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ABSTRACT: Cationic water-soluble deep cavitands enable hierarchical assembly-based recognition, optical detection and ex-
traction of perfluoroalkyl substances (PFAS) in aqueous solution. Recognition of the PFAS occurs at the lower rim crown of the
cavitand, which triggers self-aggregation of a PFAS-cavitand complex, allowing extraction from water. In addition, when paired
with an indicator dye that can be bound in the cavity of the host molecule, the PFAS-cavitand association causes a significant
(>20-fold at micromolar [PFAS]) enhancement of dye fluorescence due to conformational rearrangement of the fluxional cavitand
AMLI, allowing optical sensing of PFAS. The cavitands are water-soluble, and the detection and recognition occur in purely aqueous
solution. The association is most effective for long chain sulfonate PFAS, and as such, selective optical detection of perfluorooc-
tanesulfonate is possible, with a LOD = 130 nM in buffered water, and 500 nM in real-world samples such as polluted canal water.
By pairing the AMI host with multiple dyes in an array-based format, full discrimination of five other PFAS can be achieved at
micromolar concentration via differential sensing. In addition, the aggregation process allows extraction of PFAS from solution,
and a 99% reduction of PFOS concentration in water is possible with a single treatment of an equimolar concentration of AMI
cavitand. The hierarchical nature of the cavitand recognition system allows both selective, sensitive optical detection and extrac-
tion of PFAS from water with a single scaffold.

shape of PFAS, and discriminating similarly structured var-
iants is non-trivial. A particular challenge involves the de-
velopment of a macrocycle-based sensor system capable of
recognizing perfluorinated alkyl sulfonates (e.g., perfluo-
rooctanosulfonate, PFOS). These species constitute a class
of PFAS that have generally proven more challenging to
sense than their carboxylic acid PFAS congeners.>

Introduction

Perfluoroalkyl substances (PFAS) represent a class of
problematic environmental pollutants,' and there is a
growing need for new methods to detect, recognize and ex-
tract them from drinking and wastewater,> as they have
been implicated in a plethora of adverse health effects
upon human consumption.? Detection strategies include
instrumental methods such as LCMS, SERS or SPR.4 Unfor-
tunately, these methods, while effective, require complex
and expensive instrumentation and laborious sample prep-
aration. Optical detection, either colorometric or fluores-
cence-based,’ is desirable for its simplicity; however, selec-
tivity and sensitivity remain a challenge. Solid state sen-
sors® (such as MOFs, nanoparticles or polymers, among
others) can be effective, as can small molecule cations.”
Nevertheless, at present the most adaptable solution-

In addition to applications in optical detection, macro-
cycles have been used to extract PFAS from solution.” A
notable example of this strategy was recently reported,
whereby a cationic pillararene formed 1:10 complexes with
added perfluoroalkanoate (PFA) salts, taking advantage of
interactions between multiple adjacent PFA molecules in
the assembly to drive affinity and selectivity.

Particularly appealing are systems that are capable of
performing both optical detection and extraction using the

phase method of optical PFAS detection is indicator dis-
placement-based® molecular recognition.® Macrocycles
such as cyclodextrins,* calixarenes* or cyclophanes® can
be used to bind PFAS, and in the presence of a suitable dye
molecule, indicator displacement can allow optical detec-
tion. The challenge with this approach is that individually
tailored hosts need to be created for each specific size and

same scaffold.9*" If the host has two interdependent recog-
nition motifs, i.e., a cavity for indicator binding and a sep-
arate motif that provides affinity for PFAS, combined sens-
ing and capture applications are possible. We have shown
that cationic water-soluble deep cavitands™ can recognize
a variety of anions at the lower rim crown of the host, from
small anions, such as iodide,?* to non-canonically folded
DNA strands.>* This lower rim recognition allosterically



regulates the conformation of the flexible cavity, modulat-
ing dye recognition and allowing selective anion detection
in aqueous solution, and even serum. Here, we expand the
scope of this recognition to the sensitive detection of PFAS
in purely aqueous solution (including real-world water
samples), with strong selectivity for long chain PFA sul-
fonic acids such as PFOS. The recognition process triggers
self-aggregation of the cavitand:PFA complex to form in-
soluble aggregates that can be exploited for PFA sulfonate
extraction from aqueous solution.

Results and Discussion

An advantage of using water-soluble deep cavitands for
PFAS recognition is that they display two orthogonal
recognition motifs (Figure 1) - the internal cavity and the
pendant functionality, either at the upper rim or lower
crown. Theoretically, PFAS could bind with the fluorous
tail in the host cavity (as is the case for hydrocarbon lipids
such as SDS, Figure 1), or in the anionic form at the lower
rim via charge-charge interactions. Fluorocarbons can
bind in related resorcinarene-based capsules,? and PFAS
are bound in the cavity of calixarenes or other toroidal
macrocycles.® Unfortunately, flexible cavitands, such as
those shown in Figure 1, bind fluorous guests more weakly
than the corresponding hydrocarbon species (for example,
minimal affinity of PFOS is seen for the neutral precursor
of AMI in CDCl;; see Figures S-22 - S-23). As such, they are
not ideally suited for high-performance PFAS recognition.
However, a vital feature of the recognition behavior of deep
cavitands is that they are highly aggregative in aqueous so-
lution, and this can affect the fluorescence emission of in-
dicator dyes bound in the cavity." This propensity for ag-
gregation allows multiple orthogonal recognition mecha-
nisms to be exploited for enhanced target selectivity.

TCC: R =% "CO,Na, R=Et
2, @
CHER =H,R=-% "N Ty D B~
[ AMI:R="" NTIN— Amp:R=" ’*@
==/ =

Fluorescent Guests
Me

N
~ @ Me

PFAS:

RFRFRFARF o

F FFFFF O

I

FFFFFFFO FFEFFE FrEFFFFF
PFOA PFNA
o
W WA F%OF
OH
F
7 TOH N “OH F FF
FrFFS
F PFHxS FFPFO " pres F & F HFPO-DA

Previously Observed Indicator Displacement Mechanisms:

o (N

& Alkyl Lipid
Host«Dye
Complex

Cavity Binding
Dye Displacement,

Lowered Emission
o i

- Crown Binding

+ @

Small Anion

Figure 1. The structures of cavitand hosts, indicator dyes and
PFA targets used in this study. Also shown are known cavi-
tand-based recognition mechanisms. 2> 152

In light of the above considerations, we tested a range of
water-soluble deep cavitands and indicator dyes for their
response to added PFAS (Figure 1). The cavitands tested
were the anionic TCC (which is the most effective host for
cavity-based binding of hydrophobic species®), and cati-
onic hosts AMI, CHI and AMP,° which can bind anions
such as iodide or DNA at the lower crown.?"< These hosts
vary in the nature of the lower rim cationic group (pyri-
dinium or N-methyl imidazolium), as well as the cavity
conformation: the octamide cavitands AMI and AMP are
unfolded and maintain the “kite” conformation'7 in water
in the absence of guest, whereas CHI remains folded and
kinetically stable. The cavitands were paired with a series
of styrylpyridinium dyes that have been shown to bind
strongly in all tested hosts,”» DSMI, PSMI, DTMI and Qui-
naldine Red (QR). A range of PFAS species that are anionic
at neutral pH were selected as targets (see Figure 1). These
included long chain sulfonates and carboxylates (PFOS,
PFOA, PFNA), as well as shorter chain sulfonates (PFHxS,
PFBS) and branched PFAS (HFPO-DA, also known as Gen-
X).
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Figure 2. Fluorescence titration plots of different PFAS (0-20
pM) added to solutions of a) PSMI dye only, b) TCCPSMI, c)
AMI-PSMI, d) AMI'-DSMI, e) AMI-QR, f) AMP-PSMI in 20
mM Tris buffer, pH = 7.4. [cavitand] = 4 pM, [dye] = 0.5 pM,
F, = emission in the absence of PFAS.

The PFAS (o - 20 pM) were titrated into a solution of
detecting elements (i.e. individual cavitand:dye pairings,
or the dyes alone) in 20 mM Tris buffer at pH 7.4. The re-
sults are shown in Figure 2, S-1- S-4. As might be expected,
no change in emission was seen when the PFAS were added
to solutions of dye alone ([dye] = 0.5 pM; Figure 2a and Fig-
ure S-1). In addition, pairing the anionic TCC with dyes was
also ineffective (Figure 2b), a finding rationalized in terms
of the linear PFAS being unable to properly fill the cavity
of TCC and thus being incapable of displacing the dyes
from the host. The cationic CHI also proved ineffective in
detecting the test PFAS considered in this study, showing
only a relatively small and variable response (see Figure S-
4).

Gratifyingly, the flexible cationic cavitand AMI showed
a strong response to added PFAS (Figure 2c-e). However,
the nature of the response was surprising, as titration of as
little as 20 pM PFOS caused a substantial increase in emis-
sion of the AMI+dye pairing. Styrylpyridinium dyes have
enhanced fluorescence when bound in these deep cavi-
tands, so any indicator displacement should cause a de-
crease in fluorescence.” Similarly, we have shown that
binding small anions at the lower rim crown causes a con-

formational switch in the cavitand that expels the dye, low-
ering the fluorescence emission intensity (see Figure 1 for
a cartoon illustration).”® The response profile of increased
emission intensity being observed upon adding PFOS was
qualitatively similar with all the AMI-dye pairings tested,
with the F/F, response varying from 10 (DTMI) to 23
(PSMI) when exposed to 20 uM PFOS (see Figures 2c-e and
S-2, S-3). These increases in emission lead us to suggest
that the recognition is not due to simple indicator displace-
ment, either from cavity-based binding of the PFA tail or
11 binding of the PFA at the crown.

To interrogate the determinants leading to the increase
in fluorescence intensity upon treatment with PFOS, we
exposed the other PFAS targets to the same set of AMI-dye
combinations (see Figures 2 and S-1 - S-4). The responses
revealed that the AMI-dye recognition system is selective
for PFOS, as it gives by far the largest increase in emission
with each dye. On the other hand, the selectivity is depend-
ent on the nature of the dye. For example, the AMI-DSMI
complex is highly selective for PFOS - when 15 pM PFOS is
added, F/F, = 6.7 (as opposed to F/F, (PFOA) =1.0). In con-
trast, AMI*QR is far more responsive to all PFAS (Figure
2e), with F/F, (PFOS) = 14.4 and F/F, (PFOA) = 5.7 at
[PFAS] = 15 uM. Other trends were observed, notably that
sulfonate PFAS gave rise to higher responses than their car-
boxylic acid congeners. Moreover, the longer the per-
fluoroalkyl chain, the greater the fluorescence response
when comparing PFAS with identical headgroups (i.e., PFA
carboxylates vs. PFA sulfonates). In addition, the detection
selectivity for PFOS was consistent in the presence of other
PFAS - for example, adding PFOS to an AMI'PFOA-PSMI
mixture caused an increase in emission, but the inverse,
adding PFOA to AMI-PFOS*PSMI caused no change (see
Figure S-16).

Changing the nature of the cationic group at the base of
the cavitand was also found to affect the response - when
AMP is used as host with PSMI as the dye, a positive re-
sponse in emission is seen upon titration with the PFAS
suite, with again PFOS causing the largest increase (Figure
2f). However, the magnitude of the response is far less than
that seen with AMI. The variable responses of CHI, AMI
and AMP show that PFAS detection is sensitive to the na-
ture of both the lower rim crown group and the conforma-
tional flexibility of the water-soluble deep cavity.

As the PFAS detection involves the charged lower rim
functional groups, we tested the effect of pH on the re-
sponse. The various PFAS ([PFAS] =1 - 20 pM) were added
to 4 pM AMI in the presence of the dyes in buffered solu-
tions at pH = 3.0, 5.5, 7.4 and 8.5 (see Figures S-2 - S-g).
The fluorescence response for PFOS was lower at pH 3.0,
but unchanged at pH s5.5. Moreover, all other PFAS gave
almost identical responses under all four tested pH condi-
tions. This result is not entirely unexpected, as PFAS are
strong acids, and are essentially fully anionic over the 3.0-
9.5 pH range. Thus, any charge interactions between the
host crown (which has a static positive charge) and the
PFAS will be retained in each case.
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Figure 3. Cavitand-PFAS Aggregation. a) Schematic illustra-
tion of the proposed aggregation process and localization of
the dye in the aggregate; b) image showing the precipitation
that occurs when a 1 mM solution of cavitand AMI in D,O is
treated with 7 mM PFOS; ¢) 'H NMR spectra of AMI recorded
after the addition of varying concentrations of PFOS (400
MHz, D,0, 298 K, * = residual N-methylimidazolium impurity
from cavitand synthesis).

To better understand the recognition mechanism, the
cavitand:PFAS binding was studied by NMR spectroscopy.
Cavitand AMI was combined with PFOS in D,O in two
ways - either PFOS was sequentially added to a1 mM D,O
solution of the cavitand, or the cavitand was added to a 1
mM D,O solution of PFOS. In each case, 'H NMR (Figures
3 and S-17 - S-18) and 9F NMR (Figure S-19) spectral anal-
yses revealed the disappearance of NMR signals for both
the cavitand and the PFOS. As can be seen in Figure 3, no
changes in chemical shift are seen in the AMI peaks as
PFOS is added; however, their intensity drops until no
AMI-derived signals are seen. In addition, significant ag-
gregation and precipitation is observed in the NMR tube
(Figure 3b). This occurs in both cases, irrespective of which
component is added to which. Evidently the cationic cavi-
tands bind the anionic PFAS at the lower rim crown, which
triggers self-aggregation and formation of insoluble ad-
ducts at the mM concentrations necessary for NMR spec-
tral studies. These experiments were repeated with differ-
ent PFAS (namely PFOA) and different cavitands (CHI),
and in each case, aggregation and precipitation was ob-
served (see Figures S-20 — S-21). The aggregation process is
poorly selective - at millimolar concentrations, all PFAS
can aggregate with any cationic cavitand, indicating that
the PFAS recognition is independent of indicator dye. In
addition, the AMI-PFOS aggregation test was repeated in
the presence of 0.5 mM DSMI dye (see Figures S-27 - S-
28). In that case, the aggregation occurred as before, and
the solid aggregate was colored by the dye while the aque-
ous solution remained colorless. No peaks for free DSMI
were seen in the 'H NMR spectrum after aggregation, illus-

trating that all of the dye (at this concentration, stoichiom-
etry and NMR detection limit) is incorporated in the
AMI-PFOS aggregate.

Solid-State NMR (ssNMR) spectral studies provided fur-
ther support for the proposed aggregation. An AMI-PFOS
sample in D,0O was collected via centrifugation at 5000 rpm
and packed into an MAS rotor for F ssNMR. Under 10 kHz
MAS, the spectrum exhibited the expected “F peaks for
PFOS in the solid state. In contrast, no F signals were ob-
served in the absence of MAS, indicating that to the limits
of detection all the PFOS in this sample were present in the
aggregated state, consistent with the lack of peaks seen in
the solution-phase F NMR spectral studies (see Figures S-
29 - S-30). The terminal -CF; group showed a slight varia-
tion in chemical shift compared to PFOS free in aqueous
solution. This is consistent with the CF; group experienc-
ing a different chemical environment in the solid aggre-
gate, as the result of being packed with other fluorous tails
and hidden from water. Interestingly, two signals for the
terminal CF; were observed, indicating the presence of dis-
crete chemical and magnetic environments within the ag-
gregate. The other CF, peaks in the spectrum showed
smaller shift perturbations. Spatial proximity between the
fluorine environments was indicated by cross-peaks in a
2D dipolar-driven "F-F correlation experiment.

The aggregates were further characterized by dynamic
light scattering (DLS). Solutions of AMI (0.1 pM) and
PFOA (0.4 pM) were combined in water and filtered
through a 0.45 pum filter. No obvious large-sized particles
were observed, therefore the process was repeated without
filtration. The DLS plots (see Figures S-37 - S-40) revealed
that the average radius of the AMI'PFOA aggregates was
2.6 um, which explained their removal by the 0.45 pm fil-
ter. At the tested concentrations, both PFOA and AMI
were slightly aggregated on their own, but only small
amounts of <100 nm aggregates were seen. The proposed
aggregation was also corroborated by zeta potential meas-
urements, which revealed AMI‘PFOS aggregates with a
zeta potential of 1.9 mV (Figure S-42). Analysis by optical
microscopy and transmission electron microscopy (Figures
S-44 - S-45) showed the formation of micron-sized aggre-
gates. The aggregates are not ordered, and do not form de-
fined shapes. Nevertheless, the average size of the aggre-
gates is consistent with the DLS studies, namely species of
~2 pm in diameter. This is consistent with the F ssNMR
spectral data, which shows that the PFOS is present in the
solid state in multiple different environments, indicating a
disordered aggregate.

The above findings enable a postulated mechanism for
the recognition and sensing process (Figure 3a). The cati-
onic cavitands allow coordination of multiple anionic PFAS
at the lower crown - the strongly hydrophobic and weakly
lipophobic character of these PFAS allows for self-aggrega-
tion into a layered structure, with a fluorous-rich domain
formed in the assembly (in a similar manner as recently
seen with functionalized pillar-[5]-arenes®). These aggre-
gates are insoluble since the charged solubilizing groups in
both the cavitand and the PFAS are now compensating



each other and also hidden from water. They thus precipi-
tate from solution at higher concentrations. This behavior
is observed for all cationic cavitands (AMI, AMP and CHI),
independent of the nature of the cavity, and longer PFAS
(e.g., PFOS vs. PFHxS and PFNA vs. PFOA) are more effec-
tive in triggering this aggregation.

The above aggregation mechanism does not explain the
vast difference in fluorescence response between AMI and
CHI, however, nor does it provide any insights into the
cavitand:dye stoichiometry. To estimate the ratio of cavi-
tands to PFOS in the aggregate, the effect of [PFOS] on the
dye binding affinity of AMI was tested. The dye:host affin-
ities are already known: K4 (AMI-DTMI) = 1.9 pM, Ky
(AMI-PSMI) = 6.7 uM in 20 mM Tris buffer (pH 7.4).2* To
determine the effect of PFOS on the affinity, cavitand AMI
was titrated into a solution of either PSMI or DTMI dye
(0.5 uM) in 20 mM Tris (pH 7.4) buffer with varying [PFOS]
(o, 5, 10, 20 pM; see Figures 4 and S-u1). The shape of the
resulting plots was unexpected: In the presence of PFOS,
the dye emission rises sharply and then plateaus. The plat-
eaus occur at [AMI] = 0.25 x [PFOS], i.e., in the presence of
20 UM PFOS, the AMI-dye emission plateaus at [AMI] = 5
pM, whereas with 10 uM PFOS, the plateau occurs at [AMI]
= 2.5 UM, etc. On this basis, we conclude that the ratio of
cavitand:PFOS in the aggregate is 1:4, i.e., each imidazo-
lium group coordinates roughly one PFOS molecule. The
overall charge of the AMI*PFOS complex is thus near-neu-
tral.
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Figure 4. a,b) Fluorescence response of a) 0.5 uM PSMI dye;
b) 0.5 uM DTMI dye seen upon addition of varying [AMI] in
the presence of differing amounts of PFOS, 20 mM Tris buffer,
pH = 7.4. ¢,d) Snapshot from molecular dynamics simulation
of AMI-PSMI-PFOS assembly started from bilayer (c) and
randomly mixed (d) configurations. Purple spheres highlight
PSMI dyes, pink, yellow and red spheres show PFOS anions,
and wireframe shows the AMI cavitands.

Unfortunately, the complexity of the self-assembly pro-
cess precludes accurate determination of the AMI-dye af-
finity constant since the binding equations for a 1:1:4 com-
plex cannot be solved in closed form. However, as a rudi-
mentary estimate, the linear regions of the AMI*dye plots

in the presence of 0/5/10/20 uM PFOS were subjected to a
simple 11 binding affinity calculation using BindFit."® The
fittings were obviously non-ideal, especially for the DSMI
dye (see Figures S-11, S-12 and Table S-1 for the full dataset).
Nevertheless, considered in concert, they reveal that there
is no substantial increase in AMI-dye affinity in the pres-
ence of increasing [PFOS]. For example, in the presence of
20 pM PFOS, PSMI has an estimated Kq (AMI) = 5.5 uM,
which is essentially the same as the Kq without PFOS (Kq4 =
6.7 uM*"). A similar trend was seen with DTMI. In this
case, the affinity for AMI in the presence of 20 M PFOS
was estimated to be Kq = 10.4 pM. Again, this value is iden-
tical (within error) to that observed in the absence of PFOS
(Kg = 1.9 uM*),

The above observations could reflect the dye being
bound simply in the hydrophobic PFOS aggregate. We
consider this unlikely since no enhancement in dye emis-
sion was seen in the presence of any PFAS in the absence
of cavitand (Figure 2a). Moreover, all these experiments
were performed at concentrations far below the critical mi-
celle concentration of PFOS. In addition, simply adding
dye to hydrophobic micelles (either PFOS or a hydrocar-
bon lipid, SDS) at high concentration ([PFOS] =1 mM) only
produces a minor increase in the emission intensity (~1.5-
fold). Specifically, the fluorescence of the dye alone is not
enhanced by addition to micelles, it requires complexation
in the cavitand host (see Figure S-14).

We rationalize the above findings in terms of the flexible
nature of the AMI cavity. The estimated affinities of the
styrylpyridinium dyes for CHI and AMI are relatively sim-
ilar, on the order of K4 ~ 5-10 uM.?>? There are obviously
differences, and some outliers, but the dye affinities lie
broadly within this small range. However, the emission en-
hancement seen when the dyes bind in CHI (and the re-
lated TCC) is vastly higher than in AMI.*>¢ For example,
DTMI shows a 15-fold enhancement upon binding in CHI
in Tris buffer, whereas binding in AMI only causes a 3-fold
increase (see Figure S-13). Emission enhancement in
styrylpyridinium dyes can occur via a number of mecha-
nisms, including solvatochromic effects (higher emission is
seen in non-polar solvents), restricted rotation when
bound, and nt-stacking effects. While the exact mechanism
for enhancement in cavitands is unclear, each of these fac-
tors is enhanced in a more “rigid” cavitand - the closer in-
teraction between host walls and bound dye restricts dye
rotation, prevents interactions between water molecules
and the bound dye, and provides increased m-m interac-
tions. CHI and TCC are held in the folded “vase” confor-
mation by a seam of water molecules at the upper rim - the
barrier to wall opening is on the order of 17 kcal mol™, de-
pending on the guest.” In contrast, the intramolecular in-
teractions of the amide seam in AMI are broken by water,
and the barrier to wall opening is far lower.

When the AMI-PFOS aggregate is formed, the aggre-
gated structure forces the AMI cavitands together (shown
in cartoon form in Figure 3a), which adds packing effects
into the system. It is not simple to observe cavitand wall
motion in such a disordered aggregate, but it is reasonable
to suggest that this packing favors the more closed form of



AMI. We have seen similar effects when incorporating
TCC in lipid micelles and vesicles - the walls are squeezed
together and guest exchange is slowed.”® Thus, the AMI-
PFOS aggregate mimics a “tighter” cavitand environment,
and enables AMI to behave more like CHI - the host exists
in a more closed state, providing the bound dye more pro-
tection from water. As a result, the emission enhancement
of the dyes is increased when compared to that in free so-
lution. While CHI is capable of forming aggregates with
PFOS, it is already “rigid”, so minimal further enhance-
ment in dye-based emission is seen. In other words, this
particular cavitand aggregates the PFAS molecules, but no
change in emission is seen.

The other unusual aspect of this detection system is its
selectivity for PFOS over other PFAS. We ascribe this to
enhanced aggregation, driven by a combination of the
greater acidity of the sulfonic acid groups (leading to
stronger interactions with the N-methylimidazolium
groups as the cavitand crown) paired with the overall in-
solubility of the target, which leads to favorable packing
interactions in the aggregate. Presumably, this reflects the
presence of enhanced fluorous-fluorous and solvophobic
interactions. PFOS has a much lower solubility (680 mg/L
at 25 °C) than PFOA (9.5 g/L at 25 °C)* and the other per-
fluoroalkanoates tested. It is also longer and less soluble
than the other perfluoroalkylsulfonates tested, which fur-
ther favors cavitand-triggered aggregation. However, the
differences in emission shown by the different AMI-dye
pairings are less easy to explain. While the added dye is
present in the aggregate, it can reside in multiple positions:
either in the AMI cavity, in the interstitial spaces between
the hosts, or in the fluorous phase of the aggregate. All lo-
cations are possible, but the strong cavitand dependence
on the dye fluorescence profiles leads us to suggest that the
emission enhancement occurs mainly by dye binding in
the cavitands in the AMI-PFOS aggregate. As the tested
PFAS all cause aggregation with AMI to some extent,
changes in the size and shape of the dye must lead to dif-
ferences in the cavitand binding affinity and localization in
the aggregate, leading to variable enhancement profiles
with different PFAS.

The isolated state and aggregate structure were also an-
alyzed using AMI-containing model systems by molecular
dynamics simulations with the compounds represented by
the Generalized Amber force field.>* The setup of the sim-
ulations and the force field selection follows prior model-
ing studies of cavitand systems.” For full simulation de-
tails, see the Supporting Information. Figure 4 illustrates
the aggregate sensing mechanism for a system composed
of 32 AMI cavitands, 4 PSMI dye molecules, and 132 PFOS
anions. When the system is initialized from a lamellar
structure (Figure 4¢), this morphology remains stable over
a1 ps trajectory. Some of the PFOS anions migrate into the
AMI-rich region where they can compensate the charge of
the dye. When the system is initialized with a random ar-
rangement of the AMI, PFOS, and dye molecules (Figure
4d), then over the 1 ps trajectory a bi-continuous structure
with AMI-rich and fluorous-rich regions forms. The dye
molecules are present in the aggregate in several different

motifs, that is, dyes are found in the cavity, the interstitial
spaces between cavitands, and the fluorous region where
the anionic sulfonate group is often in close proximity to
the positively charged ring of the PSMI dye. The isolated
cavitand in 0.02 M NaCl solutions remains in the vase con-
formation” with the amides rotating to open and close the
cavity. We surmise that the change from aqueous environ-
ment to regions of low polarity in the lamellar or bi-con-
tinuous aggregate contributes to the enhanced fluores-
cence signal. We surmise that the change from aqueous en-
vironment to regions of low polarity in the lamellar or bi-
continuous aggregate contributes to the enhanced fluores-
cence signal. To investigate the upper-rim rigidity of AMI
in the three environments (isolated in water, lamellar ag-
gregate, and bi-continuous aggregate), we have computed
heat maps of the probability distribution of two character-
istic N-N distances across the upper rim (Figure S-48). We
observe that the upper rim of the isolated AMI undergoes
only minor structural changes and prefers a square shape
with both characteristic N-N distances close to 11 A. In con-
trast, the AMI upper rim in the aggregates shows a much
broader distribution ranging from distorted elliptical
shapes (5 A x 14 A) to a more square shape. The regions of
high probability density show a slight boomerang shape
with the sum of the two characteristic N-N distances being
larger for the less distorted square shape.

The performance of the cavitand-based recognition/de-
tection was further tested. The limit of detection (LOD) for
PFOS was calculated in multiple different environments
(Figure 5a). In either Tris (pH = 7.4) or Na,B,O, (pH = 8.5)
buffer, the LOD using the AMI*PSMI sensor was quite sim-
ilar, with LOD =130 nM and 150 nM, respectively. Adding
other PFAS into the mixture caused only a slight reduction
in detection efficacy: the LOD using the AMI-PSMI sensor
for a 1:1:1 mixture of PFOS/PFOA/PFNA in Tris buffer (pH
= 7.4) = 270 nm (see Figure S-15). The performance was
also tested in a real-world sample of water taken from the
Gage Canal in Riverside, CA. Each PFAS was spiked into
the canal water solution, and added to the AMI-PSMI sen-
sor, and the emission measured (see Figures 5a and S-10).
As expected, due to the complexity of the medium, detect-
ing PFOS in the canal water sample was slightly less effec-
tive than in buffer: LOD (PFOS, Canal water) = 530 nM.
Also, the selectivity for PFOS over the other PFAS was
lower in the canal water sample with AMI*PSMI. This find-
ing is rationalized in terms of the detection of the other
PFAS being enhanced in canal water (see Figure S-10), ra-
ther than extensive reduction in PFOS sensitivity.
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Figure 5. a) LOD determination for PFOS with AMI-PSMI in
either 20 mM Tris (pH = 7.4) or 20 mM sodium borate (pH =
8.5) buffer or Gage canal water, Riverside, CA; b) fluorescence
emission plots of 5 different PFAS (5 uM, not including PFOS)
added to solutions of AMI+dye (20 mM Tris buffer, pH = 7.4)
where dye = DSMI, PSMI, DTMI or QR; c¢) PCA scores plot
generated from the data in part b), ellipses = 95% confidence
limit. [AMI] = 4 M, [dye] = 0.5 pM).

As noted above, the fluorescence response of the cavi-
tand:dye system is dependent on the nature of the added
dye. This dependence led us to explore the possibility for
differential sensing. Accordingly, AMI was combined with
the four different dyes in an array-based format. This tech-
nique is not necessary to differentiate PFOS from all the
other PFAS since the selectivity for PFOS is strong; how-
ever, it allows for differentiation of the 5 non-PFOS targets.
Fluorescence responses were recorded with four elements,
consisting of the AMI cavitand and DSMI, PSMI, DTMI or
QR in 20 mM Tris buffer (pH 7.4). The array elements were
then exposed to either 2 uM PFAS or 5 pM PFAS. The re-
sponses were then subjected to Principal Component Anal-
ysis (PCA),>* and the discrimination analyzed via scores
plot (see Figures 5b,c and Figures S-32 - S-36 for the under-
lying sensing data). Full discrimination of the five PFAS

targets for which no inherent selectivity is observed (i.e.,
PFOA, PFNA, PFBS, PFHxS and HFPO-DA) was achieved
at [PFAS] = 5 uM using the full 4-element array. Specifi-
cally, the scores plot showed no overlap at the 95% confi-
dence level for 5 repeats of each sample (Figure 5b). The
discrimination was slightly less effective at [PFAS] = 2 uM,
as some overlap in the PCA scores plot was seen for
PFNA/PFOA and PFBS/HFPO-DA (Figure S-35). This over-
lap is understandable, considering the small difference in
structure — PFNA and PFOA vary in only one CF, group. A
more detailed analysis revealed that the AMI*QR element
was essential to achieve discrimination. For instance, as
underscored by the data shown in Figure 2c-e, when a 3-
element array consisting of AMI and the
DSMI/PSMI/DTMI dyes was used, complete discrimina-
tion was not seen at [PFAS] = 5 uM (Figure S-34). This re-
inforces the central concept of the sensing system, namely
that the cavitand AMI triggers aggregation and that com-
bining with the DSMI/PSMI dyes allows highly selective
PFOS detection. In contrast, the use of the QR dye pro-
vides for a broader scope of PFAS detection.

The cavitand:PFAS aggregation also allows PFOS to be
insolubilized in water, potentially permitting simple PFOS
extraction and its removal from the aqueous phase. To test
this possibility, samples of PFOS (10 pM, 5000 ppb) in
phosphate-buffered saline (PBS, pH 7.4) were treated with
an equimolar amount of AMI (10 pM) and the resulting ag-
gregates filtered through a 0.22 pM methylcellulose ester
(MCE) filter. The filtrate was subjected to high resolution
LC-MS analysis (see Figure S-43) and compared to stand-
ard aqueous samples containing 1 or 10 ppb PFOS. These
results showed that the PFOS concentration after a single,
simple treatment was 43 + 14 ppb (average of 3 experi-
ments), corresponding to a 99% reduction of PFOS in the
solution. This illustrates the two-fold nature of the recog-
nition system: the aggregation process occurs at low con-
centrations in purely aqueous solution, allowing sensitive
sensing when the AMI cavitand is paired with a dye. Con-
versely, insolubilization and extraction of the PFAS can be
achieved by the cavitand in the absence of an added dye.
Thus, one host system (AMI) can be used to both detect
and extract PFAS from water by exploiting different facets
of the same aggregation mechanism.

Conclusions

Here, we have shown that cationic water-soluble deep
cavitands can selectively recognize perfluoroalkyl sub-
stances (PFAS) in aqueous solution. The recognition does
not occur in the internal cavity of the host, but at the cati-
onic lower rim. This triggers self-aggregation of PFAS-
cavitand complexes in water, allowing simple extraction.
As the cavity is unoccupied by the target, it allows the sys-
tem to be paired with an indicator dye that can be bound
in the cavity. Upon aggregation with PFAS, an allosteric
change in AMI cavitand structure occurs, favoring dye
binding and causing a large emission enhancement. This
allosteric recognition enables selective and sensitive opti-
cal sensing of PFAS. The limit of detection for perfluorooc-
tanesulfonate in buffered water is 130 nM, and 500 nM in



real-world samples such as polluted canal water. By pairing
the AMI host with multiple dyes in an array-based format,
full discrimination of five other PFAS can be achieved at
micromolar concentrations via differential sensing. The ag-
gregation process also allows extraction of PFAS from aqueous
solution, specifically a 99% reduction in the [PFOS] is pos-
sible with a single treatment, using an equimolar concen-
tration of AMI cavitand. The dual-mode nature of the cavi-
tand recognition system allows both selective, sensitive op-
tical detection and extraction of PFAS from water with a
single scaffold.
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