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Abstract: Stimuli-responsive synthetic ionophores allow
for spatial and temporal control over ion transport, with
promise for applications in targeted therapy. Relay
transporters have emerged as a new class of ion trans-
porters - these are anchored carriers that sit in both
leaflets of the bilayer and mediate transport across the
membrane by passing ions between them. The relays are
themselves membrane impermeable, and so must be
incorporated into the membrane during vesicle prepara-
tion. Here we show that relay transporters can be
delivered to both sides of the membrane of vesicles
using a synthetic flippase. By incorporating an aryl
azopyrazole photo-switch into the movable arm of the
relay transporters the ion transport activity can be very
efficiently and reversibly switched between off and on
states. This control is achieved by extension and
contraction of their movable arms via photo-isomer-
ization of the central aryl azopyrazole moiety, hence
modulating the ability of the relays to pass ions across
the membrane.

Ion transport across lipid bilayers is a fundamental process
in nature,[1] and is mediated by membrane-spanning protein
ion channels or pumps.[2] Genetic mutations may cause
malfunction of these systems leading to diseases known as
channelopathies, including cystic fibrosis, osteoporosis, and
epilepsy.[3] The development of artificial stimuli-responsive
ion transport systems may present an opportunity to develop
therapeutics for channelopathies, and provide tools to
engineer functional membranes in synthetic cells.[4] A variety
of artificial ion channels that respond to a range of stimuli
including light,[5] ligands,[6] and redox stimuli[7] have been
explored. Mobile carriers have also been widely studied,[8]

with stimuli-responsive examples including photo-,[9] pH-,[10]

voltage-,[11] and redox-responsive[9c,12] systems. Contrasting
with channels and mobile carriers, anchored carriers consist
of an immobile component anchored in the membrane,

connected to a mobile ion receptor which facilitates
transport.[13] Examples include unimolecular ion shuttles,[14]

ion fishers,[15] swings,[16] and rotors.[17]

In 2008, Smith et al. developed a bimolecular ion relay
transport system, in which two carriers are anchored in
opposite leaflets of the membrane by a lipid anchor, and
transport is facilitated by passing ions between the two
receptors.[18] We have subsequently reported a chloride
selective halogen-bonding relay transporter,[19] and photo-
responsive derivatives.[20] The latter incorporate a photo-
switchable tetra-o-fluoro-azobenzene in the movable arm
which can undergo E-Z photo-isomerisation upon irradi-
ation with green and blue light. Only the extended E isomer
state can facilitate ion transport, because the more con-
tracted Z isomer is too short to reach into the membrane
interior and pass an ion to a receptor in the opposite leaflet
(cf. Figure 1a).[20a] However, incomplete photo-switching of
the tetra-o-fluoro-azobenzene core results in a significant
proportion (16%) of the relays to be present as the (active)
E isomer at the Z-rich photo-stationary state (PSS), causing
significant background transport activity in this nominally
‘off’ state, and only a 3-fold difference in transport rates
between the two isomers.

One limitation of relay transporters is that they must be
present in both leaflets of the membrane, yet are themselves
membrane impermeable by virtue of the lipid head group.
This means that they cannot be delivered to a pre-formed
membrane (i. e. a lipid vesicle or cell), and their use is
therefore limited to applications in synthetic cell-like
compartments where they can be incorporated into both
sides of the membrane during vesicle / cell preparation. In
nature, membrane-bound enzymes variously called “trans-
locases”, “scramblases” or “flippases” facilitate the trans-
location or “flip-flop” of lipids across the bilayer to establish
asymmetric lipid distributions.[21] Low molecular weight
artificial model compounds have been developed to mimic
the function of these enzymes. For example, Smith et al.
reported on a tris(2-aminoethyl)amine derivative with
sulfonamide hydrogen-bond donors able to form a complex
with a phosphatidylcholine lipid head group and mediate
flip-flop across the lipid bilayer.[21–22]

Herein, we demonstrate that relay transporters can be
delivered to the inner membrane leaflet of vesicles using an
artificial flippase (Figure 1c), opening up the potential for
delivery to pre-formed living or artificial cellular systems.
We utilize this technique on novel second generation relay
transporters. These exhibit highly efficient photo-switching
by incorporation of a photo-switchable aryl azopyrazole
moiety, enabling near quantitative reversible off-on switch-
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ing of anion transport, significantly improved over that
achievable with azobenzene-derived relays. Unprecedented
reversible in situ switching of relay ion transport could be
achieved by alternating the irradiation wavelength of the
incident light, with up to 20-fold enhancement in transport
rates for the on state in comparison to the off state.

The design of the aryl azopyrazole photo-switchable
relay transporters is shown in Figure 1b, and was adapted
from our previously reported azobenzene-derived

systems.[20] The relay is embedded into the lipid bilayer by a
phosphatidylcholine lipid anchor, which is functionalized
with a movable telescopic relay arm. The central feature of
the arm, the photo-switchable moiety, provides a mechanism
for photo-control over the ion transport. In order to address
the challenge of the relatively poor on-off switching of
transport activity with azobenzene derivatives, we incorpo-
rated an aryl azopyrazole molecular photo-switch. First
described by Fuchter et al.,[23] these allow for near-quantita-
tive bidirectional switching between E- and Z-isomers, with
long Z-isomer thermal half-lives (t1/2~10 d), and hence their
incorporation into a relay was expected to improve the
photo-switching of transport activity. Squaramide and thio-
urea anion binding sites were selected to be incorporated
into the relay systems, as both motifs have been extensively
utilized in a range of artificial anion transport
systems,[9a,b,10a,20a,24] and previous reports suggest that squar-
amides facilitate higher transport rates in mobile carrier
systems than their thiourea counterparts.[24a] Relay trans-
porters 1 and 2 were prepared by coupling of a phospholyso-
lipid with the aryl azopyrazole photo-switch, followed by
installation of the thiourea or squaramide anion binding site,
respectively. Full synthetic details are available in the ESI.

The ion transport activity of the relay systems was
measured using an 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS) assay in large unilamellar vesicles
(LUVs) composed of 1-palmitoyl-2-oleoyl-glycero-3-phos-
phocholine (POPC) in buffered NaCl solution. Transport
was initiated by addition of a NaOH pulse. The ability of the
relays to dissipate the pH gradient by transport of H+ or
OH� via OH� /Cl� exchange (antiport) or the functionally
equivalent, but osmotically disfavoured, H+/Cl� symport
was determined by monitoring the change in the ratio of the
fluorescence intensities (λem =510 nm) of protonated (λex =

405 nm) and deprotonated (λex =460 nm) HPTS with time.
The ion transport activity of both relays in the E-rich PSS at
530 nm pre-incorporated into both membrane leaflets was
studied over a range of concentrations (Figure 2a and
Figure S39). The EC50 value (concentration required to
afford half-maximal activity) for relay 1 was determined by
Hill analysis to be 2.4 mol% with respect to lipid, a ~2-fold
increase in activity over the previously reported azoben-
zene-derived relay (4.5 mol%).[20a] Squaramide relay 2
exhibited a somewhat lower activity, however, at higher
loadings an instantaneous dissipation of the pH gradient was
observed upon addition of the base pulse (Figure S39, 40).
Given that DLS experiments indicated that the vesicle
remained intact (Table S5), we suggest that the squaramide
moieties, which are known to form strong intermolecular
interactions,[25] stack within the lipid bilayer and lead to
some membrane disruption above a critical concentration,
rendering it permeable to ions. Consequently, further
studies of the transport activity were focused on 1.

The relay transport mechanism requires transporters to
be present in both leaflets of the membrane (Figure 1a).
When relay 1 was pre-incorporated into LUVs and thus
present in both leaflets, transport activity was observed
(Figure 2b). Relay 1 could alternatively be incorporated into
solely the outer leaflet of the LUVs by addition of a DMSO

Figure 1. (a) Schematic representation of the photo-switchable relay ion
transport process. (b) Structures of the previously reported azobenzene
relay[20a] and the novel thiourea (1) and squaramide (2) aryl
azopyrazole-based relay transporters. (c) Schematic representation of
the delivery of relay transporters to the inner membrane leaflet with an
artificial flippase 3.
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solution of 1 to pre-formed LUVs, with successful mem-
brane uptake confirmed by UV/Vis spectroscopy (Fig-
ure S31). No ion transport was observed in this case because
of the inability of the relay to cross the membrane due to
the zwitterionic head group, as observed previously (Fig-
ure 2b, Figure S41).[19–20] A linear correlation between the
initial rate of ion transport, kini, and the square of the
transporter loading was observed (Figure 2a), indicative of
two relay molecules involved in the rate determining step,
supporting the proposed ion transport mechanism. Hill
analysis of the fluorescence intensity at the end of the
transport experiments afforded a Hill coefficient of 2,
indicative of two molecules in the rate limiting step,
corroborating the results of the kinetics analysis. In agree-
ment with results reported for other relay transporters,[19–20]

this implies that the rate determining step involves the
breaking of the intermediate 2 :1 relay:anion complex that is
formed when the ion is passed from one relay to the other.
This was further supported by the observation of negligible
change in transport rates upon establishing an unbalanced
distribution of 1 across the outer and inner membrane
leaflet (3 : 1; outer:inner; Figure 2b, Figure S42). A lack of
transport activity by 1 when the anion in the buffer was
exchanged from chloride to the larger and more hydrophilic
gluconate anion confirmed the transport of anions (via Cl� /

OH� antiport or H+/Cl� symport) over the possible cation
dependent Na+/H+ antiport process (Figure 2b, Figure S43).

To explore the transmembrane delivery of relay 1 to pre-
formed vesicles, we prepared flippase 3[21–22] (Figure 1c)
from 4-methylbenzenesulfonyl chloride with N1,N1-bis(2-
aminoethyl)ethane-1,2-diamine.[26] In initial experiments,
relay 1 (3.5 mol% with respect to lipid) and the flippase 3
(100 mol% with respect to lipid) were mixed in DMSO to
form a flippase-relay complex 1*3, and added to LUVs. This
led to activation of ion transport (Figure S44). Studying the
effect of flippase concentration on relay transport activity
(1.75–100 mol%) determined that optimum activity could
be achieved with 14 mol% flippase (Figure 3a(i); Fig-
ure S44). In contrast, addition of only relay 1, or flippase 3,
at the same concentrations to LUVs did not result in
appreciable transport (Figure 3a(iii) and (iv)). This can be
ascribed to the inability of the relay to distribute across the
two leaflets of the bilayer (as discussed previously); and the
poor anion transport ability of flippase 3 itself. These results
demonstrate that in the presence of flippase 3, relay 1 is
delivered to both leaflets of the membrane, which is
requisite to achieve relay ion transport.

To rule out a possible carrier mechanism mediated by
the relay-flippase complex 1*3, rather than the postulated
relay mechanism between receptors in both leaflets, we
synthesised control compound 4 (Figure 3b), which is
derived from the same lyso-lipid as 1 and possesses an
identical thiourea binding site, but contains an arm that is
too short to allow for transport via the relay mechanism.
Control compound 4 was inactive upon pre-incorporation
(7 mol% loading, Figure S45) or external addition to LUVs
as a DMSO solution (3.5 mol%, Figure S46; membrane-

Figure 2. (a) Change in ratiometric emission, Irel (λem=510 nm;
λex1=405 nm, λex2=460 nm), upon addition of a NaOH base pulse
(5 mM) to POPC LUVs (31 μM) containing 1 mM HPTS, 100 mM
internal and external NaCl, buffered with 10 mM HEPES at pH 7.0.
Data for relay 1 at PSS530 and linear relationship of initial rate, kini, with
[1]2. (b) Transport activity of 1 at PSS530 (i) externally added (2 mol%)
to LUVs; (ii) pre-incorporated (3 mol%) in NaGluconate buffer; (iii)
pre-incorporated (2 mol%); (iv) with an asymmetric distribution in the
outer leaflet (6 mol%) to the inner leaflet (2 mol%). Error bars and
shadings represent standard deviations.

Figure 3. (a) Anion transport assays upon external additions of a
mixture of (i) relay 1 (3.5 mol%) at PSS530 and flippase 3 (14 mol%);
(ii) a mixture of 4 (3.5 mol%) and 3 (14 mol%); (iii) 1 (3.5 mol%) at
PSS530; (iv) 3 (14 mol%); (v) DMSO blank. (b) Structure of control
compound 4.
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uptake confirmed by UV/Vis spectroscopy, Figure S32),
confirming its inability to act as a relay. Addition of a
mixture of 4 (3.5 mol%) and flippase (14 mol%) in DMSO
to LUVs caused minimal increase of transport activity
compared to the flippase (Figure 3a(ii)), demonstrating that
the flippase-relay complex is unable to act as a mobile
carrier, and hence that the relay mechanism with the longer
derivative 1 is dominant in the anion transport process.

The photo-switching of relay 1 and 2 was studied in
solution both by UV/Vis and 1H NMR spectroscopy
(Table 1). UV/Vis spectroscopy revealed significant red-
shifting of the λmax of the π–π* transition of the E-isomer
relative to the one of the Z-isomer (Figure S27, S28). Thus,
by excitation of the π–π* transition at 365 nm (where there
is strong absorption by the E-isomer and minimal by the Z-
isomer) the relay arm is isomerized to the Z-isomer,
concomitant with a reduction in relay arm length. Exciting
the tail of the n-π* band of the Z-isomer at 530 nm enables
switching to the E-isomer and the extension of the relay
arm. The PSSs at 365 and 530 nm of both relays were
determined by 1H NMR experiments (Figure S22, S23),
revealing highly efficient bidirectional switching, much
improved over that of the previously reported tetra-o-fluoro

azobenzene relay.[20a] The PSS at 405 nm, close to the
isosbestic point, was also determined. Here the E- and the
Z-isomer are present in comparable amounts, a feature that
we subsequently exploited for studying intermediate trans-
port activities.

Fully reversible photo-isomerisation between the E-rich
PSS at 530 nm and the Z-rich PSS at 365 nm of relay 1 in
LUVs was demonstrated by UV/Vis spectroscopy (Fig-
ure S33), again achieving close to quantitative photo-switch-
ing in both directions (Table 1). The ion transport activity of
1 could be successfully switched upon photo-irradiation at
different wavelengths (Figure S35). The concentration de-
pendence of the initial rates of transport of relay 1, across
the E-rich (530 nm), Z-rich (365 nm) and E~Z (405 nm) PSS
distributions is shown in Figure 4a. The gradient of the
linear plot of kini vs [1]2 represents the rate constant k of the
transport process. The rate constant k530 at PSS530 was
determined to be 20-fold greater than the rate constant k365

at PSS365, and about double that of the rate constant k405 at
PSS405. In contrast, the previously reported azobenzene relay
achieved only a 3-fold difference in the rate constants of the
E-rich PSS compared to that of the Z-rich PSS
(Table S4).[20a] This demonstrates that the improved photo-
switching abilities of the aryl azopyrazole compared to the
tetra-o-fluoro azobenzene directly translate to vastly im-
proved switching of the transport activity.

Analysis of the rate constants of the three studied PSSs
in conjunction with the known PSS isomer distributions
allowed for further characterisation of the transport process.
In principle, there are three pairwise combinations of relay
isomers sitting in opposite leaflets of the bilayer that could
facilitate ion transport: EE, EZ and ZZ. The proposed
transport mechanism assumes that the contracted arms of
the Z-isomers are too short to allow for the transfer of the
ion from one arm to the other. We developed a simple
kinetic model to determine of the relative activities of each
pairwise interaction from this data (see ESI), which revealed
that the ZZ combination is inactive, whereas both EE and
EZ facilitate transport. The fully extended EE pairwise
interaction is 5x more active than the mixed EZ interaction,

Table 1: Photo-stationary state distributions of 1, 2 and the previously
reported azobenzene relay[20a]

Relay (in solvent) %E at E-rich PSS
(at wavelength)

%Z at Z-rich PSS
(at wavelength)

%E at iso-
sbestic poin-
t[a]

1 (d6-DMSO) 95 (530 nm) 95 (365 nm) 40 (405 nm)
1 (2 :1 CDCl3/
CD3OD)

93 (530 nm) 96 (365 nm) 61 (405 nm)

1 (POPC LUVs) 96 (530 nm) 90 (365 nm) 60 (405 nm)
2 (2 :1 CDCl3/
CD3OD)

92 (530 nm) 90 (365 nm) 51 (405 nm)

Azobenzene
relay[20a] (d6-
DMSO)

95 (405 nm) 84 (530 nm) Not reported

[a] Irradiation of 1 and 2 at 405 nm, close to the isosbestic point

Figure 4. (a) Linear dependence of kini on [1]2 at PSS365, PSS405 and PSS530 generated by in situ isomerisation and corresponding rate constants. (b)
Schematic representation of inactive and active relay isomer combinations for ion transport (c) In situ, real-time switching of ion transport
mediated by 1 (3 mol%) pre-irradiated at 530 nm, with subsequent irradiation at 365 nm (purple) and 530 nm (green) light from an LED for 10 s.
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in agreement with the proposed mechanism (Figure 4b,
Table S3).

Finally, we exploited the efficient and reversible switch-
ing capability of 1 for unprecedented real-time, in situ
control over relay ion transport by irradiating the relays
within the membrane of LUVs. On to off switching of LUVs
pre-irradiated with 530 nm light could be achieved at various
time points during a transport experiment by 10 s of
irradiation with 365 nm light (Figure S47). Repetitive on!
off!on!off switching of activity could also be achieved by
successive irradiation at 365 nm and 530 nm for 10 s, (Fig-
ure 4c), to facilitate temporal control over relay activity.

In conclusion, by using a synthetic flippase we demon-
strated delivery of relay transporters to the inner leaflet of
the lipid bilayer. By utilizing an aryl azopyrazole photo-
switch, we were able to develop relays with significantly
enhanced photo-switching properties compared to previ-
ously developed azobenzene derivatives. The improved
PSSs directly translate into greatly enhanced photo-switch-
ing of the transport activity, allowing for real-time on and
off switching of anion transport. Kinetics analysis revealed
that the on state is 20-times more active than the off state,
and confirmed that E-E pairwise interactions dominate the
relay mechanism. We anticipate that the ability to both
carefully control the transport activity of relays using light in
a reversible manner, coupled with the capacity to deliver
these species across membranes using synthetic flippases,
may open up new avenues for the application of relay
transporters in both synthetic and living cells.
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Transmembrane Delivery of an Aryl Azopyr-
azole Photo-switchable Ion Transporter Re-
lay The delivery of anion relay transporters

across lipid membranes using a syn-
thetic flippase is reported. These second
generation photo-responsive relays in-

corporate an aryl azopyrazole photo-
switch enabling greatly improved rever-
sible photo-switching of the ion trans-
port activity in situ, in real time.
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