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A synergistic combination of a deep cavitand host, fluorophore
guests and transition metal ions can be used to sense small
molecule thiols of biological interest with good efficiency and
selectivity in complex aqueous media.

Low-molecular-weight (LMW) thiols such as cysteine (Cys),
homocysteine (Hecy) and glutathione (GSH) play crucial roles in
biological systems as antioxidants and signaling agents, in metal
sequestration and in protein biosynthesis.! The concentration,
ratio and redox balance of these biothiols are controlled by
diverse cellular processes, and disruption of this balance affects
cell signaling and anti-pathogen response.? This has led to a
need for simple survey techniques that allow monitoring of
biothiol fluctuation and interplay in biological systems. Most
probes for biothiols are reactivity-based, and exploit the innate
nucleophilicity of thiol groups in conjugate addition reactions
and fluorophore displacements for optical detection.3 These are
most effective for H,S and other reactive thiols, and have been
used for intracellular imaging and detection of a variety of
reactive thiolates.* However, selective discrimination between
different biothiols such as glutathione (GSH), cysteine (Cys) and
homocysteine (Hcy) remains challenging,
compounds show similar
structurally similar thiol groups. Some reactivity probes for
these thiols are known,> as well as nanoparticle® and MOF-
based sensors.” Sensors that can discriminate the thiols with
high structure similarity, like Cys/Hcy, or with comparable
oxidation potential, like GSH vs. Cys/Hcy, are still needed,
however. Another strategy is to use the innate sensitivity of
thiols for first row transition metals in the sensing. GSH, Cys and
Hcy show strong affinity for Cu*ions in aqueous solution,® and

because these
reactivity patterns from their
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this effect has been coupled with fluorophores for thiol
detection, but these studies can be limited in their selectivity.®
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Figure 1. a) Structure of host 1, guests 2 and 3; b) minimized structures of 1e2eCu,
(SPARTAN, semi-empirical minimization); c) lllustration of the turn-on and turn-off
fluorescence detection processes for the different fluorophores 2 and 3.

We hypothesized that non-covalent assembly of the metal
ion, fluorophore and a modulator of recognition affinity would
allow simple component variation and array-based sensing. This
requires that the affinity of all the components for each other
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must be strong. Recently, we have shown that deep cavitand
hosts such as 1 (Figure l1a), when combined with suitable
fluorescent guest molecules, can be applied for optical sensing
of a variety of structurally similar targets, including modified
peptides and small By combining variably
functionalized hosts with different fluorescent guests like 2 and

molecules.10

3 atvarying pH in an arrayed format, a “chemical nose” sensor!!
can be created that is capable of highly selective discrimination.
Fluorescent guests such as DSMI 2 and Rhodamine B-based
guest 3 show variable effects on emission when bound to host
1. DSMI 2 is a weakly fluorescent dye that is turned-on by
binding in the host,'> whereas guest 3 is strongly quenched
upon binding. These responses are modulated upon addition of
metal ions to the system: the multiple carboxylate groups in 1
are in close proximity to each other, and are easily capable of
free rotation to chelate a metal ion (Figure 1b).12 Micromolar
affinities are possible, even in aqueous solution (K4 (1e2eCu?*) =
8.7 uM).12 Since thiols also show strong affinity for metal ions
like Cu and Ni, the metal-containing cavitand sensors could offer
an alternative strategy for sensing and discrimination of
biothiols (Figure 1c). Here, we show that instead of applying
optical sensors that only use “single-mode” detection, one can
exploit an arrayed series of host:fluorophore complexes that
can discriminate small amounts of biothiols in aqueous solution.
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Figure 2. (a) Thiols tested, and fluorescence response of (b) 1e2eCo?*, 1e2eNi%*, (c)
1e2eCu?*; (d) 1e3eCo?*, 1e3eCd?*, (e) 1e3eCd?* upon adding different biothiols. Sensor
1e2: [1] = 20 uM, [2] = 1.5 pM, [metal] = 10 uM; Sensor 1e3: [1] = 4 uM, [3] = 3 puM,
[metal] = 10 pM; [RSH] = 100 puM for all. Fy = fluorescence of the 1e2e¢M?* or 1e3eM2*
complex, respectively.

The seven thiols tested are shown in Figure 2a. These targets
included the three most predominant LMW thiols found in cells
— Cys, Hcy, and GSH. Other structurally similar, yet non-
biological thiols MAA, MEA, MSA, and 2-ME were included to
illustrate the selectivity of the system. The initial tests were
performed to determine which transition metals were most
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effective when combined with host 1 and the two orthogonal
fluorophores 2 and 3. Initially, nine transition metals were
tested, forming an array with 18 sensor elements (see Figure S1
for full screen). The thiols ([RSH] = 100 uM) were mixed with the
12 or 13 sensors and the different metal ions at the optimized
host:guest ratios!% 12 to ensure maximum signal response
(102:12 [1] = 20 uM, [2] = 1.5 pM, 13:100 [1] = 4 uM, [3] = 3 pM,
[M] = 10 uM in both cases!?), and the change in fluorescence
(F/Fo) was recorded. The tests were performed in Tris buffer, pH
7.4 to allow mechanistic analysis of the metal effects without
other metal cations present (e.g. Na*in phosphate buffer). This
was only to ensure accuracy, however, Na* does not interfere in
the response.’? For 12, only Co?%*, Ni?* and Cu?* caused
significant changes to at least one biothiol (Figure 2b-c), and
Cu?*was by far the most effective additive, with up to a 13-fold
enhancement in emission of the 12 complex observed with
Hcy. Most importantly, Cys gave only a 2-fold enhancement in
signal. The turn-on sensor 13 behaved differently, and was
variably affected by more metal ions. All thiols tested enhanced
the fluorescence for the sensors, with Co2*, Cu2*, Cd?*, and Hg?*
showing F/Fq larger than 50%. Among them, Co?*, Cu?* and Cd?*
showed distinct responses to different thiol compounds (Figure
2d, e), but the overall change in fluorescence was smaller than
that of 1e2eM?2*, Cu2*was still the most responsive added metal.
In the absence of metal ions, the influence of biothiols on the
host-guest fluorescence was negligible (Figure S-2).

Having narrowed down the most suitable elements for the
array, we applied discriminant analysis to determine the most
effective sensor for the 7 biothiols tested. We conducted
Principal Component Analysis (PCA) on the fluorescence profiles
from the sensors (Figure 3 and Figure S-1). We can see from the
scores plots of the first two principal components, PC1 and PC2,
that the 1e2/1e3 sensors alone are not effective at
differentiating the thiols (Figure 3a). Simply adding Cu?*ions to
form a 2-component array dramatically improved the
separation in the scores plot, clearly illustrating the importance
of Cu?* in thiol recognition (Figure 3b). 95% confidence ellipses
on the scores plot shows good clustering of the repeated
measurements of the same compound. Importantly, Cys, Hcy,
and GSH were well separated even with this minimal array, but
Cys could not be differentiated from MSA and MAA, and
separation between GSH and 2-ME was poor. To further
improve the separation, we formed a 4-component array by
adding multiple metal ions to 12, while retaining only 1e3eCu?*
(Figure 3c), and a 6-component array including three metal ions
for each sensor (Figure 3d). The 4-component array was the
optimal sensor combination, combining a minimal number of
components with almost complete target discrimination
(although differentiating MAA and MSA remained
problematic). The six-component array was most effective, but
not significantly so. Further analysis of the loading data (Table
S-1) from PCA shows that 1e3eCd2* and 1e3eCo2* contribute
poorly to differentiation of these compounds, as so the optimal
array was determined to be 1e2eCo2*, 1e2eNij2*, 1e2eCu?* and
1e3eCu?* (Figure 3c). The separation effect using this 4-sensor
array was also verified by hierarchical cluster analysis (HCA)
(Figure S-3). This illustrates that Cys, MEA, Hcy, and GSH can be
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well separated with comparable dissimilarity degrees. These
four thiols have a larger dissimilarity with 2-ME, MSA and MAA,
with the latter two not differentiable from each other.
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Figure 3. PCA scores plots showing the effect of biothiol differentiation using a)
the no-metal cavitand sensors 12 and 1e3; b) the Cu-containing cavitand sensors
1e2eCu?* and 1e3eCu?*; c) a total of four sensors: 1e2eCo?*, 1e2eNi2* and the two
Cu-containing cavitand sensors; and d) all six sensors showing the largest
fluorescence changes in Figure 2, i.e. 1e2eCo0?*, 1e2eNij?*, 1e2eCu?*, 1e3eCo0?*,
1e3eCu?* and 1e3eCd?*. The sensor concentrations were the same as in Figure 2.

The mechanism of the sensing process is illustrated in Figure
1c. Small water-soluble molecules are not bound in 1, nor are
they competitive guests when compared to the affinity of 2 or
3. Instead, the strong affinity of the biothiols for ions such as
Co/Cu or Ni competes with the 102 and 13 complexes for the
metal ions (e.g. log K1 (Cu(ll)eGSH) = 8.0632, log K1 (Cu(ll)eCys)
= 9.313b), The metals modulate the emission of 162 and 1e3,
mainly via heavy atom quenching effects, but also via guest
displacement.’2 The thiols sequester the metal ions, causing
selective changes in fluorescence of 12 and 1e3. The varying
affinities of the different biothiols for the different metals,
coupled with the varying affinities of the different metals for
12 and 1e3 causes the differential responses. As CuZ* has the
strongest affinity for thiols, this shows the greatest amount of
metal sequestration, thus the strongest signal. This is
corroborated by the fact that only thiols caused a response, not
disulfides. Indeed, cystine (the disulfide of Cys) had no impact
on the fluorescence of 1e2eCo2* with a concentration as high as
200 pM, while the signal of Cys increased with Cys
concentration (Figure S-8). In addition, SELDI-MS analysis
showed that the proportion of 1eCu?* in solution decreased
markedly (and variably) in the presence of different thiols
(Figures S-4, S-5).

The most intriguing result is the differentiation of Cys and Hcy
with our sensors. Selective detection of Hcy is more challenging
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than detection of Cys, and only a few such probes have been
reported.5d:5h51.7.14 The |arge separation between these two
compounds on the PCA scores plot and on the HCA chart is due
responses with the multiple sensor
elements in the array. For example, upon increasing thiol
concentration from 0 — 1,000 uM, 1e2eCo?* and le2eNi2*
responded to only Cys but not Hcy, whereas Hcy increases the
fluorescence of 1e2eCu?* and 1e3eCu?*, but Cys does not
(Figures S-6, S-7). As such, the 3-component 1e2eCo?*/Ni2*/Cu?*
array was applied to detect variations in the relative ratio of
Cys/Hcy. The proportion of Hcy in the mixture was varied from
0 to 100%, keeping the total concentration of both thiols at 100
UM. As shown in Figure 4, decreasing the proportion of Cys in
the Cys-Hcy mixture did not affect the no-metal control (1e2
only), but caused substantial signal decrease with the 1e2eCo?*
sensor, and a mild decrease with 1e2eNi2*, In contrast, a high
proportion of Cys did not generate much fluorescence change
in 1e2eCu?*, and significant signal increase was observed with
the proportion of Hey higher than 50%. To visualize the change
better, PCA was performed using the 3-component array, and
this shows that the Cys/Hcy ratio increases along with the
increase of PC1. The value of PC2 initially decreased with the
proportion of Cys in the mixture, and then increased with higher
proportion of Hcy which agrees with the opposite trend of
signal change between 1e2eCo?* and 1e2eCu?*.

to their differential
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Figure 4. Quantifying the binary mixture of Cys/Hcy with the ratio of these two changing
from 0:100% to 100%:0 in 20% increments. [Hcy+Cys] = 100 pM. a) Fluorescence signals
and b) PCA scores plot obtained with the three sensors 1e2eCo?*, 1e2eNi2*and 1e2eCu?*,

Varying the components allows selectivity for different thiols.
Whereas 1e2eCu?* sensor shows the greatest response for Hcy
and GSH, only Cys induced a large fluorescence change (F/Fo™ 3
in Figure 2) with the 1e2eCo%* sensor. The detection
performance for this sensor for Cys was then tested within a
concentration range of 0 — 200 uM (Figure S-8). Continuous
fluorescence increase with increasing Cys concentration was
observed until plateauing at 200 uM, and the calculated limit of
detection (LOD) was 3.19 uM (Figure S-9). This LOD is sufficient
for detection of Cys in biological samples, as the free Cys in
human plasma is ~8-10 uM.2f The detection performance for
other thiols was also determined. The 1e2eNi2* sensor
responded to both Cys and MEA (Figure S-10), and the LOD for
Cys was 4.32 uM, comparable to that of 1e2eCo?*, but the
dynamic range of this sensor was larger: fluorescence continued
to increase until the thiol concentration reached 1 mM. The
1e2eCu?* sensor exhibited strong response to Hcy, to 2.02 uM,
and GSH, to 2.87 uM (Figure S-10), but low response to Cys.
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We further evaluated whether our sensors could detect these
thiols Each thiol
compound was added to the lysate of MCF-7 breast cancer cells
prepared from ~106 cells/mL, and then the 1e2eCu?* sensor was
added. The resultant fluorescence signal was fit to the

in a complex biorelevant environment.

calibration curve of the corresponding thiol standard to
calculate the thiol concentration. The calculated concentration
was divided by the spiked thiol concentration to result in the
recovery values shown in Table 1. To better assess the accuracy
of our method, we subtracted the background fluorescence
before recovery calculation, which may come from endogenous
thiols in the sample. We can see that the calculated value
matches quite well with the spiked-in concentration, illustrating
that the sensor is tolerant to cell lysate background, retaining
the ability to provide accurate measurement of the LMW thiols.

Table 1. Detection of spiked Cys, Hcy and GSH in MCF-7 cell lysate using the 1e2eCu?*
sensor.?

Biothiol | Spiked | Tested | Recovery
(nM) (nM)

Cys 100 108.3 108.3%

Hcy 50 53.2 106.5%

GSH 100 107.1 107.1%

a[Cys],[GSH] = 100 puM, [Hcy] = 50 pM.

In conclusion, we have shown that a synergistic combination
of a deep cavitand host, fluorophore guests and transition metal
ions can be used to sense small molecule thiols of biological
interest. Excellent selectivity between the three most common
LMW biothiols is possible, as well as successful discrimination
from other small thiols with similar structures. Thiol-metal
coordination and host-fluorophore interactions both contribute
to the signal variation induced by different biothiols, maximizing
the selectivity of the detection. The sensors are functional in
aqueous solution and even in cell extracts. This flexible, yet
simple sensor array represents a valuable tool for monitoring
the presence of biologically important thiols in complex media.
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1. General Information

Cavitand 1' and guest 3% were synthesized according to previous reports. DSMI 2 (trans-
4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide) was purchased from Sigma-Aldrich (St.
Louis, MO) and used as received. All thiol compounds (2-mercaptoethanol (2-ME),
mercaptoacetic acid (MAA), mercaptosuccinic acid (MSA), L-cysteine (Cys), L-Homocystine
(Hcy), 2-Mercaptoethylamine (MEA), 1,4-dithiothreitol (DTT) and L-Glutathione (GSH), cystine
(an oxidized dimer of cysteine), H>O> and buffer salts were also purchased from Sigma-Aldrich
(St. Louis, MO). Divalent metal salts (all chlorides except for Pb(NO3). and Hg(OAc),) were
purchased from Aldrich (St. Louis, MO) and Alfa Aesar (Tewksbury, MA), and they were used as
received. Ultrapure water with electric resistance > 18.2 MQ was produced by the Millipore Milli-
Q water purification system (Billerica, MA). Molecular modeling (semi-empirical calculations)

was performed using semi-empirical calculations (AM1) in SPARTAN.
2. Experimental Procedures

Fluorescence sensor array. In a typical experiment, 10 pL cavitand 1 (200 pM for DSMI 2
or 40 uM for Guest 3), 10 uL. DMSI 2 (15 puM) or Guest 3 (30 uM), 10 pL of 100 uM metal salt
solution and 60 pL of Tris buffer (pH 7.4, 20 mM) were added to each microwell (96 well plate).
After adding 10 pL of the biothiol solution (1 mM), the mixture was incubated for 15 mins at room
temperature. The fluorescence was measured by Perkin Elmer Wallac 1420 Victor 2 Microplate

Reader with the Ex/Em wavelengths at 440/605 nm for DSMI 2 or 530/605 for Guest 3.

Detection of spiked thiol compounds in cell lysate. The breast cancer cells of MCF-7 were
first washed twice with ice cold PBS and then harvested by standard trypsin treatment. The
harvested cells were diluted to 1 x 10% mL with PBS, and were physically lysed by a sonicator for
5 mins with following settings: Pulse On 10 seconds, Pulse Off 10 seconds, Probe Size 50 mm,
Frequency 20 KHz, Power Rate 100%. Cell breakage was con-firmed with an optical microscope.
Cys, Hey and GSH were spiked to the cell lysate and mixed well with the 1+2+Cu?" sensor before

fluorescence measurement.

Data analysis. Principle component analysis (PCA) and Hierarchical clustering analysis
(HCA) were completed with for R programs (version 3.3.2). PCA was performed using the
standard “princomp()” function, with default settings. HCA was performed in two steps: the
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Euclidean distance between two objects was calculated and stored in a matrix; then the matrix was
input into the built-in HCA function “hclust()”, and the result was drawn with the R “plot()”
function. The 95% confidence ellipses were drawn with the data obtained from PCA using Matlab

(version R2016b) and a self-developed script. The full Matlab script is available upon request.
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3. Supporting Figures

a) Screening of the effects of different metals on recognition of thiol compounds.
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Figure S-1. Biothiol induced fluorescence change. a) 122 with 10 metals; b) 13 with 10 metals. Sensor
12eM?*: [1] = 20 uM, [2] = 1.5 uM, [metal] = 10 pM; Sensor 13M?**: [1] =4 uM, [3] =3 pM, [M*] =
10 uM; [biothiol] = 100 pM for all, pH = 7.4.
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Figure S-2. Biothiol influence on cavitand+guest without metal. a) biothiol with 1¢2; b) biothiol with 1¢3.
Sensor 12: [1] =20 uM, [2] = 1.5 uM; Sensor 1¢3: [1] =4 uM, [3] = 3 uM; [biothiol] = 100 pM for all,
pH=174.
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Figure S-3. Hierarchical cluster analysis of the LMW biothiols using a 4-compoinent array that added
multiple metal ions to 1+2 and retained only 1+3+Cu?".
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b) MALDI-MS analysis of the effect of added thiols on [1¢Cu:] in solution.
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Figure S-4. SELDI-MS spectra of the cavitand 1 complex with Cu®*ions in the presence of thiols. SELDI
spectra of 1 and a) Cu?* only, indicating presence of ion peaks for 1, 1¢Cu and 1¢Cu;; b) Cu** + Hcy; ¢)
Cu?"+ GSH; d) Cu* + Cys. Host:RSH ratio 1:5, [1] = 20uM, pH 7.4, 20 mM Tris buffer.
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Figure S-5. Tabulated relative intensities of 1¢Cu and 1°Cu; from the MALDI experiments in Fig S-4,
normalized to intensity of 1 alone, indicating lower proportions of 1°Cuy; in the presence of RSH.
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¢) Response curves for different thiols by individual sensors.
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Figure S-6. Fluorescence response of biothiols with 1e2¢M?** in tris buffer. Sensor 1¢2: [1] =20 uM, [2] =
1.5 uM. In all three sensors, [M?*] = 10 uM, pH = 7.4.
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Figure S-7. Fluorescence response of Cys and Hcy with sensor 1¢2¢Cu?* and 1¢3*Cu?’. Sensor 122: [1] =
20 uM, [2] = 1.5 uM; Sensor 13: [1] =4 uM, [3] = 3 uM. In both sensors, [Cu*'] = 10 uM, pH = 7 .4.
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Figure S-8. Detection of Cysteine and Cystine using sensor 12¢Co**. [1] = 20 uM, [2] = 1.5 uM, [Co*]
=10 uM, pH="74.

d) Calibration curves for detection of specific thiol compounds using various sensors.
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Figure S-9. Calibration curves of Cys with a) 1e2¢Cu?*; b) 1e2¢Co**; ¢) 192eNi**. Sensor 1¢2: [1] =20 pM,
[2] = 1.5 pM; in all three sensors, [M?'] =10 uM, pH =7 .4.
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Figure S-10. Calibration curves of other biothiols with 1e2¢M?*. a) Hcy with 1¢2¢Cu**; b) GSH with
122¢Cu’"; ¢) MEA with 1#2eNi**. Sensor 1¢2: [1] = 20 uM, [2] = 1.5 uM; in all three sensors, [M*] = 10
uM, pH="74.
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Figure S-11. Calibration curves of a) Cys with 1¢2¢Co?*, b) GSH with 1¢2¢Cu** and c¢) Hcy with 1¢2¢Cu?*
in an MCF-7 cell lysate (1x10° cells/mL). [1]=20 puM, [2] = 1.5 pM, [M?"] =10 uM, pH = 7.4.
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4. Supporting Tables

Table S-1. Factor loadings table for Figure 1 data.

Factor loadings PC1 (45.8%) PC2 (32.7%)
Guest 2 with Co?* -0.523 -0.118
Guest 2 with Niz* -0.506 -0.113
Guest 2 with Cu?* 0.327 -0.55
Guest 3 with Co?* -0.457 -0.316
Guest 3 with Cu?* 0.338 -0.552
Guest 3 with Cd?* -0.201 -0.515
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