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Abstract:

Hypothesis. Photoswitchable surfactants are used in the design of many light-responsive colloids and/or
self-assemblies. Photo-isomerization enables to control molecular equilibrium, and triggers transient
reorganizations with possibly out-of-equilibrium intermediate states that have been overlooked. Here, we
address this question by an in depth structural investigation of intermediate lipid-surfactant assemblies
that occur during fast isothermal photo-triggered transition in lipid:surfactant mixtures.

Experiments. The structural parameters of mixed assemblies of azobenzene-containing cationic surfactant
(AzoTMA) and dioleylphosphatidylcholine (DOPC) lipids were studied by light scattering and time-resolved
small angle X-ray scattering. Structural and compositional information about the assemblies and unimers in
bulk were determined at the photostationary states, as well as at intermediate kinetic states formed
during UV or blue light illumination.

Findings. DOPC:AzoTMA systems form mixed assemblies representative of phospholipid:cationic surfactant
mixtures, that evolve from spheroid, to rod-like micelles, and vesicles with increasing DOPC fraction.
Transient assemblies detected during the photo-triggered kinetics are similar to the ones found in
stationary states. But changes of AzoTMA unimers in bulk can be considerably faster than mass
reorganizations of the mixed assemblies, suggesting that out-of-equilibrium conditions are transiently
reached. Mass reorganization of the surfactant-enriched assemblies is much faster than in the lipid
enriched ones, providing insight into the role of lipids in a slow reorganization of the assemblies.
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Introduction

Reviews on switchable surfactants [1],[2],[3],[4] regularly update a seemingly endless variety of
applications that are accomplished by remote control on the molecular assemblies of amphiphiles, both in
bulk and/or at interfaces. Light-responsive amphiphilic systems provide contactless control and high spatial
and temporal resolution, which have been exploited in applications such as additive-free modulations of
properties (eg. interfacial motion [3], triggered gelation [5],[6]), wetting/dewetting [7], emulsion stability
and stability of foams [8, 9], encapsulation/release by micelles or vesicles [10]). Because of their
robustness and synthetic versatility, azobenzene-containing photosurfactants are predominant molecular
players in the field [3, 4],[11]. The trans-to-cis photoisomerization of azobenzene moieties modifies both
the hydrophobicity and the molecular geometry of the surfactant, which in turn can trigger mesoscopic
reorganizations in amphiphilic assemblies that propagate up to macroscopic changes. In fact, different
illumination conditions produce differences in the photostationary cis:trans ratio, enabling impressive
variations in the macroscopic properties. However, fast kinetics of the mesoscopic and macroscopic
structural transitions between photostationary states of assemblies of azobenzene surfactants have rarely
been investigated. Representative structural studies of photokinetics in solutions of azo-surfactants were
typically obtained with non-laser sources, resulting in variation in (self)assemblies during several seconds
up to hours (recorded with sampling of the order of seconds or minutes time scales [12],[13, 14]). Of note,
the time scales involved in the dynamic self-assemblies of single-tail surfactants are generally very short
(e.g. <ms for micellization). Using non-laser light sources the photo isomerization is generally much slower
than the adsorption/desorption rates at interfaces [15], micellization [16] or formation of rod-like micelles
[14]. Accordingly, the few available kinetics studies cited above probed structural evolutions that were
rate-limited by photoisomerization of the surfactant. When the isomerization rate controls assemblies, the
observed intermediate structures correspond to equilibrium assemblies achieved at each instantaneous
molecular compositions (including at varying ratio between cis and trans isomers). This raises the question
of whether possible out-of-equilibrium intermediate steps may have been overlooked at shorter time
scales. Interestingly, limitation by photoisomerization rate may not necessarily result in quasi-equilibrium
situations. Near interfaces or more generally when diffusive motion can occur at long-enough time scales,
illumination of photo-switchable molecules together with diffusion-controlled binding/associations, are
basic ingredients of out-of-equilibrium steady-state regimes resulting in spatial gradients of composition
[4]. For instance, uneven exposure to light of interfaces establishes source- and sink-like areas (i.e.
production:destruction patterns of photoisomers), that "feeds" diffusive motions occurring on a similar
time-scale as the light-triggered isomerization. Near-interfacial micrometer-long gradients in water have
been rationalized and experimentally assessed at air-water interfaces [17]. One visible consequence of
such gradients is the phototactic motion of colloid particles (the term diffusioosmosis was coined by Santer
et al. [3],[18]) at an illuminated water-glass interface.

It is still an open question whether non-equilibrium pathways may similarly affect long-living assembilies,
such as lipid vesicles in the presence of photoswitchable amphiphiles. Due to their poor solubility, double-
tail amphiphiles such as lipids undergo slow molecular exchange with the solution. The characteristics of
those systems (size, shape of vesicles and leaflet asymmetry, etc.) depend on the preparation and handling
protocols, and non-equilibrium states may persist for hours or even days. Optical stimulation of
photoactive phospholipids, in which one or both of the acyl chains were functionalized with a
photochrome group, creates transient stress in lipid vesicles that are not immediately relaxed by molecular
rearrangements or diffusion processes, and may trigger transient pores in the bilayer (see review by [10]).
A variety of photosensitive amphiphiles have been used to achieve photoporation of lipid bilayers, such as



azobenzene-modified phospholipids [19, 20], photoswitchable cholesterol [21], spiropyran functionalized
lipids [22], diacetylene polymers [23] or azo-peptides [24]). On the other hand, shape curvature or tension
of the membrane are other responses to stress that typically occurs in giant unilamellar vesicles (GUV) with
ad hoc formulations and exposure to light. For instance, artificial lipids with an azobenzene moiety in their
headgroup [25], or in their hydrophobic tail [26] and photoswitchable cholesterols [27] have been shown
to trigger buddings [25] or markedly affect lipid membrane stiffness [26], fluidity [28, 29], and
inhomogeneities (presence or absence of lipid rafts [30]). Recently, dispersions of lipid GUV were doped
with water-soluble single tail azo-amphiphiles added in solution. Depending on the composition of the
system, exposure to light triggers budding [31], bursting [32] or on demand membrane fusion [33]. The
most common hypothesis to explain those results is an abrupt change in the membrane tension upon
desorption or adsorption of azo-amphiphiles caused by photoisomerization [33]. However, this assumption
of non-equilibrium dynamics of lipids and azo-amphiphiles mixed membranes has not been validated
experimentally. Other effects may also be significant, such a disturbance in the hydrophobic core of the
membranes due a variation of polarity upon cis-trans isomerization. Indeed, change on polarity upon
photoisomerization lowers the activation barrier of hemifusion between mixed bilayers containing
azobenzene surfactants [34]). In this regard, exploring in detail morphological changes of light-responsive
lipid assemblies at the length scales of the bilayer thickness can address the possible existence of out-of-
equilibrium intermediates. Time-resolved (TR)-SAXS is a structural method capable of reaching millisecond
time scale as well as nanoscale spatial resolution [35]. Furthermore, it has been implemented to study the
kinetics of amphiphilic polymer assemblies [36], surfactants [37],[38],[39] and photosurfactant
micellization [16]. Fast solubilization of liposomes or spontaneous vesiculation triggered by dilution and/or
fast supplementation with detergents have also been investigated by (TR)-SAXS.[40],[41],[42],[43]

In this study we propose to assess for the first time the photo-triggered kinetic pathway of fast light-
induced reorganization of mixed assemblies of lipid (DOPC) and azobenzene-containing cationic surfactant
(AzoTMA). Using (TR)-SAXS and dynamic light scattering, we addressed the question of whether or not
intermediate structures that are formed during the light-stimulated transitions differ from the assemblies
formed at photostationary states or in the dark. We studied a range of lipid:azosurfactant compositions
either at equilibrium, or exposed to continuous light irradiation, or undergoing the photoswitch of cis:trans
isomerization of AzoTMA that induced transitions between small micelles (radius of a few nanometers),
large vesicles , or elongated rod-like micelles (> 60 nm). In order to get insight into the detailed shape and
nanostructure, analytical scattering models developed for the different structures were fitted to the SAXS
data (Scheme 1).



Scheme 1. Models of the mixed AzoTMA:DOPC assemblies showing the characteristic structural parameters used to
fit SAXS profiles. A) AzoTMA and DOPC chemical structure with head- and tailgroup marked in blue and orange
respectively, B) cross-section of a ellipsoidal micelle, C) rod-like micelle, D) spherical vesicle (with interlayer layer
thicknesses in blue and orange color corresponding to inner/outer headgroup region and tailgroup region
respectively)

Materials and Methods

Preparation of the samples

Two different preparation of lipid:azosurfactant mixtures were used. To assess the solubilisation efficiency
of AzoTMA on DOPC bilayers, we added the surfactant in suspensions of pre-made liposomes prepared by
hydration of dried DOPC films, whereas to study equilibrium self-assemblies concentrated dispersion of
lipids in AzoTMA surfactants were diluted in water. Solvents and buffers were from Sigma-Aldrich, except if
specified. AzoTMA was synthesized as decribed in [16].

Namely, pre-made liposomes were obtained as follows. 0.2 mL of 50 g/L DOPC (Avanti Polar Lipids , USA)
in 99%+ CHCls/MeOH (90:10) was dried at room temperature under nitrogen in HPLC glass flask
(ChromacoIT'VI , Thermo Scientific) then under vacuum for 2 h. The film was hydrated in 1 mL water for 2
hours, bath sonicated for 10 minutes and applied three freeze-thaw cycles (liquid nitrogen) / 40°C) to
reduce the multilamellarity of the formed vesicles. Extrusion through a PVDF 0.22um (Millipore) filter, and
centrifugation (for 10 minutes at 14,000 g) yielded ca. 1 g/L vesicles in water. The liposomes were diluted
in water, and mixed at time zero with aliquots of 20 g/L AzoTMA in water to reach the concentration of
0.1g/L DOPC. For the addition of predominantly cis isomers of AzoTMA, the 20 g/L stock solution of
surfactant was exposed to UV light (7 mW.cm?, 365 nm) for 3 hours prior to mixing, and the mixed
solutions were incubated under UV light (0.2 mW.cm™) overnight.



On the other hand, to prepare mixed AzoTMA:DOPC assemblies, solutions were prepared by hydration of
dry DOPC lipid films in concentrated AzoTMA. Solutions containing 0.1 mL of 10 g/L DOPC in CHCl3/MeOH
(90:10) were dried under slow-flowing nitrogen gas at room temperature in a HPLC glass flask and then
kept under vacuum for 2 hours. Aliquots of a stock solution of 25 g/L AzoTMA in water (from 200uL down
to 40 uL) were added to the flasks containing the dry DOPC films in order to reach AzoTMA:DOPC weight
ratios of either 5:1, 4:1, 3:1, 2:1, or 1:1. After hydrating overnight , the samples were sonicated (Sonics VCX
500 sonicator equipped with a 3 mm stepped microtip, 20% amplitude, 2s burst — 5s rest for 2 min.). Just
before DLS measurements, these AzoTMA:DOPC mixed solutions were diluted in water to reach final
concentrations as specified in the main text and filtered through Millex Anotop 0.02 um after dilution.

AzoTMA:DOPC weight ratios between 5:1 and 1:1 correspond to AzoTMA:DOPC mol/mol ratios of 8.5:1 to
1.6:1. Accounting for the equilibrium with surfactant unimers (critical micellar concentraition, CMC, of 0.7
to 2.4 g/L depending on compositions and cis:trans isomerization), the effective molar % of AzoTMA in
assemblies can however reach values lower than 1 (see section " SAXS studies of mixed assemblies formed
in photostationary conditions" in results).

Light scattering

The scattered light intensity was measured at a fixed angle of 90° with a Brookhaven light-scattering
instrument (BI-200SM goniometer, BI-9000AT correlator, equipped with a 30 mW laser operating at 637
nm). Decalin was used as a standard to calibrate the intensity.

The light emitting diode (LED) illumination system used for sample irradiation (cooled PE-2, Ropers
Scientific) was equipped with diodes, emitting light at 365 and 470 nm, and liquid waveguides. To shine
light in the sample cell (i.e. from the top of a glass tube of total length 7.5 cm), a pair of silica lenses were
installed at the outlet of the waveguide, resulting in a collimated 10 mm diameter light beam. The
irradiance of light was 7.2 mW.cm™ at 365 nm, or 85 mW.cm™ at 470 nm, as measured by an optical power
meter (PM100, Thorlabs). Photostationary states under these illumination conditions corresponds to a
azoTMA cis isomer composition of 64% + 1% under blue light and 95% + 2% under UV light [17].

TR-SAXS

All SAXS data was collected at the ID02 beamline at the European Synchrotron Radiation Facility (ESRF) in
Grenoble (France)[44], using an integrated in situ LED illumination set-up. In brief, sample were loaded in a
capillary of 1.8 mm diameter. X-ray beam size was 0.1 mm x 0.3 mm. The acquisition time per data frame,
tacq, Was set to < 20 ms to avoid possible radiation damage to the sample. The two-dimensional SAXS
patterns were recorded by a Rayonix MX 170 HS CCD detector. The measured SAXS patterns were
normalized and azimuthally averaged to obtain the one-dimensional profiles. The background subtracted
data are presented as intensity vs modulus of the scattering vector, Q = (4rt/A) sin(9/2), where ¢ is the
scattering angle and A is the X-ray wavelength (A = 0.995 A). The sample-detector distance was 3 m, giving
a Q range of 0.003-0.19 A™*. Error bars in the regrouped intensity are based on the intensity statistics
assuming the Poisson distribution. To further reduce the noise and statistical error bars at high Q, the
Intensity data were rebinned in logarithmic steps without losing the Q resolution (i.e. retaining all points at
lower Q and averaging many points at higher Q).



The LED illumination system (cooled PE-2, Ropers Scientific) equipped with diodes emitting light at 365 and
470 nm was coupled to the SAXS quartz capillary cell (diameter 1.8 mm and wall thickness 10 um). Silica
lenses enabled the light beam to be focused to a spot of 2 1 mm diameter at the same position at which
the X-ray beam (0.1 mm x 0.3 mm) crossed the capillary. The total power of the light shining on the
capillary (14 mW at 365 nm or 21 mW at 470 nm) was measured with a PM100, Thorlabs optical power
meter. The continuous light exposure was synchronized with the SAXS data acquisition using a fast shutter
(opening delay <2.5 ms) placed in the light beam. In this configuration, while the sample was continuously
illuminated from the beginning of the acquisition sequence, the X-ray exposure was limited to maximum
20 ms windows. This time was chosen in order to avoid sample radiation damage and/or heating, which
was observed at longer continuous exposure times (ex: profile distortion at 100ms exposure). Of note, the
light spot was significantly larger than the X-ray spot, thus ensuring photoconversion is constant in all the
X-ray probed volume. In addition, diffusion of surfactants and/or micelles could not affect sample's
homogeneity in the probed volume. Namely, using typical diffusion coefficients of surfactants unimers and
small micelles (of 10° - 5.10° cm?/s, [45] the characteristic diffusion time over a distance of the order of
the size of the illuminated area (1 mm) is estimated to be of 2000-10000 s. This time is markedly longer
than the experimental window used in kinetics measurement.

The reduced and rebinned data [44] were analyzed by fitting analytical scattering models to the
experimental SAXS curves. The models used are classical scattering models for vesicles (3-shell model),
prolate micelles (prolate core-shell model) and rod-like micelles (cylinder core-shell model) shown in
Scheme 1. We have assumed that the hydrophilic part of AzoTMA associates with the hydrophilic part of
DOPC to form the shells of the structures, whereas the hydrophobic parts of each component associate to
form the core or middle shell of the structures, as illustrated in Scheme 1. Scattering length densities have
been calculated using a weighted average of the scattering lengths of the AzoTMA and DOPC tails and
headgroup as described in equations (3) and (4) in section S1 of the Supplementary Information (SI). Many
of the data sets cannot be described by a single structural model. Optimal fits to some of the experimental
curves required a coexistence of two morphologies. In this case we have used models where the scattering
from 2 components, ellipsoids + cylinders or cylinders + vesicles, was summed as described in section S1 of
the SI. The distribution of lipids and surfactants between the two morphologies was parameterized using
two floating molar fractions, Xporc being the fraction of the lipid in rod-like micelles and Xa,otma the fraction
of surfactants in rod-like micelles, respectively. Isolated surfactant molecules (unimers) were also
accounted for in the models as described in section S1 of the SI, allowing variations in the CMC of the
AzoTMA in the fits. All fit model contributions are described in detail in the SI.

Results and discussion
Light Scattering studies of mixed assemblies in the dark, or exposed to UV or blue light.

We first assessed by light scattering whether the AzoTMA surfactant was capable to solubilize DOPC
lipids. Dilute dispersions of DOPC liposomes (0.1 g/L, diameter of about 400 nm) were mixed with
increasing concentrations of AzoTMA, below or above the CMC. Addition of trans (dark-adapted) AzoTMA
did not immediately affect the scattering intensity, but after overnight incubation, most liposomes
vanished from samples mixed with AzoTMA in its trans isomer form at concentrations above or just below
CMC of 0.7 g/L (Table S2.1 in SI). This effect is typically reported for conventional, non-responsive
surfactants [46],[47]. The addition of AzoTMA below CMC/2 (<0.35 g/L) did not modify neither the
scattered intensity nor the effective diameter, indicating that most liposomes are not significantly affected
by low concentrations of AzoTMA. The CMC of the dark-adapted trans isomer is significantly lower than



CMC of the cis (UV-irradiated) form (1.8 g/L) [16],[17]. Accordingly, the threshold concentration for
liposome solubilization was increased when cis isomer was added (Table S2.1). This suggests that in dilute

conditions, the cis isomer is less prone to associate with DOPC compared to the trans one.

5g/L 2.5g/L 1.25g/L
(I'IO)/Iref D (nm) (I'IO)/Iref D (nm) (I'IO)/Iref D (nm)
5:1 15.4 5.5* 15.4 6 8.4 6*
4:1 18.3 5.5* 17.8 8.5 4.5 6*
3:1 33.6 10 24.8 25 7.2 14*
2:1 121 29 78.4 33 30.7 30
1:1 704 67 325 57 155 55

Table 1. Characteristic features of mixed AzoTMA:DOPC solutions measured by light scattering. Samples were
prepared at the final total concentration (DOPC+AzoTMA) indicated in column headers , and filtered through Millex
Anotop 0.02 um. Samples at 2.5g/L and 1.25 g/L were prepared by dilution in water of the 5 g/L solutions prior to
filtration. Intensities were normalized by decalin scattering (Iref =1.7 kcps). 1, is the scattering intensity of milliQ
water (2.8 kcps). Diameters were estimated either from the second cumulant or (*) by biexponential fits.

Next, AzoTMA:DOPC assemblies were prepared by solubilizing aliquots of dried DOPC lipids with a
concentrated trans-AzoTMA stock solution (25 g/L). The mixed samples were diluted in water to 5 g/L,
2.5g/L or 1.25 g/L (total weight concentration of DOPC and AzoTMA) and filtered (Anotop 10, pores size of
0.02 um) to remove dust and/or aggregates hampering the characterization of small micelles by dynamic
light scattering (DLS, see method section). Unsurprisingly, an increase in scattering intensity was observed
with increasing DOPC content in the mixed samples (Table 1). At a fixed total concentration, increasing the
fraction of lipid diminishes the spontaneous curvature of mixed assemblies thus favoring formation of
larger, brighter scattering species. This result was consistent with the gradual increase of effective average
diameters (Table 1) with increasing fraction of DOPC, also reflected in the gradual shift of the correlation
function (Fig. S2.1 in Sl). It should be noted that diameters determined by DLS are rough estimates due to i)
experimental noise resulting in relative fluctuations of the order of 10%, and ii) the more prominent weight
(z-average) of larger species. In solutions enriched in AzoTMA (5:1 and 4:1 wt/wt in Table 1), the effective
hydrodynamic diameter was typically lower than 6-7 nm. As a reference, pure AzoTMA surfactant micelles
at 5 g/L in the absence of lipids have an overall diameter of around 5 nm (determined by SAXS in [16]).
However, at 5g/L the scattering intensity of pure AzoTMA solutions was too low to allow accurate
measurements of diameters by DLS. At 20 g/L AzoTMA a diameter of about 3 + 1 nm was measured by DLS.
Of note, diameters larger than the pores of the filter were measured for AzoTMA:DOPC 2:1 and 1:1
mixtures, suggesting that the mixed assemblies were deformable and/or capable to transiently break and
reform after filtration. Values of approximately 60 nm hints to the presence of lipidic vesicles or long rod-
like micelles that can pass through the filter.

In the experimental conditions, micelles were expected to be present even at the lowest
concentration of 1.25g/L, because the CMC of pure trans-AzoTMA is 0.7 g/L in water [16],[17]. Somewhat
surprisingly, we observed that intensity did not diminish in proportion to concentration in the 5:1, 4:1 and
3:1 mixtures (Table 1), suggesting that upon dilution from 5.0 to 2.5 g/L AzoTMA and DOPC molecules
undergo a reorganization toward bigger assemblies. Evolution of the measured diameters also pointed to
the formation of larger assemblies at 2.5 g/L compared to 5 g/L solutions. However, the filtration step



(required to remove dust and aggregates) might introduce an experimental bias, retaining or deforming
large assemblies such as vesicles. To assess the degree of retention of molecules into filters, AzZoTMA was
titrated by UV-Vis absorption spectroscopy before and after filtration (Table S2.2). The decrease of
absorbance in filtrates of dilute AzoTMA solutions (1.25 g/L with no lipids) showed that the filter
membranes can adsorb up to 20 mol% of the surfactant. Cationic surfactants are prone to tight adsorption
onto most interfaces. The amount of loss in the filter was essentially negligible in samples at 5 g/L and 2.5
g/L, including in samples containing a predominant fraction of AzoTMA (Table S2.2). This suggests that
mixed-assemblies with low DOPC content can fully pass through filters. In contrast, AzoTMA:DOPC 1:1
solutions were always partially retained into the filters, not only at 1.25 g/L but also at higher
concentrations (2.5 and 5 g/L). A loss of 10-15% mol of AzoTMA was observed for 1:1 solutions at 2.5 or 5
g/L, suggesting that these samples contained assemblies larger than the pore size of the filter.

Finally, the samples were irradiated for 10 min with UV light (365 nm) directly in the DLS
measurement cell. Solutions at 1.25 g/L reached the photostationary state enriched in cis-AzoTMA isomer
after a few minutes of UV light irradiation (see Fig S2.2). A decrease of light scattering intensity was
observed when UV light was shone on all the samples at 1.25 g/L. Exposure to blue light (470nm) after this
UV light treatment increased the light scattering almost back to its initial value (Fig. 1). Alternating UV and
blue light exposures, and accordingly trans-cis / cis-trans isomerization cycles, produced reversible changes
in AzoTMA:DOPC assemblies (Fig. 1). Assuming that the scattered intensity varies with both the weight
concentration and average molar mass of species, the ratio of photoinduced variations of scattered
intensity A=(Iy\- Iw)/(lpe-Iw) gives an index of growth and/or appearance of scattering species. Values of 4
lower than 1 suggests that exposure to UV triggered disassembling and/or release of AzoTMA unimers in
solution. The decrease of A from 0.8 to 0.6 with increasing fraction of DOPC (Table S2.3) in addition
suggests that in larger assemblies the photo-destabilization/disassembling was more pronounced. It was
unfortunately not possible to determine average diameters under UV light because the laser of the light
scattering instrument (637 nm, 30 mW) triggered a slow cis-to-trans back-isomerization of AzoTMA.
Attempts to record data at lower laser intensities (3 mW) led to noisy correlation functions in samples
containing small micelles. When diameters could be estimated, they were of similar order of magnitude
under UV light as in dark-adapted samples.
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Figure 1. Intensity scattered by 1.25 g/L AzoTMA:DOPC mixed solutions irradiated under blue (470 nm) or UV light
(365 nm). Samples quoted in figures were pre-irradiated under UV light for 10 min. (A) blue light was shone from time
zero to 120 s, and from 420 s to 550 s; UV light between t= 120 s and 420 s (dotted vertical line) ; (B) cycles of
irradiation with alternating blue/UV light as quoted by dashed lines. Iw = intensity scattered by water, Iref = intensity
scattered by decalin.

SAXS studies of mixed assemblies formed in photostationary conditions

Compared to light scattering, SAXS is better suited to characterize the lipid-surfactant assemblies in
detail as it grants information on the morphology (e.g. spheroidal, rod-like micelles or vesicles) as well as
the detailed structural dimensions. In addition, no filtration step is needed, avoiding possible composition
bias (due to adsorption in the filter membranes). We recorded SAXS profiles of the same preparations as in
Table 1 and Fig. 1, but with no filtration, either in the dark ("dark-adapted") or after exposure to UV or blue
light. Three models of assemblies have been used to fit the experimental data: spheroid micelles, rod-like
micelles and vesicles (Scheme 1), as described in the experimental section and detailed in SI. Results of the
fits enabled identification of the predominant species present as a function of compositions and irradiation
conditions as summarized in Figure 2. In the cases where a single geometrical model was found to fit the
data, the main fitted parameters were the core radius and shell thickness, whereas degree of interphase
smearing (< 0.5nm), as well the density of the lipid and surfactant tailgroups were used to refine the match
to data. The densities of the full molecules (both DOPC and AzoTMA) were kept constant according to
literature data (see legend in Table SI1.3 in Sl). In other cases, we choose to enable a coexistence of two
structures, and the fractions of lipid and surfactant distributed in each structure were introduced as two
new fit parameters. The aforementioned structural parameters were floated for each structure, while the
same molecular densities were used for both assemblies. Coexistence of vesicles and rod-like micelles is
typical of intermediate compositions in lipid:surfactants mixtures.[47]-[48] Coexistence of small spheroidal
micelles and rod-like mixed micelles made of surfactants and lipids have also been reported: first as
intermediate transient stages during the transition from spheroids to cylinders (e.g. in the case of SDS
micelles,[37],[38] and second in the case of cationic surfactants and low ionic strength, [47], [48] that
resemble the present AzoTMA:DOPC system. The choice of fitting some data by bimodal population of



spheroids and rods was accordingly motivated by these previous reports, though we did not rule out that
alternative models, such as highly polydisperse thread-like micelles could match our data as well. Our goal
was not to establish this coexistence, but to compare characteristic structural features observed in
static/stationary conditions with the transient stages of the photo-triggered kinetics. Detailed structural
parameters as well as the model fits to the experimental SAXS curves are shown in Figure 3 and Sl Tables
S3.1 and S3.2.
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Figure 2. Diagram of the predominant morphologies found in photostationary conditions as determined by SAXS of
wt/wt mixtures at 5 g/L or 2.5 g/l total AzoTMA:DOPC concentration. Black, blue, and purple colors respectively

point to dark-adapted (100% trans-AzoTMA), blue light, or UV-light irradiated samples. Spheroid micelles: full circles,
rod-like micelles: thick lines, vesicles: empty ellipses.
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For dark-adapted (100% trans azobenzene) AzoTMA:DOPC at 5:1 and 4:1 g/g, the scattering at low
Q-values clearly point to the presence small structures in solution, similar to that of pure AzoTMA micelles
albeit with a different scattering length density due to the incorporation of lipids. In this case, we modified
the prolate micelle model previously used for the AzoTMA micelles [13] to include the lipid scattering,
which fitted better to the experimental data (Fig. 2, radius of about 2.8 - 3.0 nm and core aspect ratio of
2.4 -2.6 see Table S3.1). These mixed micelles are very similar to micelles of pure AzoTMA (that have the
same radius but an aspect ratio around 1.2) [16]. At higher DOPC fractions, the slope in the low Q region
gradually changes, indicating larger structures that still maintain the similar core-shell morphology of
micelles. SAXS analysis revealed that the introduction of rod-like elongated micelles best described this
change, giving a co-existence between small spheroidal and rod-like micelles in AzoTMA:DOPC 3:1,
whereas rod-like micelles were predominant in the 2:1 mixture. Finally, in the 1:1 mixtures the scattering
pattern in the intermediate and low Q-range is clearly wider than that of the lower ratios, resembling the
typical bilayer scattering. A model including vesicles in coexistence with rod-like micelles fitted best in the
1:1 mixtures. The Q-range as well as the polydispersity smearing of the spherical form factor do not allow
us to decisively determine whether the structure is actually vesicles or large free-floating bilayers. We
opted for the vesicles, as it has already been reported for ionic surfactants at low ionic strength [49], but
apparent diameter of vesicles must here be considered as a dummy parameter. Interestingly, the relevant



structural parameters of either three types of assemblies were little affected by the AzoTMA:DOPC mixing
ratio. In 5:1, 4:1 and 3:1 mixtures, spheroidal micelles have a radii between 1.9 and 2.2 nm and shell
thicknesses between 0.9 and 1.2 nm. Similarly, variations of the parameters by < 10% matched with fits of
rod-like micelles that are present in 3:1, 2:1 and 1:1 samples (core radii between 1.8 and 2.0 nm, shell
thicknesses between 0.9 and 1 nm, lengths between 24 and 31 nm). This remark also holds true for radii of
micelles and rods observed at 2.5 g/L, though rods appeared to be longer in dilute solutions and the region
of coexistence between spheroidal and rod-like micelles was not observed in the more dilute samples.
Additional information extracted from the fit concerns the concentration of unimers of AzoTMA (i.e.
isolated surfactant molecules) indicated as the effective CMC in Table S3.1 in SI. The change in CMC was
determined from by the change in the total scattering that cannot be ascribed to micellar or vesicle
structures in the SAXS data. The effective CMC in the dark (100% trans) did not vary significantly as long as
the surfactant was predominant. This result suggests that the equilibrium of unimers with mixed
assemblies is not markedly different than with self-assemblies of pure AzoTMA in 5:1, 4:1 and 3:1 samples.
In contrast, the effective CMC decreased significantly in 2:1 and 1:1 mixtures, reflecting that at the onset of
vesicle formation the chemical environment of AzoTMA incorporated into the assemblies with DOPC is
significantly different from pure AzoTMA micelles.
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Figure 3. SAXS profiles and model fits for the samples at 5 g/L at different AzoTMA/DOPC compositions and
irradiation conditions. Full dots represent experimental data and the lines are the best fits. Dark state is represented
in black, photostationary state reached after UV or Blue irradiation are represented in purple or blue, respectively.

When not specified, error bars are smaller than symbols

After equilibration under UV light irradiation, the fitted parameters were modified as compared to
the dark-adapted state. The general trend was a clear increase of effective CMC by a factor of ~3 (from 0.7
g/L to about 2.3-2.6 g/L, except in 1:1 mixture where it varied from 0.4-0.6 g/L up to 1.1-1.2 g/L). This
suggests a photo-release of AzoTMA unimers to the bulk solution, likely in their cis isomer form. Exposure
to UV light also increased the relative fraction of rod-like micelles in 4:1 and 3:1 mixtures, and promoted
formation of vesicles in 2:1 and 1:1 mixtures. Finally, at the highest dilution and highest fraction of DOPC
analyzed by SAXS (AzoTMA:DOPC 1:1, 2.5 g/L), mixed rod-like micelles and vesicles became a dispersion of
pure vesicles after UV exposure. This is consistent with typical phase transitions of amphiphiles with longer



rod-like micelles appearing on the verge of the transition to coexistence with vesicles [47]. The
photostationary state reached after exposure to blue light was intermediate between the UV and dark-
adapted ones, suggesting a partial recovery of smaller assemblies (spheroid or short rod-like micelles)
when cis isomers are photoconverted to trans ones. Interestingly, the characteristic radii of the mixed
micelles did not significantly vary in these various conditions, either after exposure to UV or blue light. This
result suggests that photoconversions essentially modifies the mass fractions of the assemblies without
significantly affecting their morphologies. Namely, the core radius of spheroid micelles was in the window
of 1.9 nm -2.2 nm. The core radius of rod-like micelles was between 1.8-2.0 nm (Table S3.1).

Altogether, results from SAXS analysis of mixtures that were equilibrated in the dark, or in photostationary
conditions, primarily indicate that DOPC:AzoTMA assemblies resemble conventional mixed systems of
lipids and surfactants. Typically, depending on the chemical nature of the amphiphiles, when increasing the
fraction of lipid molecules, conventional mixed systems undergo transitions from spheroid-like micelles to
vesicles [50] or spheroid/rod-like micelles to vesicles [49, 51]. Entering into a detailed picture of typical
morphologies formed at intermediate compositions may actually be quite complicated, and feature the
coexistence of several mixed assemblies [52]. We can, however, compare our observations of intermediate
objects with typical predominant morphologies. The representative transitions observed while increasing
the fraction of surfactant such as Triton X100, or alkyl-PEO mixed with phospholipids are: 1) intermediate
vesicles of various diameters, with gradual increase of membrane defects such as pores that grow in size
and/or number resulting in dispersions of cup-like vesicles or quasi-planar bilayers up to a saturation
threshold of the lipid membranes by the surfactant; 2) beyond saturation long rod-like micelles coexisting
with membrane sheets; 3) finally, disappearance of all membranes, and shortening of the rod-like micelles
to ultimately end with almost spherical micelles. With ionic surfactants (sodium dodecyl sulfate,
cetyltrimethyl ammonium chloride) these intermediate morphologies are slightly different [47],[48],[49],
[52]. In this case, no cup-like lamellae are observed, but instead highly porous membranes (called
perforated vesicles or stomatosomes) evolve via an increase of pore diameters and thinning of inter-pore
walls. When the rims of the pores become the predominant structures, these assemblies are like networks
of branched, interconnected rod-like micelles. Of note, highly porous, perforated vesicles were typically
observed in brine (NaCl > 100mM). In the absence of salt, the vesicle to rod-like micelle transition occurs
with no obvious intermediate perforations. In addition, vesicle, rod-like and small quasi-spherical micelles
may coexist at low ionic strength [49]. In particular, coexistence of small and elongated micelles is
generally not reported with neutral surfactants, or ionic ones in the presence of salt, but can occur in ionic
systems at low salt. Finally, coexistence of vesicles, rod-like and spheroid micelles follows the typical
sequence reported in the literature cited above. Coexistence of small spheroid micelles and rods is in
addition consistent with the cationic nature of AzoTMA head group, similar to the head of alkyl-trimethyl
ammonium, and with assemblies in water (in the absence of salt).

As an intermediate conclusion, results in static conditions indicate accordingly that trans-to-cis
photoisomerization plays a similar role as AzoTMA dilution: it diminishes the fraction of surfactant bound
into lipid assemblies thus favoring low-curvature assemblies. Due to the increase of CMC with trans-to-cis
isomerization, the effective fraction of surfactant bound into DOPC-containing assemblies is lowered under
UV exposure as compared to the dark or blue-exposed samples of the same composition. The fitted values
of CMC and fractions of AzoTMA in the various assemblies enabled to quantify the effective molar fractions
of AzoTMA and DOPC in the diverse assemblies. In spheroid micelles the highest DOPC/AzoTMA ratio was
reached under UV in the presence of cis-AzoTMA ( 0.27 mol/mol, as compared to 0.14-0.17 mol/mol in the



dark-adapted state). In rod-like micelles, the DOPC/AzoTMA ratio was of 0.7 mol/mol under UV, and about
0.5 mol/mol in samples predominantly containing trans-isomer (in the dark or under blue light). Within
variation of fitted parameters values of ca. 10%, these compositions of assemblies were the same in all
samples.

Time-resolved evolution of AzoTMA:DOPC mixtures exposed to light.

We used TR-SAXS to analyze the kinetics of intermediate reorganization during trans-cis
isomerization in samples at 5 g/L, and recorded multiple SAXS patterns during continuous UV or blue light
irradiation. Our working hypothesis was that if the azobenzene isomerization is a limiting step of the
kinetics, the morphologies observed in static conditions will be also the main assemblies present at all
time. We accordingly assessed that the full set of intermediate SAXS profiles could be fitted to a model
with a minimum of adjustable parameters, i.e. simply by adjusting CMC, and the fractions ya.omi and xpoec -
Xazorma (r€SP. Xooec ) is the molar ratio of AzoTMA (resp. lipid) present in rod-like micelles to the total amount
of AzoTMA (resp. lipid). The remaining fraction (1- ya.rma) correspond to AzoTMA either present as
unimers, and/or in spheroidal micelles and/or in vesicles depending on the samples. The other structural
parameters (mean size, core radius and shell thickness, surfactant and lipid densities, etc.) were kept
constant in the first round of the fitting procedure. Then, the fits were refined by allowing variation of the
core radii and shell thicknesses, vesicle radii and lipid and AzoTMA packing densities (Figure S3.2). This
second step produced only small variations (< 10%) of the fit quality, and minor (<10%) changes in the
values of structural parameters. The initial and final states of the kinetics match, within experimental
uncertainties the values of the parameters determined in photostationary samples (Table S3.2).

When UV light was shone on the samples, CMC increased with time until a photo stationary state is
reached (Figure 4A). A characteristic relaxation time, t, was estimated by fitting data to a monoexponential
function (t = 68+11 s for 1:1, t = 4848 s for 2:1 and 40+10 s for 4:1 sample). The response time was of the
order of the trans to cis isomerization time measured in 5 g/L AzoTMA solutions in similar conditions [16].
The decrease of the rate of CMC variation with increasing DOPC fraction was close to experimental
uncertainty, but statistically relevant. This variation of the response time of the CMC may be reflecting a
change in the rate of trans-to-cis photoisomerization, which has been reported to be slowed down in a
lipid environment [21]. Exposure to UV light in addition induced the redistribution of AzoTMA and DOPC
between the small and rod-like micelles or between micelles and vesicles. Typically, the AzoTMA:DOPC 2:1
mixture contained at t=0 small spheroid micelles mixed with rod-like ones, that evolved first to rod-like
micelles before ending up as a mixture of vesicles and rod-like micelles (Fig. S3.3). Interestingly, the time of
appearance or disappearance of the mixed assemblies did not simply follow the characteristic time of CMC
variation. In 4:1 mixture, the formation of rod-like micelles did not start until the CMC variation was almost
completed, i.e. once the release of the AzoTMA unimers has reached its maximum. The corresponding lag
time of approximately 100 s, evidenced in the plot of ypopc and Yaztma VS time (Fig. 4B), reflects that
spheroid micelles gradually lose AzoTMA molecules and are enriched in DOPC without marked variation of
their (small) radii. Thus, the delay in micellar elongation, and the abrupt appearance of rod-like micelles
presumably indicate that below a threshold DOPC/AzoTMA ratio small micelles are the most stable form.
The evolution of 2:1 mixture similarly suggests that vesicle formation is observed after a lag time. In this
case, while CMC was changing gradually, the spheroid micelles quickly disappeared in the initial states of
the irradiation to yield almost 100% rod-like micelles, which persisted for a few tens of seconds. Vesicles
abruptly emerged, presumably when a threshold composition of the rod-like micelles was crossed (Figure



S3.3). In contrast, when both vesicles and rod-like micelles coexisted at time zero (1:1 mixture), no delay
was observed and an increase of the fraction of vesicles (shown by a decrease of ypopc and azotma) Started
immediately when light was switched on (Fig. S3.4).
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Figure 4. Dark-adapted AzoTAM:DOPC (5 g/L) reorganization kinetics under UV exposure as observed by TR-SAXS a)
CMC variation and b) xaotma and Xpoec (i.€. fractions of respectively surfactant and lipid present into rod-like micelles
as compared to their total amount in all other forms in AzoTMA:DOPC 4:1 mixture. In this case, the remaining
fraction, 1-x, is mainly present as spheroidal micelles. The error bars have been estimated as the upper and lower
values obtained at the end of fitting procedures launched using extremes in initial parameters.

To assess the backward pathways triggered by cis to trans isomerization, UV-adapted samples (UV-
light exposed for > 10 minutes) were irradiated by blue light. At the intensity of blue light shone in the cell
cis to trans isomerization was expected to be completed at second time scale (see [16]), significantly faster
than the trans-to-cis UV-triggered photoconversion. Accordingly, the decrease of the CMC took place
within less than one second (Fig. 5A). This response time was much faster than minimum sampling time
needed to collect SAXS profiles with reasonable statistics. Interestingly, the redistribution of AzoTMA and
DOPC between the micelles and vesicles or between rod-like and spheroid micelles started immediately in
samples initially containing a mixture of assemblies, and required 5 to 10 s to be completed. This remark
holds true, for example, in UV-adapted 2:1 AzoTMA:DOPC mixtures containing rod-like micelles and
vesicles (Fig. 5A), 1:1 mixtures containing vesicles and rod-like micelles (Fig. $S3.4), or in 4:1 containing
spheroid and rod-like micelles (Fig. S3.5 in SI). In all these cases, the rate of CMC variation was faster than
any morphological reorganisation. Because the effective CMC reflects the degree of association of unimers
with the assemblies, this suggests that the equilibrium with the unimers in solution was not the rate
limiting process. Variation at time scales of a few seconds presumably reveals a slow equilibration process
of the respective lipid/surfactant ratios between vesicles and micelles.
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Figure 5. UV-adapted AzoTAM:DOPC (5.0 g/L) reorganization kinetics under blue exposure as observed by TR-SAXS a)

CMC variation and b) Xasorma and Xpopc fractions in rod-like micelles in AzoTMA:DOPC 2:1 mixture (see legend of Fig. 4.
The error bars have been estimated from the upper and lower values obtained at the end of fitting procedures
launched using extremes in initial parameters.

In summary, photoperturbation of lipid-surfactant mixtures triggers kinetics that were captured by a
simple redistribution between three main components: small spheroid micelles, rod-like micelles, and
vesicles that resemble the equilibrium assemblies. Accordingly, the model suggest that intermediate states
pass across a sequence of solution composition that is also followed by a gradual variation of the
DOPC/surfactant ratio. Typically, trans to cis isomerization is shown to deplete micelles from AzoTMA,
changing the effective packing parameter and triggering either formation of rod-like micelles from a
solution containing small micelles, or appearance of vesicles from solution initially containing rod-like
micelles (scheme 2). From a physical chemistry point of view, these transitions correspond to a shift
towards higher average packing parameter of the amphiphilic molecules, driven by the isomerization of
the azobenzene. Photoisomerization of trans to cis AzoTMA causes a variation of the specific area that the
surfactant tail occupies, as measured by Lee and Hatton [53]. Thus, cis isomerization of AzoTMA decreases
the molecular density at interfaces. Because of the hydrophilic head of AzoTMA remains constant upon
photoisomerization, this result suggests a decrease of the thickness of the hydrophobic layer, i.e. an
increase of the packing parameter. Similar simulations on azobenzene surfactants indicate that the cis
isomer creates a “kink” in their hydrophobic tail, making the hydrophobic layer markedly thinner[54]as
compared to the highly packed and thick layer created by stacks of pure trans molecules Similar
photovariation of the molecular packing parameter were also consistently reported in other azo-containing
surfactants (in the absence of lipids) and associated in literature to similar variations of interfacial
properties and/or transitions from small micelles to cylinders [55] [56]. Our analysis of photostationary
states validates the optical control of the intrinsic/spontaneous curvature for mixed assemblies of lipids
and azo surfactants. Kinetic measurements provide new information on the typical reorganization time of
the mixed assemblies. Because the lipid reorganization between water and assemblies is much longer than
our experimental time, reorganization mainly depends on i) partition of azoTMA between unimers and
assemblies, ii) evolution time(s) of lipid-containing assemblies. In addition, lag times observed in samples
with an initial predominant component (either spheroid micelles or cylinders) are presumably indicative of
the irradiation time required to reach a cis:trans threshold composition, i.e. a critical spontaneous
curvature in mixed structures, to trigger the coexistence of micelles with cylinders or cylinders with
vesicles. The existence of such a threshold is typically reported in lipid:surfactant co-micellization, and
characterizes the coexistence windows between two microphases containing respectively, a high lipid or



low lipid fraction. [50],[46] Finally, the blue light-triggered switch was fast enough to observe non-
equilibrium structures. In this case, the fast cis-to-trans isomerization revealed that AzoTMA unimers in
solution quickly reach an equilibrium state, at time scales shorter than our sampling time, before any
morphological equilibration occurs (here between micelles and/or vesicles). This result suggests that the
morphological transition between rod-like micelles and vesicles can be estimated as a slow process, with a
characteristic time of a few seconds. Due to the shear sensitivity of long rod-like micelles and vesicles,
those kinetics observations could not be obtained by alternative fast mixing processes, such as stop-flow.
In addition, light-responsive surfactant provides a unique possibility to specifically target properties
changes on the surfactant, without affecting the lipids.
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unimers release unimers capture
(T lipid % in assemblies) (4 lipid % in assemblies)

T lipid fraction

Scheme 2. structural dynamics of photo-controlled reorganizations of azoTMA:lipid mixed assemblies

Conclusion.

We prepared mixed lipid:cationic azobenzene-containing surfactant (azoTMA) solutions in a number of
equilibrium states and non-equilbrium transient stages by controlling in situ the association/dissociation
features of trans/cis photoisomers of AzoTMA. Light enabled us to reversibly switch between different
morphologies of their mixed assemblies. Using TR-SAXS combined with the specific optical perturbation
targeting the surfactant, we found that the partitioning of surfactant unimers in water precedes the mass
reorganisation at mesoscale. As we achieved variations of cis:trans isomers, which were faster or on time
scale similar to the reorganization time of the assemblies, this finding complements the present literature
that up to now addressed kinetics that were rate-limited by the amount of photoisomers produced in
solution.[12],[13, 14]

Using SAXS we determined the structural parameters of 3 characteristic assemblies: small ellipsoidal
micelles, rod-like micelles, and mixed unilamellar vesicles. Their structural parameters (radii and aspect
ratio of small micelles, cross-section of rod-like micelles, or membrane thickness of vesicles) did not
markedly depend on composition of samples, suggesting that equilibrium was primarily reached by a
redistribution of molecules among these three, essentially fixed, characteristic structures. Interestingly, the
coexistence of well-defined small micelles with rod-like micelles was observed and recognized as typical of



mixed systems of cationic surfactants at low ionic strengths. The perturbation introduced by shining light
on pre-equilibrated samples enabled to record kinetics-of the evolution of the assemblies between the
equilibrium states and/or photostationnary states. Existence of out-of-equilibrium intermediate states with
other morphologies than the ones found in equilibrium were not required to fit the experimental data. In
particular, the kinetic pathways could be described as a gradual redistribution between these 3 main
components (with slightly adjustable length of the rods and/or diameter of vesicles) whose outer and core
radii were remarkably stable. These results suggest that a simplified but robust 3-state model is effective
to account for the time-resolved perturbations introduced by photo-triggered changes on mixed
lipid:surfactant assemblies. The model enabled us to follow variations of the effective CMC (i.e. surfactant
unimer concentration) and of the relative fraction of lipids and surfactants in the different assemblies. We
found a few cases showing slower rate of morphological reorganisation as compared to equilibration rate
with AzoTMA unimers, i.e. out-of-equilibrium transient situations achieved by shining light (at the
intensities produced by non-laser, LED-based set-ups). This slow reshaping, taking up to a few seconds in
the presence of lipids in mixed assemblies contrasts with the faster equilibration (< ms) between unimers
and micelles of pure surfactants. As compared to fast mixing stopped-flow and temperature-jump
techniques, the present approach specifically target photo-sensitive molecules in samples at rest, thus
being relevant to investigate soft (ex. shear-sensitive) colloids in non-equilibrium conditions. Namely,
stimuli-responsive capsules used in drug delivery are typically made of non-responsive lipids and one
stimuli-responsive amphiphile.[10],[19-24] It is of general interest for the design of such systems to study
how the presence of lipids slows down kinetics of molecular exchange and/or determines the rate of
morphological reorganization. Here, the kinetics of the process, whereby AzoTMA unimer exchange
precedes the morphological transitions is an important consideration to guide the design of fast-
responsive assemblies such as lipid capsules for drug delivery. Further investigations of pore formation in
lipid:azosurfactants membranes have to be conducted at similarly short time scales to determine
implications of the non-equilibrium, transient dynamics in the lipid membranes of these capsules.
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