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Host:Guest Arrays 
Adam D. Gill,b Briana L. Hickey,a Wenwan Zhonga,c and Richard J. Hooleya,b* 

A water-soluble host molecule can bind tetrahydrocannabinol (Δ9-
THC) and its metabolites in aqueous solution. By pairing this 
recognition event in a sensing array with fluorescent reporters and 
varying external mediators, pattern recognition-based detection is 
possible, which allows selective discrimination of the THC 
metabolites. The selective sensing can be performed in aqueous 
solution with micromolar sensitivity, as well as in biofluids such as 
urine and saliva. Metabolites as similar as Δ8- and Δ9-THC, differing 
only in the position of a double bond, can be distinguished.

Water-soluble synthetic host molecules1 such as calixarenes,1a 
cyclophanes,1b cucurbiturils,1c pillararenes1d and deep 
cavitands1e have seen a wide selection of applications in the 
molecular recognition and sensing of biologically important 
targets in recent years.2 Exquisite selectivity and affinity has 
been shown for species as varied as steroids,3a peptides3b-d and 
proteins.3e They are also highly amenable to array-based 
pattern recognition sensing, which allows even greater 
discrimination between molecules of similar structure.4 
However, one of the main challenges remains their limited 
function in biological media, as opposed to simple buffered 
aqueous solution. Intracellular environments and biofluids such 
as saliva or urine all contain competing species that reduce 
target selectivity, limiting the effectiveness of host molecules 
for in vivo biosensing.5 There are examples of indicator 
displacement assays and selective molecular recognition in 
cells6 using calixarenes6a or deep cavitands,6b and cucurbiturils 
have shown affinity for cationic targets in biological media.7 
Some hosts show good function in bodily fluids,8 such as the 
“DimerDye” calixarenes,9 which bind cationic species such as 
methylated lysine peptides9a and alkaloid drugs9b in urine and 
saliva. Recognition of neutral targets in biological media is much 

more challenging, however, and more prone to interference by 
high concentrations of salt or urea in the complex milieu. 

Figure 1. a) Sensor components used and cannabinoid target structures; b) an illustration 
of the various sensing mechanisms in the array.

An important example of a neutral target is 
tetrahydrocannabinol (Δ9-THC, Figure 1), the major 
psychoactive ingredient in marijuana. Once ingested, Δ9-THC is 
primarily metabolized to 11-OH-THC and subsequently oxidized 
to 11-COOH-THC before excretion from the body.10 Saliva 
concentrations of Δ9-THC are highest immediately following 
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marijuana smoking, with values ranging from 8.4-71.2 μM, 
while urine concentrations of 11-COOH-THC peak several hours 
after ingestion, with values up to 0.48  μM.10d-e Sensing these 
molecules is not trivial for macrocyclic water-soluble hosts, as 
the targets are quite similar in structure and do not contain an 
easily recognizable “handle” for binding.
 Most current methods of cannabinoid detection in bodily 

fluids rely on either immunoassays, or chromatography 
followed by mass spectrometry.10 Both methods have very low 
limits of detection but have important drawbacks: 
immunoassays often show poor discrimination between 
metabolites with analogous structures, and MS methods 
require extensive sample preparation and instrumentation.10a-b 
A simple, selective optical sensor capable of structural 
discrimination in bodily fluids would be highly valuable. 

Figure 2. Fluorescence responses of the 6 different THC metabolites in buffered aqueous 
solution with a) guest 3; b) guest 2. [1] = 20 μM; [2] = 1.5 μM; [3] = 3 μM; [M2+] = 50 μM; 
[THC metabolite] = 30 μM, 20 mM Tris buffer, pH = 7.4; c) 2D PCA scores plot from a 14 
factor array with 1•2 or 1•3 and either no metal or 50 μM Zn2+, Cu2+, Co2+, Ni2+, Cd2+, La3+ 
or Ca2+. Ellipses determined at 95% confidence in RStudio. d) Minimized structure of the 
1•CBD complex, illustrating the helical conformation of the alkyl tail; e) upfield region of 
the 1H NMR spectrum of 1•CBD in D2O (500 MHz, 298K). 

Deep, self-folding cavitands such as 1 can provide a solution. 
This host shows strong (μM) affinity for n-alkanes and 
substituted hydrocarbons in water,11 and has been widely used 
for sensing a variety of biomolecules in water,3d cells6b and 
urine.12 Δ9-THC and its metabolites all contain an n-pentyl chain, 
which should be able to bind in the cavity of 1, and pairing this 
recognition with a suitable dye partner for indicator 
displacement assays should allow optical sensing. Six 
cannabinoid targets were chosen for testing (Figure 1), 
including Δ9-THC and cannabidiol (CBD), the two major 
oxidative metabolites 11-COOH-THC and 11-OH-THC, and two 
analogs that are extremely similar in structure to Δ9-THC, Δ8-
THC and cannabinol CBN. The challenge in selectively sensing 
these targets is that the major variations are in the ring 

structures, not the n-pentyl chain. Fortunately, host 1 can be 
easily applied to a chemical nose-style arrayed sensing format: 
its recognition capabilities are highly dependent on fluorophore 
type and other environmental factors.3d,e

The recognition abilities of host 1 were initially tested by 
indicator displacement assays of the six THC targets using two 
different fluorophores 2 and 3, which are well-precedented for 
target sensing with 1.3d,e The 1•2/3 complexes ([1] = 20 μM) 
were treated with the six THC analogs in 20 mM Tris buffer at 
pH 7.4, in the presence of a suite of 7 heavy metal salts (50 μM), 
which have been previously shown to strongly coordinate to the 
upper rim carboxylates of 1, modulating its affinity for different 
targets and allowing simple array-based sensing with only one 
or two host:guest components.13 The fluorescence responses 
are shown in Figures 2a and b (for full data, see ESI). Most 
obviously, the responses illustrate that host 1 does bind the THC 
analogs, displacing the dyes, and that the responses are indeed 
variable for each metabolite. The results from the full array 
were subjected to both Linear Discriminant Analysis (LDA) and 
Principal Component Analysis (PCA), which are biased and 
unbiased statistical discriminant methods respectively.14 The 
unbiased PCA scores plot for the six THC analogs is shown in 
Figure 2c, and shows the effectiveness of the sensing array: all 
six metabolites can be fully discriminated, even via the unbiased 
PCA method. 95% confidence ellipses are shown in the plot, and 
all the data points are fully discriminated at 95% confidence, 
with a slight overlap between the signal clusters for CBN and Δ9-
THC. Most impressively, Δ9-THC and Δ8-THC are fully 
discriminated, despite only varying in structure by the position 
of a single C=C double bond. The LDA discrimination is even 
more impressive (see ESI), with full selectivity for all six targets 
possible even with a minimal array of 4 factors. The sensitivity 
of the array was also strong. Limits of detection (LOD) for the 
three primary cannabis metabolites (Δ9-THC, 11-OH-THC, and 
11-COOH-THC) were calculated using the 1•3 host:guest 
complex, and determined to be 8.2 μM, 4.5 μM, and 17.4 μM 
respectively (Figure S-3). 

The selectivity in buffered aqueous solution is impressive, even 
more so when considering the method of host:target binding. 
1H NMR analysis was possible with CBD. The upfield region of 
the NMR spectrum illustrates that the n-pentyl chain of CBD 
binds inside the cavity, and coils into the expected helical 
conformation when bound (Figure 2e).15 Molecular modeling of 
the 1•CBD complex shows that the aromatic ring resides close 
to the upper rim carboxylate groups and any bound metal ions. 
It is reasonable to suggest that changes in binding affinity are 
due to variable interactions between the upper rim functions of 
1 and the ring systems of the bound targets. Even so, it is 
impressive that such small changes in structure, remote from 
the cavity, can be sensed with good selectivity. 

The mechanisms of fluorescence response are more complex 
than simple displacement, however. Fluorescein guest 3 is 
known to trigger self-assembly of 1 into larger aggregates upon 
binding, causing self-quenching of the fluorophore (see Figure 
1c for representative cartoon).3d Competitive displacement of 3 
by a target causes an increase in fluorescence, which is what is 
seen in Figure 2. The presence of metal ions causes additional 
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quenching of the bound fluorophore, and/or increased 
aggregation, depending on the nature of the metal.13 Either 
way, displacement of 3 from these complex host:guest 
assemblies by THC causes a fluorescence recovery. DSMI 2 
shows a far more complex response with the different THC 
metabolites: some cause a fluorescence increase, some cause 
additional quenching. DSMI 2 itself shows enhanced 
fluorescence upon binding in 1, so displacement should cause a 
drop in signal. The presence of metals (and triggered self-
assembly and self-quenching) makes this simple indicator 
displacement process far more nuanced, however, and it is clear 
that multiple recognition mechanisms are occurring here. 

The selective sensing of the THC metabolites in water is 
impressive, but hardly unexpected: these host:guest arrays can 
selectively sense many different target types with high 
fidelity.3d,12 To stretch the capabilities of the system, we tested 
it in biofluids: urine and saliva. Commercial marijuana tests use 
two types of detection method, either from a saliva sample, 
focusing on Δ9-THC, or a urine test that detects 11-COOH-THC. 
We therefore repeated the fluorescence array tests, initially 
spiking the THC metabolites (30 μM) into arrayed samples of 
host (20 μM), fluorophore (1.5 or 3 μM) and metals (50 μM) into 
commercial samples of sterile human urine.
 
Figure 3. a) Fluorescence responses of the 6 different THC metabolites with guest 2 in 

pooled human urine. b) 2D PCA scores plot from a 7-factor array using 1•2 and either no 
metal or 50 μM Zn2+, Cu2+, Ni2+, Cd2+, La3+ or Ca2+; c) 3D PCA scores plot using the full 14-
factor array with 1•2 or 1•3 and either no metal or 50 μM Zn2+, Cu2+, Ni2+, Cd2+, La3+ or 
Ca2+. [1] = 20 μM; [2] = 1.5 μM; [3] = 3 μM; [M2+] = 50 μM; [THC metabolite] = 30 μM.  
Ellipses determined at 95% confidence.

The fluorescence responses from the urine screen are shown 
in Figure 3a (with guest 2) and in the ESI (with guest 3). The 
immediate takeaway from the measurements is that the 
relative response changes are lower than in aqueous solution, 
which is to be expected, given the number of possible 
interferents in the solution. However, as can be seen in Figure 
3a, the fluorescence signal variations for the different THC 

metabolites are still present, especially for guest 2. Further 
analysis of the signals shows that the 1•2 complex is far more 
effective in detecting the THC targets in urine than the 
fluorescein-based 1•3. The PCA scores plot for the 1•2 sensor 
in the presence of six metals is shown in Figure 3b, and 
illustrates that a single host:fluorophore complex is capable of 
robust differentiation of most of the THC metabolites. There is 
very slight overlap in the 95% confidence intervals for CBD and 
Δ8-THC, and the more water-soluble metabolites 11-COOH-THC 
and 11-OH-THC are not differentiated, but otherwise, the 
performance of this minimal sensor is strong. Importantly, 
when the 1•2•M data is processed using Linear Discriminant 
Analysis (Figure S-13), complete discrimination is possible. This 
treatment is statistically valid, but as the results are pre-sorted 
into groups before analysis, it is a less optimal method for 
analyzing unknowns than the unbiased PCA. As the hydrophilic 
metabolites 11-COOH-THC and 11-OH-THC are the desirable 
targets for urinalysis in an unknown sample, PCA is the 
preferable analysis method. Fortunately, adding the 1•3•M 
results to the array introduces sufficient additional variables to 
allow differentiation of 11-COOH-THC and 11-OH-THC, as 
shown in Figure 3c. A third principal component is required, but 
selectivity for all six metabolites is possible.

Figure 4. a) Fluorescence responses of the 6 different THC metabolites with guest 2 in 
pooled human saliva. [1] = 20 μM; [2] = 1.5 μM; [M2+] = 50 μM; [THC metabolite] = 30 
μM; b) LDA scores plot for all 6 THC metabolites; c) PCA scores plot for Δ9-THC, 11-OH-
THC and 11-COOH-THC. Both plots use an 11-factor array with 1•2 or 1•3 and either no 
metal or 50 μM Zn2+, Cu2+, Ni2+, Cd2+, La3+ or Ca2+. Ellipses determined at 95% confidence.

The sensor arrays were then tested in commercial human 
saliva, using the same analysis method as before in urine (Figure 
4). Saliva proved to be even more challenging a medium than 
urine, however, and the minimal arrays (1•2•M or 1•3•M) 
were not successful in discriminating between all six 
metabolites, by either LDA or PCA. Combination of both 
fluorophores in the array did allow some selectivity in sensing, 
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with the hydrophilic 11-COOH-THC and 11-OH-THC fully 
separated from the more hydrophobic targets. Separation of 
the highly similar targets was unsuccessful in saliva, but it is 
important to note that the desired target of THC testing is to 
selectively discriminate Δ9-THC from its metabolites. The sensor 
array is well-capable of discriminating between Δ9-THC, 11-
COOH-THC and 11-OH-THC in the scores plot. While the array 
cannot distinguish between isomers like Δ9-THC and Δ8-THC, it 
is more than capable of detecting the biorelevant targets in μM 
concentrations in saliva, as well as urine.

While the whole array can selectively sense and discriminate 
THC targets in  multiple different biofluids, different 
components have different efficacy in different fluids, leading 
to the question of which specific components are most 
effective, and why. The affinity of 1 for hydrophobic guests is 
relatively constant in different media,11 so the variations in 
performance are likely due to variations in forming 
host:dye:metal complexes that can allow optical detection. It is 
clear that the sensing is most effective in urine, rather than 
saliva, and that the host:guest complex 1•2 retains its 
performance in biofluids better than the 1•3 complex (relative 
to that in aqueous solution). The fluorescence response of 1•2, 
1•2•La3+ and 1•3 was tested in pure water, Tris buffer, urine 
and saliva (see ESI).  For guest 3, quenching upon binding in 1 is 
far stronger in Tris than in water, but is significantly reduced in 
both saliva and urine. In addition, the effect of adding 50 μM 
La3+ is vastly reduced in high salt biofluids. Guest 2 is quite 
different, as the fluorescence enhancement upon forming the 
1•2 complex is actually increased in urine and saliva with 
respect to that in water or Tris. The constituents of the 
respective biofluids explain these differences. The major 
component of urine5c is obviously urea (13.4 g/L), accompanied 
by other small organics such as amino acids, creatinine and 
hippurate, and inorganic salts such as NaCl, KCl, K2SO4, with a 
total concentration ~14g/L. Saliva, on the other hand, has a 
relatively high proportion of cationic proteins, including mucins 
and acidic proline-rich proteins (PRPs).5b The sensing 
performance of 1•3 has been shown to be unaffected by amino 
acids up to mM concentrations,3d but high salt conditions can 
prevent the triggered aggregation of the 1•3 complex, and thus 
the fluorescence quenching. This requirement for aggregation 
limits the performance of 1•3 in biofluids. Fortunately, guest 2 
does not require aggregation for fluorescence, and so the 1•2 
complex is formed strongly in all media. The limiting factor is 
not the dye, but the coordination of the heavy metal salts, 
which is understandably lessened (although importantly not 
prevented) in high salt media. The major issue in saliva is the 
presence of cationic proteins, to which both 1•2 and 1•3 are 
quite sensitive. Despite that, THC metabolite discrimination 
with the sensor is still effective, further illustrating the power of 
the relatively simple, yet highly versatile deep cavitand host.
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