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Abstract: Photoresponsive materials feature properties
that can be adjusted by light near-instantaneously, revers-
ibly, and with high spatiotemporal precision. There is
considerable interest in maximising the degree of photo-
switching, and in measuring this degree during illumina-
tion in complex environments. We study the switching of
photoresponsive lipid membranes that allow for precise
and reversible manipulation of membrane shape, perme-
ability, and fluidity. Though these macroscopic responses
are clear, it is unclear how large the changes of trans/cis
ratio are, and whether they can be improved. Here, we used
small-angle X-ray scattering to measure the thickness of
photoswitchable lipid membranes, and we correlate lipid
bilayer thickness to trans/cis ratios. This reveals an unex-
pected dependency of photoswitching ratio upon aqueous
phase composition. In buffer with ionic strength, we
observe thickness variations twice as large as previously
observed. Furthermore, soft X-rays can quantitatively iso-
merise photolipid membranes to the all-trans state;
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enabling X-ray-based membrane control. High energy
X-rays do not influence the state of the photoswitches,
presumably because they deposit less dose in the sample.
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1 Introduction

Azobenzene photoswitches are molecular units, which
can be switched between trans and cis isomer states at
the single-molecule level by light. By embedding photo-
switches into polymers or supramolecular assemblies con-
taining many individual photoswitch units, materials with
mechanical, electrical or optical properties that depend on
the trans/cis ratio of the photoswitch population can be
created: i.e., photoresponsive materials where these prop-
erties are adjustable by light [1-6]. Supramolecular as-
semblies can also provide further degrees of complexity, for
example the populations of the two isomers may phase
separate [7], or a highly ordered assembly process may
select for or stabilise one of the isomer states [8].

As a photoresponsive material’s properties depend on
the isomer ratio, there is considerable interest in measuring
and maximising the degree of switching between mostly-
trans and mostly-cis populations [9]. Typically, it is not
possible to perform quantitative photoisomerisations to
all-cis or to all-trans azobenzene populations, due to ab-
sorption overlaps [8, 10-13]. Hence, illuminations lead
to mixed photostationary state (PSS) populations, with
trans/cis ratios that depend on the absorption coefficients
of the two isomers and the quantum yields of their photo-
isomerisation. However, a rare example of quantitative
switching in one direction (to all-trans) was pioneered
by Hecht et al. using electrocatalytic pathways that tran-
siently oxidise or reduce the azobenzenes [14-17].

Here we study the switching of photoresponsive
lipid membranes assembled from azobenzene-containing
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phosphatidylcholine (azo-PC), a synthetic lipid with a light-
responsive azobenzene group in one of its two hydrophobic
tails. Optical control of membranes constructed from
pure azo-PC allows precise and reversible manipulation of
many mechanical properties including membrane shape,
permeability, fluidity, and domain formation, and influ-
ence membrane protein function [4, 18-21]. So far, it re-
mains unclear how large the changes of trans/cis ratio are
that cause these property changes; and whether these ratio
are close to the theoretical maxima of pure states, or
whether they could be substantially improved by tailored
conditions and switching stimuli — with associated im-
provements to switching of biophysical properties [22].
This partly derives from a technical challenge: while it is
straightforward to measure trans/cis ratios in molecular
solutions by a variety of methods, it is not straightforward
to measure them in the pure azo-PC membranes. The
reason for doubt is that membranes are dense anisotropic
assemblies. These give rise to a variety of optical shifts
depending on the detailed nature of intermolecular inter-
action, which are still under investigation [19, 23].
Furthermore, it is widely demonstrated that the azobenzene
photoisomerization yield is dramatically improved by
embedding amphiphilic azobenzenes in the hydrophobic
environment of a lipid membrane [24]. In this study, the
synthetic photolipids themselves form the vesicle. Whether
the azo-PC membrane’s dielectric environment will yield
the same protection from the aqueous phase needs to be
tested by experiments. For example, ultrastructure studies
based on X-ray experiments have shown photostimulated
membrane thickness changes of ca. 4 A for ca. 42 A azo-PC
membranes [4]: but it was not known if this 10% change is
already maximal, nor was it known what population-level
of trans/cis ratios were responsible for this change. Clearly,
larger thickness changes would lead to more pronounced
biophysically relevant effects.

In this work, we use orthogonal solvent measurements
to relate photolipid bilayer thickness to the population-level
of trans/cis ratios. Comparison of illumination in chloroform
and in water reveals an unexpected sensitivity of the pho-
toswitches inside the hydrophobic part of the lipid mem-
brane to the aqueous buffer conditions outside. In water, we
observe a smaller-than-expected photoswitching yield un-
der low ionic strength. Furthermore, by mixing pre-switched
monomers from chloroform, we show that membrane vari-
ations of minimum 8 A are experimentally possible when
photoswitching efficiency is high. In water with high ionic
strength, we observe large thickness variations close to
illumination in chloroform. These thickness changes are
twice as large as thickness variation observed in previous
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vesicle photoswitching experiments [4], and much larger
than the membrane thickness variations achievable within
typical physiologically relevant conditions in natural lipids
by change of temperature [25-28].

We also discovered that while hard X-rays do not
switch the membranes under study, soft X-rays (8 keV)
efficiently and quantitatively isomerise photolipid mem-
branes to the all-trans state within seconds, which we
attribute to radical redox reactions following X-ray dose
deposition in the medium. This enables soft X-rays to
enforce a higher degree of membrane property control than
photoswitching alone can achieve, while emphasising the
role of high energy X-rays as low dose probes in soft matter
experiments.

2 Materials and methods

2.1 Synthesis of azo-PC and reference photoswitch
FAzoM

Azo-PC was purchased from Avanti Polar Lipids, Inc. (Alabama,
United States). Novel reference photoswitch FAzoM was synthesised
by standard reactions (see Supporting Information).

2.2 Synthesis of azo-PC and reference photoswitches
for benchmarking

In our hands, standard techniques to measure trans:cis ratios in mo-
lecular solutions (H-NMR, HPLC) were not reproducible when applied
in situ to lipid membranes (ordered assemblies). Destructive readouts
(e.g. adding cosolvents to homogenise membrane/water mixtures
before HPLC measurement) were also tested but were also not repro-
ducible, which we attributed to difficulties arising from the surfactant
nature of the AzoPC. Finally, we developed a method to relate pho-
tolipid membrane trans/cis isomer ratio to the thickness determined
by SAXS by using a calibration series for lipid membranes of known
trans/cis composition. This series was created by mixing precondi-
tioned all-trans and mostly-cis stocks (see below). The trans/cis ratios
in the preconditioned AzoPC stocks were in turn determined by
comparison of their UV-Vis spectra with that of the isoelectronic
reference photoswitch FAzoM in the same conditions, since the trans/
cis ratio of the apolar FAzoM can be reliably quantified by HPLC (see
Supporting Information section S1 for details).

2.3 Preconditioning and mixing of azo-PC

Azo-PC was dissolved in chloroform (25 mg/mL) and stored
at —20 °C until further use. Azo-PC stocks have been stored in dark
for several days to reach the all-trans state. After illumination of
molecularly-dissolved azo-PC by UV-A LED (Roschwege Star-UV365-
03-00-00, A = 365 nm, 9 nm FWHM, Conrad Electronic SE, Ger-
many) the photostationary state (PSSyy) has a cis fraction of 83%
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(see Supporting Notes for further detail). To adjust the cis fraction
in the assembly, we mix azo-PC in the all-trans state with azo-PCs
with cis fraction of 83%, in appropriate proportions. After mixing,
we follow the protocol for vesicle preparation. All preparation steps
were made in the dark.

2.4 Small unilamellar vesicle (SUV) preparation

The Azo-PC chloroform stock solution was evaporated under a ni-
trogen stream and stored under vacuum for 12 h. The resulting dry
lipid film was dissolved in cyclohexane, and exposed to a vacuum
of 6 x 10~ mbar at a temperature of —60 °C yielding a fluffy lipid
powder. Immediately after lyophilisation, the azo-PC powder was
hydrated with deionized (DI) water (Milli-Q, Reptile Bioscience Ltd.,
Boston, MA), or with PBS buffer (pH 7.5), or with 1x TE buffer
(10 mM Tris, 1 mM EDTA, pH 8), to a final concentration of 30 mg/
mL. The suspension was gently vortexed and subjected to five
freeze/thaw cycles. Finally, the sample solution was extruded ca. 25
times through a polycarbonate membrane with a pore diameter of
50-80 nm using a Mini Extruder (Avanti Polar Lipids, Inc., Ala-
bama, United States). The small vesicle size promotes unilamellar
membranes [29].

2.5 UV-A/blue light illumination

For photoswitching of azo-PC membranes during SAXS, we built
a dual UV-A and blue light LED setup shown in the Supporting
Information section S2. For UV-A illumination, we focus a high-
power LED (Roschwege Star-UV365-03-00-00, A = 365 nm, 9 nm
FWHM, Conrad Electronic SE, Germany) on the sample capillary.
The total maximum optical power of 170 mW and a focal spot size
of 4 mm’ yield an irradiance of 4.25 W cm™. For blue light illu-
mination, fed in by a dichroic mirror, a high-power LED (Rosch-
wege LSC-B, A = 465 nm, 18 nm FWHM, Conrad Electronic SE,
Germany) was used. The blue light is focused with the same focal
spot size and a total maximum optical power of 120 mW,
resulting in an irradiance of 3.0 W cm ™ The LEDs and the X-ray
detector were remote controlled by TTL signals from an Arduino
microprocessor (Reichelt electronics GmBH & Co. KG, Germany).
For both LEDs, photostationary states are achieved within a
few seconds and multiple switching cycles yield identical SAXS
intensities.

2.6 SAXS measurements at 17.4 keV

X-ray data from azo-PC SUVs with preconditioned trans:cis ratios were
recorded at a Mo-sourced small angle X-ray scattering (SAXS) setup
[30]. The Mo anode delivers a beam with an energy of 17.4 keV, a beam
size of 1.0 mm? and a flux of 2-10° cts-s™! mm™ X-ray data were
recorded by a Dectris Pilatus 3R Detector with 487 x 619 pixels of size
172 x 172 pm” All in-house SAXS measurements were performed in
darkness.

2.7 SAXS measurements at 8 keV

SAXS data from azo-PC SUVs were recorded at the Austrian SAXS
beamline at ELETTRA synchrotron using a beam energy of 8 keV [31]
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and a beam size of 0.5 x 2.0 mm? The sample solution was loaded in
1.5-2 mm diameter quartz glass capillaries by flow-through and placed
in our UV-A/blue LED setup. A Pilatus detector from Dectris Ltd.,
Switzerland with 981 x 1043 pixels of size 172 x 172 pm? served as
detector.

2.8 SAXS measurements at 54 keV

The high energy SAXS data from azo-PC SUVS were recorded at
beamline P21.1 at the PETRA III ring at DESY. We measured with a
beam energy and size of 54 keV and 1 x 1 mm?, respectively. For the
high energy SAXS experiments, the sample solution was first switched
optically and then loaded in Kapton tubes of 40 mm in length and
2.5 mm in diameter. A Lambda detector (X-Spectrum GmbH, Germany)
with 772 x 516 pixels with 55 x 55 um? pixel size was used.

3 Results and discussion

Azo-PC monomers dissolved in low-dielectric chloroform
are driven towards cis-rich photostationary state by UV-A
light at 365 nm, and towards trans-rich state by blue light of
465 nm (Figure 1a). The absorption spectra of these mixed
states, either in molecular solution or in assemblies, have
been reported by us and others [4, 18, 19] and substantial
differences between them have been noted [19]. Previously,
we have used SAXS to determine the membrane thickness
for blue or UV light photostationary states reached in lipid
vesicles in DI water [4]. Here, we prepared calibration se-
ries of azo-PC vesicles of known trans/cis ratios by mixing
stocks of dark-adapted all-trans azo-PC with 83% cis azo-
PC (see methods and SI). We use calibrants of 0%, 10%,
19%, 39%, 58% and 83% cis isomers to cover the full range
of ratios accessible during membrane photoswitching,
with an estimated error margin of +5% of the given value to
account for mixing precision as well as cis fraction un-
certainties in the preconditioned samples. The referencing
method developed to determine the stock cis percentage is
novel in this field. This method can prove generally useful
for analysis of systems which lack reliable bulk references,
i.e. which cannot be interpreted with help of UV-Vis
spectra of monomer solution, see Methods and Supporting
Information for details.

The SAXS measurements for these calibrant ratios are
summarized in Figure 1b. The X-ray intensity distributions
are typical for lipid bilayer samples [32, 33] and are stable
over several hours (see Figure S3). The distributions vary
strongly with the trans-to-cis ratio, e.g. the intensity dip
around g = 0.05 A shifts consecutively to higher g-values
with increasing cis content. This indicates that the mem-
brane thickness decreases with increasing cis isomer frac-
tion. To extract the head-to-head distances dyy, we model
the SAXS intensities in Figure 1b by an established lipid
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Figure 1: X-ray structural data of photoswitchable membranes.

(@) Schematic representation of the chemical structure of the azo-PC
photolipids used in this study and their trans and cis configuration.
(b) SAXS intensities for unilamellar azo-PC vesicles prepared from
predefined trans to cis ratios: Dark-adapted state (100:0), (90:10),
(81:19), (61:39), (42:58) and (17:83) are shown as squares, crosses,
dots, triangles, stars, and circles. Intensities are vertically offset
for clarity. (c) Head-to-head distance (duy) of azo-PC membranes as
function of the percentage of azo-PCs in cis isomerization state
are shown with the same symbols as in (b). Additionally, the mean
value of dyy for the dark-adapted photostationary states obtained
from azo-PC SUVs in DI water (Figure 2b) is shown as diamond.
The linear fit of dyy in dependence of cis isomer percentage is
indicated as dashed line. See Supporting Information (section S8)
for details.
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bilayer electron density profile, using the software SasView
(see Supporting Information section S6) [34]. The results of
this analysis are shown in Figure 1c. The dark-adapted
state shows a head-to-head-distance of dyy (0 + 5% cis) =
40.9 + 0.6 A. The analysis reveals that the thickness of the
azo-PC membrane depends almost linearly on the trans-to-
cis ratio over a broad range. Increasing the percentage of cis
azo-PC thins the membrane down to duy (83 £ 5% cis) =
33.0 £ 0.5 A for 83% cis. Thus, the membrane thickness
changes by 8 A.

In the following measurements, we use this relation
between membrane thickness and cis fraction to infer the
cis fraction of various photostationary states in response to
illumination and buffer conditions (Figure 1). Our previous
photoswitching experiments have been performed on
vesicles in deionized water (DI water): a common choice
for lipids since DI water facilitates unilamellar membrane
formation by increasing lipid vesicle stability. The maximal
membrane thickness change obtained by optical switching
under these conditions was only 4 to 5 A. The new exper-
iments with premixed lipids reported in Figure 1 now reveal
that this optical control window covers only about half of
the thickness change effect which could be achieved in
ideal photoswitching conditions. We therefore studied
two widely used buffer systems, phosphate-buffered saline

(a) PBS 1xTE (b) DI water
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Figure 2: Switching behaviour of photomembranes in buffer and in
DI water.

(a) Head-to-head distances (dyy) obtained for azo-PC SUVs in PBS
and 1xTE buffer. (b) d\y obtained for azo-PC SUVs in DI water. The
dark-adapted state, and several photostationary states induced via
UV-A and blue light are labelled accordingly. Horizontal lines indi-
cate mean values of dyy for the dark-adapted, UV-A, and blue light
photostationary states, shown as solid, dashed, and dotted line,
respectively. The exposure time of UV-A light while approaching the
photostationary state is indicated in seconds. The optical control
window for the different buffer conditions is indicated by a red
double-headed arrow.
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(PBS), and a mixture of Tris with EDTA (1xTE), for their
influence on the optical control window. The analysis of
the SAXS data is condensed in Figure 2, the full data set is
shown in Figures S4 and S5a.

The dark-adapted states (all-trans) yielded mean
membrane thicknesses of dyy (dark, buffers) = 42.9 + 0.2 A
and dyy (dark, deionized water) = 41.9 + 0.9 A (Figure 2a
and b, circles, solid line). Hence, all conditions allow for
the formation of dense, all-trans membranes in the dark. To
photoswitch towards high cis contents, UV-A illumination
was used until a photostationary state was achieved. In-
dependent of the usage of buffer or not, the UV photosta-
tionary states do not reach a cis fraction of 83% as obtained
by preconditioning monomers in chloroform. Instead, the

observed membrane thicknesses of dyy; = 34.8 + 0.6 A (see
Figure 2b, dashed line and Figure S5) indicates cis contents
around 64%. This is not unexpected, given the blue-
shifting of azobenzene absorption spectra seen upon going
from molecular solutions to assembled systems [19].
However, when using blue light to photoswitch from a
cis- to a trans-enriched state, the outcomes depend greatly
on whether the system is buffered or not. In DI water,

the maximal blue light photostationary state membrane

thickness is dﬁlﬁe =39.0 + 0.3 A (Figure 2b, squares, dotted

line), i.e. 30% cis isomer still remains. Instead, in PBS

or 1x TE buffer, the membrane thickness increases to

d;}lﬁ‘e =423+ 0.4 A (Figure 2a, squares, dotted line), i.e.

only 3% cis isomer remains. Optical control of vesicles
is therefore highly efficient in these buffered aqueous so-
lutions. Follow up experiments with NaCl solutions
(see Figure S9), indicate that ionic strength rather than pH
buffering is key to efficient photoswitching towards trans-
enriched states in lipid vesicles. This effect is not observed
for molecular monomers in aqueous solutions, where
azobenzenes lose their ability to efficiently isomerize
anyway [24]. Increasing ionic strength was reported to
remove water molecules from inside the membrane pro-
moting tighter packing of lipids [35, 36]. This should
enhance the protection of the azobenzene photoswitch
from water.

Next, we explored possible influence of X-ray on
photostationary states. For this study, we used X-ray ex-
posures to deposit a certain X-ray dose into the vesicle
solution, i.e. a certain energy of absorbed X-rays per mass
of the exposed sample [37]. The X-ray absorption drops
drastically for increasing energies and in turn high X-ray
energies enable low-dose SAXS experiments and vice versa
(cf. Figure S7 and Note S7). Thus, the dosing experiment
was conducted as follows. First, we prepared the vesicles in
a high cis fraction by UV-A illumination. Next, we exposed
the sample to a rather high X-ray energy of 54 keV for 60 s.
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Five such consecutive exposures yield an identical SAXS
signal. There is no sign of any hard X-ray induced effects
after 5 min in total, even though this experiment was per-
formed at a high brilliance Petra III synchrotron beamline
with full beam on the sample, cf. Figure 3a. This finding is
in agreement with the fact that the cross section for pho-
toabsorption is dramatically reduced for high X-ray
energies.

(a) 1
10” 3
10" 4
5 ;
g’ -
10D 3
107"
: T T T T T T
005 010 015 020 025 0.30
QA
(b) @s4kev @8keV
[ __ 5 l]LJ
42 yryn
0
g 401 g 4o} ¢¢
£ ES
© 38—---4---$---$---4--4‘-- © .l ¢
36 36 3
1
0 2 4 107 10°
dose (kGy) dose (kGy)

Figure 3: Catalytic switching of photomembranes induced by soft
X-rays.

(a) Afterinitial UV illumination, two different X-ray SAXS experiments
are performed at 8 and 54 keV on unilamellar photolipid vesicles.
Solid curves indicate modelling of the SAXS data by symmetrical
bilayers. (b) Head-to-head distances (dyy) obtained for azo-PC SUVs
in DI water as function of X-ray dose measured at 54 keV. Dotted line
indicates the mean value of d, for the stable UV-A induced PSS. (c)
dyn obtained for azo-PC SUVs in DI water as function of X-ray dose
measured at 8 keV. Horizontal dashed line indicate the average dyy
after saturating 8 keV X-ray exposure.
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Depositing high doses in water requires soft X-rays
(discussion in the Supporting Information section S7).
Such soft X-rays give rise to radiolysis of water, and oxi-
dising and reducing radicals and reactive species [38, 39],
which may provide pathways for catalytic redox-based
unidirectional switching towards the thermodynamic
groundstate (all-trans) [15]. Therefore, we tested also the
change of membrane thickness during six consecutive
8 keV X-ray exposures each of 2 s (Figure 3a). After each
X-ray exposure, a shift of the SAXS pattern was visible. To
quantify the thickness change of the photomembrane, we
modelled to extract the head-to-head distances, which
increased dramatically after each soft X-ray exposure,
depending on the total delivered X-ray dose. Remarkably,
the final mean membrane thickness of digy’ = 42.5+ 0.3 A
(Figure 3b, star and square datapoints at high dose, dashed
line; Figure S5b) matches the thickness of the dark-adapted

all-trans state dia* = 41.9 + 0.9 A (Figure 2b, circular data
points from repeated measurements, solid line). This is a
direct indication of quantitative switching obtained by
8 keV X-ray exposure.

These X-ray induced changes of the isomerisation state
of the azobenzene photoswitch are fully reversible and
should not be mistaken as irreversible radiation damage.
They can however be employed as a reversible X-ray
dose readout. To demonstrate this, we plot the membrane
thickness as observed by hard X-ray SAXS in response to
soft X-ray exposure with dose expressed in kGray [kGy] in
Figure 3b. The calculation of the dose, a routine calculation
in radiation protection, is explained in the Supporting In-
formation. Here, quantitative switching starts above
100 kGy, and saturates for an X-ray dose above 700 kGy. We
propose that the measurement of azo-PC cis to trans tran-
sition for SUVs in DI water can be used to read out the
effective X-ray dose in a regime of up to 700 kGy. This range
may help to calibrate critical doses for biological SAXS
experiments which can range from 51 kGy [40], to 400 kGy
[41], to 284-7056 kGy [38].

The SAXS signal is almost independent of the X-ray
energy (Figure S7, inset). Therefore, the minimum of the
X-ray dose for samples with high water fraction at 36 keV
(Figure S7) should be used to prevent radiation effects. Our
experiments demonstrate that high quality SAXS data may
be obtained even for weakly scattering biological samples.

4 Conclusions and summary

SAXS with hard X-rays provides a direct read out of the
membrane bilayer thickness. We find that membrane
thickness has a linear dependency of photolipid
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isomerization fraction. The 8 A thickness change accessible
by photoswitching in buffered solutions (20% of the
membrane thickness) is massive, and apparently only
possible because the membrane itself seals the azobenzene
from the wunfavourable polar solvent. Hydrophobic
matching of membrane thickness with trans-membrane
proteins is a wide research field that could benefit enor-
mously from the large thickness change effects observed
here [42]. Due to the rapid development of high power UV-A
LEDs, and the availability of pulsed UV-A lasers at syn-
chrotron sources [43], we expect that future experiments
with pulsed illumination may allow rapid membrane
thickness transition times of few ms and below. At these
short timescales, the hydrodynamic coupling of the inter-
calated water to the photolipids may give rise to further
interesting transient phenomena [25]. We also highlight the
versatility of high energy X-rays as low-dose probes.
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