peaks in fast exchange and non-fluorescent appearance supports the existence of
homodimer DD13Cx4: in aqueous solution. ii) AANHj (100 pM). iii) DD13Cx4 (100 uM) and AANH; (100 uM)
combined. Minimal shifts observed in AANH; and DD13Cx4; resonances indicate little disruption of the
DD13Cx4; homodimer. The non-fluorescent appearance of the NMR tube further supports the presence of
DD13Cx4; homodimer. NMR tube irradiated with a hand-held UV lamp (Ax = 356 + 20 nm). All samples in
NaH,PO4/Na;HPO4 (10 mM, pD 7.4) in D,O (500 MHz, 298 K).
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4.5.3c Molecular modeling of mixed host co-assembled DD13Cx4*CB7

Figure 4.22. Molecular modeling using DFT (RWB97X-D/6-31G(D)) was performed with Spartan to illustrate a
potential 1:1 binding geometry between DD13Cx4 and CB7. To partially counterbalance the overall charge of the
complex, two sodium ions were strategically placed: one within the DD13Cx4 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 variety 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, rather than a definitive structural depiction.

4.5.4 DimerDye and mixed host co-assembly titrations with cocaine — absorbance

and fluorescence
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Figure 4.23. Titrations of cocaine into DD4Cx4 (top) and cocaine into DD4Cx4*CB8 (bottom). Titrations
monitored by absorbance and fluorescence, where the darkest purple line represents the highest concentration of
cocaine (105 uM), and the lightest green line represents the lowest concentration of cocaine (0.82 uM). Traces of
DimerDye ([DD4Cx4] = 10.5 uM) or DD4Cx4+CB8 (|[DD4Cx4] = 10.5 uM, [CB8] =21 uM) alone are shown as
black dashed lines. Insets show the fluorescence binding isotherms. All solutions in NaH,PO4/Na;HPO, (8.4 mM,
pH 7.4) in H,O with 2% MeOH. 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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Figure 4.24. Titrations of cocaine into DD8Cx4 (top) and cocaine into DD8Cx4+CB8 (bottom). Titrations
monitored by absorbance and fluorescence, where the darkest purple line represents the highest concentration of
cocaine (105 uM) and the lightest green line represents the lowest concentration of cocaine (0.82 uM). Traces of
DimerDye ([DD8Cx4] = 10.5 uM) or DD8Cx4+CB8 ([DD8Cx4] = 10.5 uM, [CB8] =21 uM) alone are shown as
black dashed lines. Insets show the fluorescence binding isotherms. All solutions in NaH,PO4/Na,HPO, (8.4 mM,
pH 7.4) in H,O with 2% MeOH. 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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Figure 4.25. Titrations of cocaine into DD13Cx4 (top), cocaine into DD13Cx4+CB8 (middle) and cocaine into
DD13Cx4+CB7 (bottom). Titrations monitored by absorbance and fluorescence, where the darkest purple line
represents the highest concentration of cocaine (105 uM) and the lightest green line represents the lowest
concentration of cocaine (0.82 pM). Traces of DimerDye ([DD13Cx4] = 10.5 uM), DD13Cx4+CBS8 ([DD13Cx4]
=10.5 uM, [CB8] =21 uM) and DD13Cx4-CB7 ([DD13Cx4] = 10.5 uM, [CB7] = 21 uM) alone are shown as
black dashed lines. Insets show the fluorescence binding isotherms. All solutions in NaH,PO4/Na,HPO, (8.4 mM,
pH 7.4) in H,O with 2% MeOH. 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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Limits of detection (LODs) were determined by fitting a linear regression to the
initial linear region of each cocaine titration curve and calculating LOD = %, where o is
the standard deviation of the y-intercept and m is the slope of the linear regression. ¢!

Table 4.2. LODs of cocaine with DimerDye and mixed host co-assembled sensors in NaH,PO4/Na;HPO4 (8.4 mM,
pH 7.4) in H,O with 2% MeOH.

Sensor c m LOD (uM)
DD4Cx4 45.1 53.6 2.78
DD4Cx4-CB8 202 -184 3.62
DD8Cx4 17.9 114 0.51
DD8Cx4-CBS8 24.7 30.9 2.64
DD13Cx4 25.7 41.5 2.05
DD13Cx4+CB8 66.1 136 1.60
DD13Cx4+CB7 340 1106 1.02

4.5.5 Principal component analysis — absorbance and fluorescence

PCA analysis was conducted using select absorbance and fluorescence wavelength
responses. A covariance matrix was used in cases where only absorbance or only
fluorescence measurements were compiled. In cases where absorbance and fluorescence
measurements were combined, a correlation matrix was used. The general process for PCA
analysis is described below. A detailed tutorial review providing methods on improving
visual discrimination is reported by Anslyn and co-workers.®

e Spectral scans of sensor absorbance and fluorescence responses to different
analytes were visually compared. Key individual wavelengths that provided
separated patterns of response, different/unique patterns and large amplitudes in
change were initially selected (e.g. absorbance and fluorescence maxima of each
sensor and wavelengths that capture induced shifts in maxima).

e PCA analysis was done using the selected wavelength responses, producing loading
plots that identify the vector contribution of each sensor wavelength.

e Loading plots were evaluated and sensor responses were narrowed down to provide
the most discrimination. This was done through an iterative process of PCA and
loading plot re-evaluation, eliminating sensor vectors with small or close to zero
contribution, eliminating unnecessary overlapping vectors (sensors with redundant

sensing patterns) and maximizing overall vector separation.
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4.5.5a Identifying 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 uL final well volumes.
Final solutions contained [DD] = 10.5 uM, [CB] = 21 uM, and [drug] = 105 uM in
NaH;PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH. Mixed host sensor
combinations of DD4Cx4+<CBS8, DD8Cx4+CB8, DD13Cx4+*CB8, and DD13Cx4+-CB7
were tested for their responses to each individual illicit drug and adulterant. Absorbance
and emission wavelengths were selected based on preliminary experimental results, using
excitation wavelengths at the maxima of each DimerDye (DD4Cx4 Acx =480 nm, DD8Cx4
Aex=380 nm and DD13Cx4 Aex =420 nm) (Table 4.3). Cannabinoid sensing of DimerDyes
alone was also tested using the same selected absorbance and fluorescence wavelengths
(Table 4.4), this was done to validate the improved differentiation ability of the array of
mixed host sensors. Absorbance and fluorescence end-point measurements of each
DD+CBedrug combination were collected in 12 replicates, along with 2 solvent blank
measurements. The raw data was pre-processed by subtracting the solvent blank from each
DD+CBedrug measurement, then the two highest and two lowest data values were
systematically 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 4.3. Mixed host sensor wavelengths used in PCA analysis for the identification of drugs and adulterants.

Mixed host sensor Absorbance (nm) (kexlz(ﬁlrzr)?iingfm))
DD4Cx4-CB8 480 jgg: 2(7)8
DD8Cx4-CB8 440 380, 570
DD13Cx4+CB8 3(3)8 420, 600
DD13Cx4+CB7 3(3)8 420, 600
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Table 4.4. DimerDye sensor wavelengths used in PCA analysis for the identification of cannabinoids.

DimerDye Absorbance (nm) (Xexls(lltl;r)?iingrfm))
480, 570
DD4Cx4 480 480, 600
DD8Cx4 440 380, 570
400
DD13Cx4 430 420, 600
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Figure 4.26. An array of mixed host sensors differentiates structurally similar neutral cannabinoids. Sensor array
includes absorbance and fluorescence responses of mixed host sensors DD13Cx4+CB7 and DD13Cx4+-CBS8. PCA
(correlation) scores 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, [CB] =21 uM, and [drug] = 105 uM. All samples are in NaH,PO4/Na,HPO, (8.4 mM, pH 7.4) in H,O

with 2% MeOH.
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Figure 4.27. An array of DimerDye sensors does not differentiate structurally similar neutral cannabinoids. Sensor
array includes absorbance and fluorescence responses of DD4Cx4, DD8Cx4, and DD13Cx4. PCA (correlation)
scores 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 NaH,PO4/Na,HPO, (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Figure 4.28. An array of mixed host sensors shows the differentiation of central nervous system depressant cationic
opiates and neutral benzodiazepine analogs. Sensor array includes absorbance and fluorescence responses of mixed
host sensors DD8Cx4+CB8, DD13Cx4+CBS8, and DD13Cx4:CB7. PCA (correlation) scores 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, [CB] =21 uM, and [drug] = 105 pM.
All samples are in NaH,PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Figure 4.29. An array of mixed host sensors discriminates anesthetics and amphetamine from common adulterants.
Sensor array includes absorbance and fluorescence responses of mixed host sensors DD4Cx4+CBS,
DD13Cx4+CBS8, and DD13Cx4+CB7. PCA (correlation) scores 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 puM, [CB] = 21 pM, and [drug] = 105 pM. All samples are in
NaH,P0O4/Na;HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Figure 4.30. All drug and adulterant differentiation from an array of mixed host sensors. Sensor array includes
absorbance and fluorescence responses from mixed host sensors DD4Cx4+CB8, DD8Cx4-CB8, DD13Cx4+CBS,
and DD13Cx4+CB7. PCA (correlation) scores 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, and [drug] = 105 uM. All samples are in NaH,PO4/Na,HPO4

(8.4 mM, pH 7.4) in H,O with 2% MeOH.
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4.5.5b Identifying multi-component street drug samples

Discriminant analysis experiments of multi-component street drug samples were
conducted in NUNC black-walled optical bottom 384-well plates, with 50 uL final well
volumes. Final solutions contained [DD] = 10.5 uM, [CB] = 21 uM, [street drug sample]
= 0.03 mg/mL in NaH;PO4/Na;HPO4 (8.4 mM, pH 7.4) in H,0 with 2% MeOH. A blank
of each multi-component street drug sample was measured to ensure no signal overlap in
the DimerDye regions. Full absorbance 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 4.32 and Figure 4.33). Excitation wavelengths were
selected at the maxima of each DimerDye (DD4Cx4 Aex = 480 nm, DD8Cx4 Aex = 380 nm,
and DD13Cx4 A.x = 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 equilibrium 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 sensors 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 4.5). DimerDye sensors alone were also tested
using the same selected absorbance and fluorescence wavelengths (Table 4.6) as a direct
comparison of the DimerDye sensor array (Figure 4.35) to the array of DD*CB mixed host
sensors (Figure 4.34). 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).
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Table 4.5. Mixed host sensor wavelengths used in PCA analysis for the identification of multi-component street
drug samples.

Mixed host sensor Absorbance (nm) O F(l:lllcl)lr)eiengrel:m))
DD4Cx4+CB8 - jzg’ 2;8
DD8Cx4+CB8 - 380, 580
DD13Cx4+CB8 430 420, 600
DD13Cx4+CB7 400 420, 600

Table 4.6. DimerDye sensor wavelengths used in PCA analysis for the identification of multi-component street
drug samples.

DimerDve Absorbance (nm) Fluorescence
Y (hex. (NM), Ao (nM))
DD4Cx4 - 480, 570
480, 580
DD8Cx4 - 380, 580
DD13Cx4 400 420, 600
430
A. Cocaine (90%), ,B. Bromazolam ; C. MDMA (>80%) 1E. Fentanyl (20%), caffeine,, F. Fentanyl (13%), fluorofentanyl (1%),
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Figure 4.31. Composition and chemical structures of the multi-component street drug samples acquired through
Substance, the Vancouver Island Drug Checking Project, located in Victoria, British Columbia, Canada.?%
*Samples H and I were provided by two different people reporting the same drug from the same batch and supplier.
All chemical structures are represented in the expected protonation forms under sensing conditions of pH 7.4.
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Figure 4.32. Mixed host sensor absorbance and fluorescence responses to multi-component street drug samples.
Absorbance responses (left) and fluorescence responses (right) of mixed host sensors a) DD4Cx4+CB8S, b)
DD8Cx4+CB8, ¢c) DD13Cx4+CB8 and d) DD13Cx4+°CB7 to multi-component street drug samples A-I (Table 4.1
and Figure 4.31). The dotted lines in the spectra represent the selected wavelengths used in PCA analysis. Samples
contain [DD] = 10.5 uM, [CB] = 21 puM, and [street drug sample] = 0.03 mg/mL. All samples are in
NaH,PO4/Na;HPO, (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Figure 4.33. DimerDye absorbance and fluorescence responses to multi-component street drug samples.
Absorbance responses (left) and fluorescence responses (right) of DimerDyes a) DD4Cx4 b) DD8Cx4 and c)
DD13Cx4 to multi-component street drug samples A-I (Table 4.1 and Figure 4.31). The dotted lines in the spectra
represent the selected wavelengths used in PCA analysis. Samples contain [DD] = 10.5 pM and [street drug
sample] = 0.03 mg/mL. All samples are in NaH,PO4/Na,HPO4 (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Figure 4.34. An array of mixed host sensors differentiates multi-component street drug samples. Sensor array
includes absorbance and fluorescence responses from mixed host sensors DD4Cx4+CBS8, DD8Cx4+CBS,
DD13Cx4+CBS8, and DD13Cx4+CB7. PCA (correlation) scores 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 NaH,PO4/Na,HPO, (8.4 mM, pH 7.4) in H,O with 2% MeOH.
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Figure 4.35. An array of DimerDye sensors does not differentiate multi-component street drug samples. Sensor
array includes absorbance and fluorescence responses from DimerDye sensors DD4Cx4, DD8Cx4, and DD13Cx4.
PCA (correlation) scores plot shows each samples 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 and [street drug sample] = 0.03 mg/mL. All samples are in NaH,PO4/Na,HPO, (8.4 mM, pH 7.4) in
H,0 with 2% MeOH.
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Chapter 5: Conclusions and future directions

5.1 State of the field in hosteguest sensing

At the onset of this dissertation, macrocyclic hosts were customarily studied as
discrete pairwise hosteguest interactions. There was a rapidly increasing number of
reported hosts that bind small bioactive molecules in water, along with fewer, more recent
examples that persist in the presence of salts and buffers. The biological application
potential of supramolecular hosts spurred many researchers to emphasize designing
sensing systems that function in more complex biological solutions.

Host-based sensing via noncovalent self-assembly of a reporter dye is the most
studied (and easiest) route to sensing, with many reported hostedye combinations.
Concentrations in indicator displacement assays (IDA) can be tuned towards competitive
dye displacement, producing a photophysical response upon hosteanalyte complexation.
Despite the relative ease of this approach, the presence of various salts are known to
diminish photophysical outputs and perturb desired host binding events. At the beginning
of this dissertation sensing systems that maintained their function in biorelevant conditions
were underexplored.

Rational design strategies have advanced host-based sensing in the presence of
competitive interferants. This progression represents the classical synthesis-oriented
approach taken in the field. Typical strategies for improving molecular recognition include
synthetic incorporation of additional non-covalent binding motifs, altering host cavity size,
and modifying the upper and lower rim to introduce new functionality. In the case of host-
based sensors, rational design has recently advanced salt tolerant systems through synthetic
integration or tethering of a reporter dye to the host scaffold. Although time consuming,
this approach can effectively enhance analyte sensitivity and inhibits dye dilution effects
in salty solutions.

The application of host-based sensors in an array is an ongoing technique used to
differentiate biorelevant small molecules, peptides and proteins. Initial examples of host-
based sensor arrays were built around isolated sensor units detecting isolated analytes.
These arrays often consisted of the same host scaffold paired with various dyes, applied to

the differentiation of small molecules within the same class (e.g. differentiation of amino



acid methylation states). In this platform the differentiation of highly similar chemical
structures posed an ongoing challenge, as similar binding affinities result in
indistinguishable response patterns. Another limitation within the field was the tendency
to focus on a singular scaffold, which is inherently limited to a class of interacting
molecules (eg. p-sulfonatocalix[n]arenes bind hydrophobic cationic analytes), with fewer
examples of host-based sensing systems that detect a larger range of analytes. Throughout
the duration of this dissertation, the field has shifted towards designing more information-
rich systems, tackling more challenging sensing tasks, distinguishing highly similar

analytes, biomacromolecules, and more complex biological mixtures.

5.2 Contributions and future directions in host-based systems design and sensing

This dissertation presented systems-oriented strategies that improve host synthesis
(Chapter 2) and establish more powerful sensing tools (Chapters 3 and 4). Each Chapter
incorporated a form of systems complexity, deriving function through linked equilibria.

In Chapter 2, we learned the value of combining noncovalent interactions and
dynamic covalent chemistry to drive the formation of new host structures. Using a mixture
of dynamic covalent building blocks and a target analyte, we formed a new synthetically
challenging host via templated self-assembly. The use of reductive chemistry locked the
linked dynamic covalent building blocks in place, allowing for easy isolation and
purification. Furthermore, the selected aqueous buffer reaction conditions ensured
favourable binding to the target analyte was maintained, for future studies in biorelevant
conditions. Although template assisted self-assembly is not a novel concept, this work
illustrates how it can be readily applied to the formation of new host structures. This general
method can be extended into dynamic covalent libraries, as a means of developing selective
hosts for a range of applications (e.g. supramolecular drug reversal, drug delivery and
sensing). A mixture of building blocks containing reactive dynamic covalent handles can
be combined in solution (e.g. aldehyde with amine or hydrazine, boric acid with catechol,
and/or thiol groups) with an unreactive target analyte to encourage template assisted self-

assembly and effectively amplify the most thermodynamically stable host species. Through
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this approach novel host structures can arise, while circumventing failures encountered in
rational design and multi-step synthesis.

At the beginning of my graduate studies, I contributed to the study of salt tolerant
host-based DimerDye sensors. This work transformed the well-known
p-sulfonatocalix[4]arene scaffold into a unique disassembly-driven turn-on sensing
system, resilient to high salt conditions known to perturb many host-based assemblies.
Through parallel synthesis, integrating a panel of merocyanine dyes, an array of DimerDye
sensors were readily formed. This allowed us to further explore array-based sensing
platforms, discriminating cationic drugs in buffer and saliva,’? providing important context
for the subsequent work presented in this dissertation. I chose not to explicitly include the
initial DimerDye sensor array studies as a Chapter in this dissertation, as a portion of the
work was done while I was a research associate, prior to starting graduate studies.

The initial published works recognized several areas for DimerDye improvement.
Although the reported sensitivity of DimerDyes towards small cationic drugs is good,
operating at low uM concentrations, several properties of the system can be optimized. In
mechanistic studies we found weaker DimerDyeranalyte affinities were competing with
stronger DimerDye dimerization, requiring relatively higher concentrations of analyte in
sensing applications.!?®* We also found that the sensitivity of the system was hindered by
low apparent quantum yields of the integrated merocyanine fluorophore.”? Both these areas
provide opportunities for improvement through rational design of new DimerDye
structures. Ideally, a DimerDye sensing system would provide stronger DimerDyeeanalyte
binding affinity and integrate a brighter fluorophore, improving the overall sensitivity. This
route is currently being pursued by other students in the group through the synthetic
integration of diphenylacetylene derivatives. Lastly, initial differentiation studies with an
array of isolated DimerDyes revealed limitations in the information output and range of
detected analytes. This dissertation focused on addressing the latter challenges, expanding
the sensing application of DimerDyes through systems chemistry. Although the presented
DimerDye system is unique, the obstacles encountered in host sensing and how they were

approached are applicable to the broader supramolecular sensing community.
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Chapter 3 and 4 introduced new complex systems approaches towards information-
rich sensing. In Chapter 3, a fundamental study was conducted, mixing multiple cross-
reactive DimerDye building blocks, containing different integrated fluorophores. This
work highlights the benefits of complex interconnected equilibria, allowing for adaptive
information-rich outputs upon analyte perturbation of a host network. In these studies, we
found that the network system gave rise to new and unexpected emergent properties,
providing better discrimination from a single sensing solution compared to an array of
isolated sensors. This increase in systems information supported my pursuit of more
challenging sensing tasks, with the ability to discriminate amongst highly similar isolated
proteins and profile complex protein mixtures. In Chapter 4, we established host co-
assemblies as a new form of sensing with a broadened analyte scope. Through the co-
assembly of two different host scaffolds via an integrated environmentally sensitive dye,
we were able to expand sensing outputs towards hydrophobic, cationic and neutral species.
To further build in complexity I applied co-assembled mixed host sensors towards profiling
illicit street drug samples, containing multiple components of hydrophobic, neutral and
cationic molecules.

The concepts explored in Chapter 3 and 4 can be expanded into building more
powerful sensing tools from mixtures of three or more cross-reactive building blocks. This
could include a range of accessible water-soluble macrocyclic hosts that differ in binding
properties and affinities (e.g. p-sulfonatocalix[n]arene, cucurbit[r]uril, sulfo-
pillar[n]arene, water-soluble calix[4]pyrroles, and cyclodextrins) and the incorporation of
dyes that undergo diverse photophysical responses (e.g. dyes that undergo PET, charge
transfer, FRET pairs, dyes that display solvatochromic behaviour or pH sensitivity). Most
importantly the design of new complex systems must promote cross-reactivity amongst
building blocks, in order to facilitate emergent properties and information-rich outputs.
This can be achieved through systems comprised of general binding motifs that operate in
equilibrium of one another (i.e. letting go of targeted selectivity and self-sorting) or the
incorporation of additional components that facilitate co-complexation and/or higher-order
self assemblies; examples thus far include metal ions or salts that co-complex with host
assemblies, the incorporation of dynamic covalent building block interactions, host

dimerization and micelle induced host aggregation.
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Overall, this work illustrates that overcoming host-based sensing limitations
requires us to diverge from a single host-class, single target outlook. Systems approaches
to sensing provide the ability not only to distinguish highly similar analytes but also
distinguish diverse classes of dissimilar analytes, giving rise to new properties that push
differential sensing further. Although this body of work is far from complex systems that
mimic nature, it ultimately demonstrates the value gained through increased complexity of

multi-interacting systems, giving rise to new and better functions.

5.3 Future directions of the field in host-based sensing

The recent application of systems complexity in host-based sensing represents the
forefront of the field. The development of multi-component macrocyclic systems from
readily accessible building blocks has led to more advanced sensing functions, with rapid
access to information-rich outputs. This development has begun to shift host-based
differentiation towards much larger sensor arrays, via high throughput microplate
screening of different readily mixed system components, ratios of co-assembled building
blocks and solvent conditions. As larger data sets are produced, the community will adapt
more data science strategies, including machine learning, to aid in determining the most
valuable variables within a data set. This is comparable to the advances in data science that
are currently being explored in other information-rich and/or data-rich disciplines, such as
bioinformatics. The development of these tools will further enable the community to
overcome challenging tasks of identify small changes in complex biological mixtures and
work towards identifying multiple components within complex samples. As the field
progresses, increasingly powerful sensing tools will arise from the combined benefits of
rational synthetic design and systems chemistry, bringing us closer to mimicking the

complex systems that govern biology.
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