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Responsive Anionophores with AND Logic Multi-Stimuli Activation

Manzoor Ahmad, Toby G. Johnson, Martin Flerin, Fernanda Duarte, and

Matthew J. Langton*

Abstract: Artificial ion transport systems have emerged
as an important class of compounds that promise
applications in chemotherapeutics as anticancer agents
or to treat channelopathies. Stimulus-responsive systems
that offer spatiotemporally controlled activity for tar-
geted applications remain rare. Here we utilize dynamic
hydrogen bonding interactions of a 4,6-dihydroxy-iso-
phthalamide core to generate a modular platform
enabling access to stimuli-responsive ion transporters
that can be activated in response to a wide variety of
external stimuli, including light, redox, and enzymes,
with excellent OFF-ON activation profiles. Alkylation
of the two free hydroxyl groups with stimulus-responsive
moieties locks the amide bonds through intramolecular
hydrogen bonding and hence makes them unavailable
for anion binding and transport. Triggering using a
particular stimulus to cleave both cages reverses the
hydrogen bonding arrangement, to generate a highly
preorganized anion binding cavity for efficient trans-
membrane transport. Integration of two cages that are
responsive to orthogonal stimuli enables multi-stimuli
activation, where both stimuli are required to trigger
transport in an AND logic process. Importantly, the
strategy provides a facile method to post-functionalize
the highly active transporter core with a variety of
stimulus-responsive moieties for targeted activation with
multiple triggers. )

Introduction

The transmembrane transport of ions mediated by mem-
brane channels and ion pumps is a fundamental process in
biology that controls a wide variety of functions.I"! These
biological transport systems are often gated, whereby the
transport activity is controlled in response to the presence of
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an external stimulus, such as ligand binding, light, pH, or
membrane potential.”?) Malfunctioning ion channels can
trigger life-threatening diseases such as Cystic fibrosis,
Bartter syndrome, and Dent’s disease.’! Artificial
supramolecular ion transport systems in the form of ion
channels and carriers have emerged as an important class of
compounds that not only serve as models to investigate ion
transport processes, but also have potential as chemo-
therapeutics to treat cancer or to replace faulty ion
channels.”! However, stimulus-responsive ion transport sys-
tems that offer spatiotemporally controlled activation for
targeted applications are rare.’! Stimuli that have been
employed for generating responsive behavior include light,
pH, redox, ligands, enzymes, and membrane potential.”
Reversibly gated systems mostly include the use of photo-
switches such as azobenzene,!” stiff stilbene!® and
hydrazones,” where light either controls the ion binding
affinities or the self-assembly pattern of the different
isomeric forms to control transport activity. Photo-switches
have also been used to regulate transport via a relay
mechanism!"”! and to control macrocycle shuttling in a
membrane-spanning [2] rotaxane transporter.""! These sys-
tems, however, often exhibit background transport activity
in their off state because of incomplete photoconversion, or
suffer from fast thermal relaxation which limits their
applicability in biological contexts. Irreversible modulation
of transport activity, in which activity of a pro-carrier or
channel is activated by cleavage of a caging group, provides
a route to overcome the challenges of incomplete activation
or deactivation in photo-switchable systems, and examples
include the use of photocages to either block the anion
binding sites,'? modulate the self-assembly pattern,™ or
control the mobility of an anionophore.'" Other similar
systems include use of redox stimuli to trigger decaging,
including for chalcogen bonding anionophores!" and Au-
(TIT) caged systems.™™ Caging with photo- or redox-labile
hydrophilic groups provides a different strategy to inhibit
transport, by preventing membrane uptake of the pro-
carrier from the aqueous phase, until these groups are
removed by a de-caging reaction.'® These approaches,
whilst enabling effective control over ion transport, require
complex design strategies and offer unpredictable outcomes.
Methods to access caged anionophores with excellent OFF-
ON activation profiles, in which multiple stimulus-respon-
sive moieties can be incorporated in a readily accessible and
modular fashion, are lacking. Whilst Liu and co-workers
have very recently reported a molecular motor-based logic
gate potassium ion channel,l!'"! to the best of our knowledge,
there are no reported stimulus-responsive ionophores that
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require the presence of two stimuli for activation, such as
light and cellular redox environment, despite the potential
for greatly increased levels of spatiotemporally targeted
activation at the intersection of the two stimuli.

Herein, we report a modular platform for responsive
anionophores, activatable by a diverse range of stimuli. This
enables access to the first example, to the best of our
knowledge, of a dual stimuli-triggered AND logic system in
which two stimuli are required to trigger ion transport.
Based on a core anionophore platform derived from 4,6-
dihydroxy-isophthalamide, we demonstrate that double-
caging of the hydroxy groups using various protecting
groups inhibits transport via the formation of a six-
membered intramolecular hydrogen-bonded ring. Decaging
of both hydroxy groups reverses the hydrogen bonding
pattern, such that the amide N—H protons are available for
anion binding and transport. We demonstrated that such a
strategy can be employed to incorporate a wide variety of
stimulus-responsive cages via post-synthetic modification of
the anionophores through the hydroxyl groups, and offers a
chemically robust and facile method to generate responsive
pro-transporters that respond to multiple stimuli, with
excellent OFF-ON activation profiles. We utilize a range of
cleavable protecting groups of biological relevance, respond-
ing to light and environmental triggers that are overex-
pressed or generated in cancer tumors, namely an esterase
enzyme, H,0,, and H,S. A mixed stimuli system with AND
logic control, requiring the presence of both stimuli for
activation, is also accessed from this core scaffold.

Results and Discussion
Design of a Modular, Stimuli-Responsive Transporter Platform

We identified 4,6-dihydroxy-isophthalamide as the key
building block for our modular, responsive anionophore
platform. This receptor was first reported by Quesada and
co-workers in 2007 as a chloride carrier," and is preorgan-
ized via intramolecular hydrogen bonding between the
hydroxyl hydrogen bond donors and the adjacent carbonyl
groups (Figure 1A). Alkylation of these hydroxy groups
disrupts this pattern, leading to an anti-anti arrangement of
the amides and a decrease in binding affinity. Whilst this
project was ongoing, Ren and co-workers reported non-
covalently stapled self-assembled H*/Cl~ channels utilizing
a similar approach with alkyl-functionalized dihydroxy
isophthalamide derivatives, in which photo-dealkylation of
the hydroxyl groups releases the free hydroxyl form to
enable H*/CI™ transport across the lipid bilayer membrane
via a channel mechanism.™”

In the present work, we targeted a 4,6-dihydroxy-bis-
benzylamide scaffold as the key anionophore core, which we
anticipated would be amenable to facile post-synthetic
modification with a diverse range of cleavable groups to
access the corresponding stimuli-responsive pro-aniono-
phores. We also expected that incorporation of two different
stimuli-responsive protecting groups would therefore allow
access to an unprecedented AND logic gate, in which the
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presence of two stimuli is required to activate transport by
cleaving both groups. We identified four such protecting
groups responding to light, H,O,, esterase, and H,S, all of
biological relevance. Light is a key external stimulus for
activation of synthetic or biomolecules, and has shown
promises to treat cancer through photodynamic therapy.*”
Pro-transporters activated by either H,0, or H,S are of
significant interest because elevated concentrations of
hydrogen peroxide are a hallmark of tumor
microenvironments,”"! whilst up-regulation of H,S-produc-
ing enzymes is frequently observed in different cancer
types.’?) Similarly, certain esterase enzymes are overex-
pressed in tumor cells, an observation that has been
exploited to target therapeutics,” and therefore enzyme-
triggered pro-transporters are of particular interest for
potential targeted cancer therapy.

To target these stimuli, we selected suitable protecting
groups (cages) that will be cleaved by these stimuli to
release the free hydroxyl groups of the 4,6-dihydroxy-
isophthalamide anionophore. For photo-activation, we se-
lected the well-established ortho-nitrobenzyl (ONB) group,
while for H,0,, we identified a cage with boronic ester
functionality that in the presence of H,O, undergoes an
oxidative conversion to the corresponding phenol, which
upon a further intramolecular cascade reaction releases the
desired anionophore (Figure 1C).** A methyl pivalate cage
was selected for esterase hydrolysis,™! and a para-azidoben-
zyl cage for activation with H,S, which reduces the azide to
the corresponding amino derivative,” and through a
subsequent intramolecular cascade cleavage releases the
anionophore.

Synthesis and Anion Binding Experiments of Anionophores 1-5

To synthesize the active anionophores 1-4 dibenzylated
isophthalic acid 6 was coupled with different aliphatic
amines using hexafluorophosphate  azabenzotriazole
tetramethyl uronium (HATU) as the coupling reagent to
yield the dibenzylated amide derivatives 7a-7d, which upon
reaction with hydrogen in the presence of catalytic palla-
dium on charcoal yielded the final active anionophores 1-4
in excellent yields (Figure 2A). Compound 5, prepared as a
control compound lacking the possibility of intra-molecular
hydrogen bonding, was synthesized by reacting isophthalic
acid 8 with 4-trifluoromethyl benzylamine. To investigate
the anion binding capabilities of compounds 1-5, 'H NMR
titration studies were performed in acetonitrile-d;. Addition
of increasing equivalents of tetrabutylammonium chloride
(TBACI) solution to the receptors 1-5 lead to a significant
downfield chemical shift of the amide N—H, and C,—H,
protons respectively (Figure 2C, S43, S45, S47, S49, S51),
indicative of N-H,-~Cl™ and C,,—H;~CIl™ hydrogen bonding
interactions. Analysis of the generated binding isotherms
using Bindfit determined 1:1 host:guest association con-
stants (K,;.1/Cl7) of 2573M™"'+13% for 1, 9,423M '+
10 % for 2, 20,805 M ' +£12 % for 3, 25397 M '+14 % for 4,
and 531 M '+4% for 5 respectively (Figure 2D, 2E, S44,
S46, S48, S50, S52). The chloride binding affinity sequence
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(B) Dual-triggered ion transport with AND logic
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Figure 1. (A). Schematic representation of stimulus responsive ion transport using light, redox, and enzyme. (B) An AND logic dual-triggered
anionophore, and chemical structures of active ion transporters 1-5 and stimulus-responsive cage groups. (C) Mechanism of triggered activation
of pro-transporters 4a—-4d using light, H,0,, H,S, and enzyme as external stimuli.

was found to be 4>3>2>1>5. Compound 5, which lacks
the possibility of intra-molecular hydrogen bonding, dis-
played much weaker chloride binding compared to com-
pounds 1-4, indicating that the preorganisation of the latter
compounds significantly enhances anion affinity. Incorpora-
tion of amide linkages with benzyl substituents enhances the
chloride binding, presumably due to anion-n interactions as
suggested by the upfield shift of benzyl aromatic meta
protons, and C,—H-Cl- hydrogen bonding interactions
suggested by downfield shift of the benzyl ortho protons for
the trifluoromethyl benzyl derivative 4 (Figure S49).
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lon Transport Studies

Having determined the chloride binding capabilities of the
receptors in solution, ion transport studies for 1-5 were
performed using large unilamellar vesicles (LUVs) encapsu-
lating the chloride-sensitive fluorophore lucigenin. LUVs
were prepared using 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) lipid molecules entrapping 1 mM lucige-
nin in 200 mM sodium nitrate buffered to pH of 6.5 using
10 mM phosphate buffer. To monitor chloride transport
across the LUV membrane, a Cl™ gradient was generated by
adding sodium chloride (using 2.0 M NaCl) in the external
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Figure 2. (A) Chemical synthesis of active transporters 1-5. (B) clogP values of transporters 1-5, calculated using MarvinSketch software. (C)
Partial 'H NMR titration of 4 (2.0 mM) with tetrabutylammonium chloride (TBACI, 0-14 mM) in acetonitrile-d;. (D) The plot of chemical shift (5)
of H, proton vs concentration of TBACI added, fitted to 1:1 binding model of BindFit v0.5 for the active transporters 1-5. (E) Binding constant

values of transporters 1-5.

buffer to achieve a concentration of 33.3 mM. The anion
transport process was monitored by recording the quenching
of the lucigenin fluorescence by chloride after the addition
of transporters 1-5. Significant quenching was observed for
compounds 1-4, whilst a minimal effect was observed for
compound 5, suggesting that the intramolecular hydrogen
bonding between the hydroxyl protons and the amide
carbonyl significantly enhances the ion transport activity,
due to the formation of a preorganized binding cavity for
anion binding. The ion transport activity sequence of 4>3>
2>1>5 could therefore be attributed primarily to the
sequence of their chloride binding affinities, with minimal
impact from the varying lipophilicity of the ionophores
(Figure 2B).

Figure 3A shows the effect of the lucigenin fluorescence
by the addition of compounds 1-5 (0.608 mol % with respect
to lipid). Transporter 4 was found to be the most active,
correlating with its enhanced chloride association deter-
mined by the '"H NMR titration studies. We subsequently
performed dose-dependent ion transport activity analysis on

Angew. Chem. Int. Ed. 2024, 202403314 (4 of 9)

the most active transporter 4 (Figure S65A). Hill analysis
yielded an ECs, value of 0.092 mol % £+0.001. The Hill
coefficient (n) was found to be ~2, indicative of the involve-
ment of a 2:1 receptor-anion complex in the transmembrane
anion transport process (Figure S65B). This is consistent
with results from DFT calculations (see ESI for computa-
tional details). These calculations revealed the pre-organiza-
tion of the binding cavity by intramolecular phenol-carbonyl
hydrogen bonding interactions and intermolecular n—n
interactions, and the ability of two molecules of 4 to bind to
chloride within the transport-active complex via hydrogen
bonds (Figure 3F). This 2:1 binding mode is energetically
less preferable to 1:1 binding (consistent with results from
NMR titration experiments, and a Hill coefficient >1 in
transport experiments which indicates endergonic self-
assembly), as a result of elongation of the hydrogen bonding
interactions with the chloride anion (Table S1). However,
the formation of the 2:1 complex results in much greater
encapsulation of the chloride anion, which presumably

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. (A) Activity comparison of 1-5 (0.608 mol %) across POPC-LUVsDlucigenin. (B) Cation selectivity of 4 (0.152 mol %) by varying the
external cations using different MCl external buffers (M*=Li*, Na*, K*, Rb*, Cs™). (C) lon transport activity of 4 (0.608 mol %) across DPPC-based
vesicles at 25°C and 45 °C temperatures, respectively. (D) Schematic representation of lucigenin-based chloride efflux using either extravesicular
SO, or NO, ™ ions. (E) lon transport activity of 4 (0.608 mol %) in presence of external SO,*~ and NO, ™ ions. (F) The geometry-optimized
structure of [(4),Cl7] complex, optimised at the ®B97X-D3/def2-SVP level of theory.

lowers the barrier for membrane translocation such that the
2:1 complex is the dominant transport-active species.
Variation of the cation in the external buffer using
different MCI solutions (M*=Li*, Na*, K*, Rb*, Cs*) did
not affect the ion transport activity, ruling out the possible
M*/CI~ symport pathway for chloride transport (Figure 3B).
To distinguish between the possible C1 /NO;™ antiport and
H*/CI- symport pathways, we performed a modified
lucigenin-based transport assay in which LUVs encapsulat-
ing lucigenin and NaCl were suspended in a buffered
solution of either Na,SO, or NaNO,. Appreciable transport
with 4 was observed only in the case of external nitrate
(Figure 3E). This suggests that CI /NO;™ antiport pathway is
the dominant mechanism, rather than H*/Cl~ symport for
which no difference in the transport rate would be observed
by changing the salts in the external buffer. In the case of
the CI7/X™ antiport mechanism, transport of either NO;™ or
SO,*" is required to drive the efflux of chloride ions, the
latter being too hydrophilic to be readily transported.
Evidence for a mobile carrier mechanism of transport was
obtained by conducting analogous experiments in dipalmi-
toylphosphatidylcholine (DPPC) LUVs. Suppressed activity
at 25°C, and increased activity at 45°C which is above the
gel-liquid phase transition temperature for DPPC lipid
(T,,=41°C), is indicative of a mobile carrier process, rather
than a self-assembled ion channel pathway, the activity of

Angew. Chem. Int. Ed. 2024, 202403314 (5 of 9)

which would be typically expected to be invariant to lipid
phase (Figure 3C).

Synthesis and Anion Binding Experiments of Caged Pro-
Transporters 4a—4d

Compound 4, with the optimum anion binding and transport
capabilities, was selected for caging with different stimulus-
responsive protecting groups. Alkylation of 4 with 1-
(bromomethyl)-2-nitrobenzene, 4-bromometh-
ylphenylboronic acid, or 1-azido-4-(bromomethyl)benzene
gave the corresponding light, H,O, or H,S responsive
anionophores 4a, 4b and 4c respectively (Figure 4A).
Reaction of 4 with iodomethyl pivalate 9d furnished the
corresponding esterase responsive anionophore 4d. 'H
NMR chloride binding experiments were performed with
4a-4d to explore the effect of intramolecular hydrogen
bonding of the amide protons on the chloride binding
process, by the addition of increasing equivalents of TBACI]
to the caged compounds 4a—4d in acetonitrile-d;. No change
in the chemical shift for the amide protons was observed for
these four caged compounds, which demonstrates the lack
of chloride binding (Figure 4C, S53-S56) and confirms that
the intramolecular hydrogen bonding of the amide NH
groups renders them unavailable for anion recognition.
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Figure 4. (A) Chemical synthesis of caged pro-transporters 4a—4d. (B) Chemical structures of 4a—4e showing H, and H, protons. (C) Change in
chemical shift values of H, or H, upon titrating 4, 4a—4e with tetrabutylammonium chloride in acetonitrile-d;. (D) Change in chemical shift values
of H, (compounds 4,5) or H, (compounds 4a—4e) upon titrating with DMSO-d; in CDCl;.

Furthermore, negligible changes to the spectra upon the
addition of DMSO-d; to the caged samples in chloroform-ds
also confirms that the amide protons are engaged in intra-
molecular hydrogen bonding, and unable to interact with
the DMSO hydrogen bond acceptor (Figure 4D, S58-S62).
In contrast, the amide proton of control compound 5, which
does not have the possibility of intramolecular hydrogen
bonding, showed a significant downfield chemical shift upon
the addition of DMSO.

Stimuli-Responsive lon Transport Activation

Stimuli-responsive activation studies on pro-transporters
4a-4d were initially performed in solution phase experi-
ments. For 4a and 4b, a solution of the pro-transporter in
DMSO-d, was subjected to the relevant stimulus: a 405 nm
LED (1 W) for 4a, and incubation of 4b with H,O, (50 eq.)
at 37°C (Figure S68, S69). For 4¢, a solution of the pro-
transporter in a mixture of methanol-d,:acetone-d, (4:1) was
subjected to sodium hydrosulfide (NaSH, 20 eq.) as the H,S
donor (Figure S70). For 4d, the pro-transporter was incu-
bated with porcine liver esterase in a THF/DMSO/H,O
(1:1:1) mixture at 37°C. '"H NMR and UV/Vis analysis were
used to monitor the decaging reactions of 4a—4¢ over time,
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while HPLC was employed for the enzyme-activated 4d
(Figure S71, see the ESI for full experimental details).

In each case, efficient decaging to generate 4 was
observed (>85% conversion). With evidence of efficient
activation of pro-transporters 4a-4d using light, H,O,,
esterase, and H,S in the solution phase in hand, the
triggered OFF-ON activation of ion transport was subse-
quently evaluated using lucigenin-containing LUVs in buf-
fered NaNOj; solution. Pro-transporters 4a, 4b, 4¢, or 4d
were added in an aliquot of DMF (final concentration of
0.608 mol % with respect to lipid), followed by an external
chloride pulse. No significant changes were observed in the
lucigenin fluorescence, indicating that the pro-transporters
are inactive at this concentration, thus achieving an effective
OFF state.

We then subjected samples of the pro-transporters 4a—
4d in buffer solution in a cuvette to the various stimuli,
before adding LUVs and performing ion transport experi-
ments by addition of a chloride pulse. Figure 5 shows the
activation of chloride transport by stimulus-triggered decag-
ing of the pro-transporters (0.66 UM, 0.608 mol %) after
subjecting the samples to the stimulus for various time
intervals. Photo-activation of 4a using a 1 W 405 nm LED
resulted in efficient activation, achieving comparable activity
to a sample of 4 after 120 s of irradiation, indicative of near
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Figure 5. (A) lon transport activities across POPC-LUVsDlucigenin, by photo-irradiating 4a at 405 nm light using an LED (1 W); (B) by treating 4b
with H,O, (50 eq.); (C) by reacting 4c with NaSH (10 eq) and (D) by treating 4d with porcine liver esterase enzyme.

quantitative decaging under these conditions (Figure 5A).
Effective activation of the boronic-acid pro-transporter 4b
in the presence of 50 eq. H,O, was also achieved, with
approximately 86 % activation of ion transport observed
after incubation at 37°C for ~90 minutes (compared to a
sample of 4, assuming transport activity as 100 % immedi-
ately prior to LUV lysis). As expected, the extent of ion
transport activation with time was dependent on peroxide
concentration (Figure S77). Control experiments in the
absence of 4b demonstrated that the LUVs are stable to
peroxide after incubation for 2hours (brown data, Fig-
ure 5B), while 4b remained inactive to transport after
incubation in buffer for 2 hours, indicating that the cage is
stable in the absence of peroxide (blue data). Similarly, 4¢
was activated in the presence of 10 eq. NaSH, generating
transport activity ~93 % that of as-synthesized 4 (Figure 5C).
Analogous control experiments to those conducted with 4b
revealed that the cage is stable in the absence of the stimulus
(brown data); that the LUVs are stable to NaSH (cyan
data); and that the extent of activation is dependent on
NaSH concentration (Figure S78). Finally, activation of 4d
using an esterase was achieved by incubating the pro-
transporter with 0.034 mg/mL porcine liver esterase at 37°C
for various time intervals, before conducting the anion
transport experiments (Figure SD). Up to 89 % activation
could be achieved compared to 4, with the activation again
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strongly dependent on concentration (Figure S79). No
change in transport activity was observed with only 4d in
the absence of enzyme for 1 hour, indicating that the enzyme
does not affect vesicle integrity and that pro-transporter 4d
is itself stable in solution.

AND Logic Activation Using a Dual-Caged Transporter

Given the facile functionalization of 4 with various stimuli-
responsive protecting groups, we sought to access a dual-
stimuli-responsive system, in which two protecting groups
triggered by orthogonal stimuli are incorporated to access
an AND logic gate, i.e., both stimuli are required to release
the transporter. Accordingly, we prepared a dual light/H,S
triggered AND logic transporter 4e to exemplify this
concept by successive alkylation of 4 with the appropriate
bromo-benzyl derivatives (Figure 6A, see ESI for further
details). '"H NMR experiments confirmed that, as with the
bis-caged derivatives 4a—4d, the presence of the two differ-
ent protecting groups inhibited anion binding (Figure S57).
Similarly, no chemical shift changes were observed upon
titrating 4e with DMSO-d, in CDCl, (Figure S63).

We initially examined the activation of 4e in the solution
phase by irradiating with 405 nm light followed by the
addition of 10 eq. NaSH (Figure S72), or in the opposite
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order (Figure S73). In both experiments, significant activa-
tion of 4e was achieved, generating the corresponding free
transporter 4. We subsequently examined the AND logic
activation of ion transport, by conducting similar anion
transport experiments to those described previously. Irradi-
ation of 4e with 405 nm light to cleave the photocage
(Figure S80), or incubation of 4e with NaSH (Figure 6B, red
data), did not lead to transport activation, demonstrating the
requirement for both cages to be cleaved in order to
generate the required hydrogen bonding arrangement for
anion binding and transport. However, following both
photo-irradiation and incubation with NaSH, efficient
activation of transport was observed, comparable to that of
a pristine sample of 4 (Figure 6B). Moreover, the activation
could be achieved by applying the stimuli in either order:
either by photo-irradiating 4e initially with 405 nm of light
followed by addition of NaSH (5.0 eq) (Figure S80) or by
treating 4e initially with NaSH followed by photoirradiation
at 405 nm (Figure 6B). To the best of our knowledge, this
represents the first example of an AND logic gate
responsive ionophore, requiring the presence of two stimuli
for activation, notably achieved with an excellent OFF-ON
activation profile.

Conclusion

In conclusion, we have developed a modular platform for
accessing stimuli-responsive anionophores, including those
requiring multiple stimuli for activation, via post-synthetic
modification of a dynamic hydrogen bonding anionophore.
By exploiting a 4,6-dihydroxy-isophthalamide scaffold, we
demonstrated that alkylation of the hydroxy groups with
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various stimulus-responsive caging groups inhibits transport
by locking the amide protons into intra-molecular hydrogen
bonding interactions, thus preventing chloride binding.
Activation using a range of biologically relevant stimuli
including light, peroxide, sulfide, and an esterase cleaves the
corresponding cage, reversing the intramolecular hydrogen
bonding pattern to enable chloride binding and transport.
By incorporating two different stimuli-responsive cages, we
developed an AND logic gate, in which OFF-ON transport
activation is achieved only in the presence of both stimuli.
The approach we report here allows for facile access to a
range of stimuli-responsive transporters by simple post-
synthetic modification of the anionophore, unlike existing
approaches which typically require complex, de-novo design
strategies to incorporate the desired stimuli-responsive
behavior. We anticipate that this AND logic approach in
which the presence of two stimuli is required for transporter
activation, could be exploited for developing future targeted
therapeutics, triggered, for example, by both the local tumor
environment (enzymes, redox) and further targeted by an
external stimulus such as light.
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A modular platform for accessing stim-
uli-responsive anionophores, triggered
by multiple stimuli of biological rele-
vance including light, redox, and an
esterase, is reported, and accessed via
post-synthetic modification of a dynamic
hydrogen bonding anionophore. By uti-
lizing two different cages, a responsive
anionophore with AND logic activation,
requiring two different stimuli, was
achieved.
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