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Abstract

Precise modulation of neuronal activity by neuroactive molecules is essential for understanding
brain circuits and behavior. However, tools for highly controllable molecular release are

lacking. Here, we developed a photoswitchable nanovesicle with azobenzene-containing
phosphatidylcholine (azo-PC), coined ‘azosome’, for neuromodulation. Irradiation with 365 nm
light triggers the trans-to-cis isomerization of azo-PC, resulting in a disordered lipid bilayer with
decreased thickness and cargo release. Irradiation with 455 nm light induces reverse isomerization
and switches the release off. Real-time fluorescence imaging shows controllable and repeatable
cargo release within seconds (< 3 s). Importantly, we demonstrate that SKF-81297, a dopamine
D1-receptor agonist, can be repeatedly released from the azosome to activate cultures of primary
striatal neurons. Azosome shows promise for precise optical control over the molecular release and
can be a valuable tool for molecular neuroscience studies.
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1. Introduction

Understanding the role of neuroactive compounds in brain circuits and behavior is
fundamentally essential in neuroscience. The delivery of neuroactive compounds via
permanently implanted cannulae within the brain allows studying the effect of molecules
on neural activity and behavior [1], but it may cause neuroinflammation and limit the
activities of animals [2]. The remotely controlled release of neuroactive compounds using
external stimuli, such as a magnetic field [3], focused ultrasound [4, 5] or light [6], offers
new possibilities. Among these methods, light has the benefit of high temporal and spatial
resolution. One of the main methods using light is to chemically attach a ‘cage’ to a
molecule of interest to block its activity until photoremoval of the protecting group [7, 8].
Caged compounds, such as caged glutamate or y-aminobutyric acid (GABA), are widely
used by neurophysiologists to alter cell signaling in neurons and glia, and have contributed
significantly to our understanding of the nervous system [9]. However, caged compounds
have several limitations, such as challenges in ensuring biological inertness, solubility,
uncaging efficiency [10], and potential off-target activity [11, 12]. Another approach for
neuromodulation is to photorelease from nanocarriers based on the photothermal [13-15],
photochemical [16-18], or photomechanical effects [19, 20]. However, the photorelease is
not temporally controlled and cannot switch off. It remains challenging to develop a fast and
photoswitchable nanosystem that responds to a low light intensity without associated side
effects (such as heating and generation of reactive oxygen species).

Azobenzene groups have been extensively used to build various bioactive photoswitches,
and many have been applied in neuroscience using one-photon and two-photon

stimulation [21-28]. Recently, this approach has been expanded to lipids, and a

series of photoswitchable lipids have been developed, including a photoswitchable
phosphatidylcholine derivative, azo-PC. Azo-PC has enabled optical control of membrane
organization and permeability [29-33]. Chander ef a/. demonstrated light-induced release
of the anticancer drug doxorubicin from azo-PC containing lipid nanoparticles /in vitro

and /n vivo [34]. However, it remains unclear whether azo-PC would support highly
controllable and photoswitchable release of compounds, which is critical to perform in vivo
neuromodulation.

Here we have developed a new class of photoswitchable nanovesicles, coined ‘azosomes’,
by incorporating azo-PC into liposome formulations to deliver neuroactive compounds. Azo-
PC undergoes reversible isomerization upon irradiation with ultraviolet (U.V.) and blue light,
respectively, which rapidly changes the thickness of the lipid bilayer. The light-induced
change of the lipid bilayer leads to increased permeability for encapsulated molecules

and allows for switching the release of molecules on and off. Short light pulses enable
temporally controlled release within seconds (< 3 s) from the photoswitchable azosome,
demonstrating that the azosome is a promising tool for neuromodulation.
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2. Results and Discussions

2.1 Photophysical properties of azosomes

First, we studied the reversible photoswitching property of azosomes. Figure 1(a) shows that
one of the two lipid tails of phosphatidylcholine was modified to incorporate an azobenzene
group, which can be isomerized between its ¢is- and frans-isomers upon the irradiation with
U.V. and blue light, respectively. To increase the liposome stability, we mixed azo-PC with
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxyl(polyethylene glycol)-2000]
(DSPE-PEG2000), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), and cholesterol to
prepare photoswitchable liposomes (azosomes) by the thin-film hydration method. Varying
the percentage of azo-PC in the formulation leads to a series of azosomes after extruding
through membranes with the pore size of 400 nm and 200 nm. The hydrodynamic diameters
of these azosomes were around 160 nm (Fig. S1(a) in the Electronic Supplementary
Material (ESM)). Cryogenic transmission electron microscopy (Cryo-TEM) images show
that azosomes are mostly spherical and unilamellar and had a narrow size distribution (Fig.
1(b) and Fig. S1(b) in the ESM). To investigate the photoisomerization of azo-PC in the
azosome, we monitored the ultraviolet-visible (UV-Vis) spectra of the azosome before and
after the irradiation of 365 nm and 455 nm light. 7rans-azo-PC was a thermally stable
isomer, as confirmed by the strong absorption at 326 nm before light irradiation (Fig. 1(c)).
Fig. 1(c) also shows that the absorption peak of the azosome at 326 nm decreased, and the
peak at 440 nm increased in an irradiation time-dependent manner under 365 nm light. In
contrast, the absorption peak at 326 nm increased, and the peak at 440 nm decreased with
irradiation time under 455 nm light (Fig. 1(d)). These results indicate that the irradiation of
365 nm light triggered the isomerization of frans-azo-PC to cis-azo-PC. The process was
reversed under the irradiation of 455 nm light. The absolute absorbance changes at 326

nm under the irradiation of 365 nm and 455 nm overlapped well (Fig. 1(¢)), suggesting

that the photoisomerization is reversible. The spontaneous c/s-to-frans isomerization in the
dark was measured at 22, 37, and 45 °C (Fig. 1(f)-1(h) and Fig. S2 in the ESM). The
half-lives (t12) of cis-azo-PC in the dark increase with temperature due to the intrinsically
exothermic process [35, 36] and were much longer than that (seconds) with the 455 nm
irradiation. These results demonstrate that isomerization with 365 nm light should induce
the cis state with little reversal to the frans state, unless photostimulated with 455 nm

light, providing good temporal control of isomerization. Next, we investigated the effect of
photoisomerization of azo-PC on the azosome size. Figure 1(i) and Fig. S1(c) in the ESM
show that the azosomes swelled by around 5 nm after the 365 nm light irradiation and can be
switched back by the 455 nm light irradiation, suggesting that the reversible isomerization of
azo-PC leads to reversible changes in azosome size.

2.2 Computational modeling of azo-PC bilayer

Second, we performed all-atom molecular dynamics simulations to study the azosome
bilayer at the molecular level. Simulations of pure azo-PC bilayers revealed distinct
structural differences between frans-azo-PC and c¢/s-azo-PC. Figure 2(a) shows that the
azobenzene moieties aligned with each other in the trans isomer, resulting in an ordered
bilayer structure. In contrast, azobenzenes in the cisisomer were disordered and spanned the
bilayer hydrophobic core (Fig. 2(a)). The density profiles across the bilayer confirmed these
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differences in the molecular arrangements (Fig. 2(b)). In the c/s-azo-PC bilayer, the azo
functional groups spanned the bilayer hydrophobic core and significantly overlapped with
the head group region. Notably, the bilayer thickness, defined as the peak-to-peak distance
of the lipid headgroups, was smaller in the c/s-azo-PC bilayer than in the frans-azo-PC
bilayer. We hypothesized that the disordered distribution of c/s-azobenzene groups in the
bilayer, the decreased bilayer thickness, and the lack of a methyl trough separating the
upper and lower leaflets led to the increased permeability across the cis-azo-PC bilayer. To
demonstrate the robustness of our computational approach, we changed the torsional force
field parameters of azobenzene to impose either the cisor trans-state every 100 ns, resulting
in reversible and reproducible bilayer properties (area per lipid shown in Fig. 2(c)). These
reversible bilayer changes are consistent with the experimental findings (Fig. 1(i)). From
the pure (100%) azo-PC area per lipid increase upon isomerization, we simply scaled by
the azo-PC lipid composition to predict the azosome size increase as a function of azo-PC
content. This linear scaling is justified by the linear nature of the experimental data (Fig.
2(d)), and the comparison demonstrates that the simulation and experimental data are in
reasonable agreement.

2.3 Photoswitchable fluorophore release from azosomes

Next, we investigated the photoswitchable release from azosome by alternating 365 and 455
nm light. We hypothesized that the frans-to-cisisomerization under 365 nm light irradiation
increased the permeability of the liposome membrane and caused cargo release, while

the reversed isomerization by 455 nm light restored the membrane integrity impeding the
cargo escape from the azosome and switched off the cargo release (Fig. 3(a)). To test this
hypothesis, a self-quenching polyanionic dye, calcein, was encapsulated in the azosome
(calcein-azosome). We predicted the fluorescence would increase upon release due to the
dequenching of calcein. Minimal calcein dye leakage (< 5%) was observed with azosomes
with a percentage of azo-PC up to 25% for 24 h in 0.01 M phosphate saline buffer at room
and physiological temperatures, while the 40% azo-PC formulation leads to uncontrolled
leakage (Fig. S3 in the ESM). This observation may be due to the low phase transition
temperature with a high percentage of azo-PC. The photorelease efficiency increased with
the higher azo-PC composition under 365 nm light irradiation (Fig. 3(b)). We selected

the calcein-azosome with 12% azo-PC for the following tests due to its high stability and
photosensitivity. The photorelease efficiency was highly controllable by the intensity and
duration of 365 nm light (Fig. 3(c) and Fig. S4 in the ESM). To explore the kinetics of the
calcein release with a high temporal resolution, we recorded the real-time fluorescence of
calcein using a high-speed camera. The results show that short irradiation (0.1-0.5 s) at 365
nm triggered a fast release of calcein from azosome within 1-2 s, followed by a slow-phase
release that lasted 10-20 s (Fig. 3(d) and Fig. S5 in the ESM). To interrupt the slow

phase of release, we applied a second irradiation at 455 nm, which terminated the release
immediately (Fig. 3(d)). Furthermore, the amount of released calcein was controllable by the
pattern of the sequential irradiations, as shown by the higher amount of release with a 0.9

s delay between 365 and 455 nm light (Fig. 3(d)). Interestingly, 1 s of 455 nm irradiation
was sufficient to switch off the release triggered by 0.1 s of 365 nm light (Fig. 3(d)), while
2 s of 455 nm irradiation was necessary to give a complete switch-off under longer 365 nm
irradiation (0.2-0.5 s, Fig. S5 in the ESM). The longer irradiation time at 455 nm compared
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to 365 nm could be due to the strong absorption of calcein at 455 nm (Fig. S6 in the ESM).
These results suggest the ability to temporally control the release within seconds (< 3 s).

In addition, the photoswitchable property allows for step-wise release by multiple pulses of
sequential irradiations of 365 nm and 455 nm light (Fig. 3(e)). These results demonstrate
that the photoswitchable azosome offers a platform for on-demand and repeatable release
with both “on” and “off” switches.

2.4 Photoswitchable neuromodulator release from azosomes

Lastly, we tested the application of azosome for neuromodulation. Here we encapsulated
SKF-81297, a dopamine D1-like receptor agonist, in the azosome (SKF-azosome, Fig. 4(a)).
Approximately half of the striatal neuron population expresses the D1 receptor [37]. We
predicted that the release of SKF-81297 would activate the D1 receptor on striatal neurons
and increase intracellular Ca2* and neuronal excitability [38, 39]. Primary striatal neurons
were cultured on glass-bottom dishes and used for Ca2* imaging after the neurons had
matured (14 days). We first stained neurons with Ca%*-sensitive dye Fluo-4 as a proxy for
neural activity and applied Dil-labeled azosomes to the extracellular medium. After 1 h,
there was no evidence of significant endocytosis of azosome by neurons, suggesting that
azosomes remain predominantly extracellular (Fig. S7 in the ESM). We confirmed that the
same irradiation time of 455 as 365 nm light could switch cis-azo-PC back to trans-azo-PC
in the SKF-azosome (Fig. S8 in the ESM). After the first sequential irradiations at 365

and 455 nm, 29% of the neurons incubated with SKF-azosomes exhibited an increase in
fluorescence, indicating an increase in intracellular Ca2* (as identified by the average AF/F,
> (mean + 38) of baseline, Figs. 4(b) and (c)). The second and third irradiations activated
20% and 30% of neurons, respectively, with increased irradiation time. For control, we
examined the effect of irradiating SKF-liposomes lacking azo-PC and observed no change
in fluorescence (Fig. 4(d)). We also investigated any potential cytotoxicity; a live/dead cell
viability assay indicated no significant toxicity of azosomes or the irradiation paradigm
(Fig. S9 in the ESM). These results demonstrate that azosome is a useful platform for the
controlled and repeated release of neurochemicals for neuromodulation.

Near-infrared (NIR) light is a particularly attractive option for uncaging or photorelease
in the brain due to the deep tissue penetration and reduced phototoxicity [15, 19].
Nanotransducers with NIR light have enabled remote neuromodulation in freely moving
mice [40-43]. With the emerging red-azo-PC that can undergo photoisomerization at a
longer wavelength (= 630 nm) [30], the azosome is expected to be photoswitchable under
the irradiation of tissue-penetrating red light. Combined with upconversion nanoparticles
which can convert NIR light into emissions in the UV/Vis region [44, 45], the azosome
will be able to perform the on-off release by NIR irradiation. These possibilities are being
explored to broaden the application of azosomes.

3. Conclusion

In summary, we developed a photoswitchable nanovesicle, referred to as ‘azosome’, based
on the reversible photoisomerization of azo-PC under the irradiation of 365 nm and 455 nm
light. The tfrans-to-cisisomerization triggered by 365 nm light decreases the thickness of
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the liposome bilayer, increases the azosome diameter, and leads to efficient cargo release.

In contrast, the reversed c/s-to-tfrans isomerization induced by 455 nm light increases

the thickness of the liposome bilayer, decreases the azosome diameter, and switches off

the release. We demonstrate that photorelease is controllable within seconds (< 3 s), is
repeatable, and can specifically activate targeted neurons by releasing the dopamine D1-like
receptor agonist SKF-81297. The azosome formulation shows promise for precise optical
control over the release of neuroactive compounds for neuromodulation and can be a
valuable tool for molecular neuroscience studies.

4. Experimental methods

4.1 Materials

DSPC (> 99%), DSPE- PEG2000 (> 99%) and cholesterol (ovine wool, >98%) were
purchased from Avanti Polar lipids, Inc. Calcein sodium salt (644.5 g/mol, 108750-13-6)
was purchased from Alfa Aesar. SKF-81297 hydrobromide (370.67 g/mol, = 98%) was
purchased from Tocris Bioscience. 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (DilC18(3)), = 90%) was purchased from Fisher Scientific. All other chemicals
were analytical grade.

4.2 Preparation and characterization of azosome

Preparation of different azo-PC-containing liposomes was performed by the thin-film
hydration method reported previously [19, 20]. DSPC, PEG-DSPE, cholesterol, and azo-PC
were mixed in chloroform at the molar ratio of 57: 1: 30: 12. The lipid film was prepared
with N2 blow for several minutes and dried under vacuum overnight. 10 mM phosphate-
buffered saline (PBS) containing either calcein (75 mM) or sulfate ammonium (300 mM)
was added to the film for 1 h at 65 °C. After 5 freeze-thaw cycles (1 min in liquid N,

and 2 min in a 65 °C water bath, respectively), the liposome solution was extruded through
400 and 200 nm polycarbonate membranes (Whatman, USA) for 11 passages each using

a Mini Extruder (Avanti Polar Lipids, USA). Afterward, free calcein or sulfate ammonium
was removed by size exclusion chromatography with a Sephacryl® S-500 HR column

(Cat. # GE17-0613-10, Sigma-Aldrich). The calcein-loaded azosome was used directly. To
load the SKF-81297, the sulfate ammonium-loaded azosome was incubated with 1 mM
SKF-81297 at 70 °C for 30 min. SKF-81287 loaded azosome was further purified by
dialysis. The molar percentage of azo-PC in the azosome was adjusted to 1.5%, 6%, 12%,
25%, and 40% to investigate its effect on release efficiency, and the percentage of DSPC was
changed accordingly. As a control group, SKF-81297 loaded liposome (without azo-PC) was
prepared by similar methods. 0.5% of DilC18(3) was mixed with lipids to label azosome
(Dil-azosome).

The hydrodynamic size, size distribution, and zeta-potential of the liposomes were
determined by dynamic light scattering measurement (Malvern Zetasizer Nano ZS) at

room temperature. A DU800 spectrophotometer (Beckman Coulter) was used to track the
UV-Vis absorption spectrum change of azo-PC before and after the photoisomerization. The
morphology of liposomes was observed by a transmission electron microscope with a FEI
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Tecnai 300kV field emission gun and a Gatan Summit K2 direct electron detector camera at
the Characterization Facility, University of Minnesota.

4.3 In vitro photoisomerization and release

To investigate the photoisomerization of azo-PC, 100 pL of empty azosome was added to a
96-well plate and irradiated by 365 and 455 nm light (25 mW/cm?). Afterward, the UV-Vis
absorption spectra of azosome before and after irradiation were recorded immediately.

To investigate the release efficiency of azosome, calcein-loaded azosome was added to a
96-well plate and irradiated by 365 and 455 nm light at a series of intensities or durations.
The fluorescence intensity (485 nm excitation and 520 nm emission) was measured using a
microplate reader (Synergy H2). For 100% release, azosomes were treated with 0.5% Triton
X-100. The percentage release of calcein was calculated by the following formula:

% Release = Ll x 100% @)

Flolal - F
where Fo, F, and Fyoq) represent the initial fluorescence signal, fluorescence signal after
light irradiation, and after being treated by Triton, respectively.

The release Kinetics of azosome was investigated following our previously reported method
[20]. Briefly, an aliquot of well-dispersed calcein-loaded azosome was placed on a glass
slide, covered by a cover slide, and sealed by nail polish. The samples were then
immobilized onto a microscope (Olympus 1X73) stage and irradiated by 365 and 455 nm
light. A high-speed digital camera (Hamamatsu Photonics, ORCA-Flash 4.0) was used to
record the real-time fluorescent intensity profile every 50 ms. A series of fluorescent images
were obtained, and the fluorescence intensity was analyzed by Image J.

4.4 Primary neuron culture and neuromodulation

Cryopreserved primary mouse neurons derived from the striatum of day 18 embryonic CD1
mouse brain (Cat. # M8812N-10) and the culture kit (Cat. # M8812NK-10) were purchased
from Cell Applications, Inc. The glass-bottom dish (diameter of glass: 10 mm) was treated
with a neuron coating solution in the kit overnight and rinsed with PBS before seeding.
After thawing, the cryopreserved primary mouse neurons were transferred to a 50 mL tube
containing a 5 mL mouse neuron plating medium. The neurons were then aliquoted into 8
dishes (only on the glass) to ensure the seeding density is 100,000 cells per cm? or above
and cultured in a cell culture incubator (37 °C, 5% CO,, humidified). Half of the mouse
neuron culture medium was changed every three days. After 2 weeks, the neurons were
incubated with Fluo-4 AM (Cat. # F14201, Molecular ProbesTM) at 3 uM for 30 min and
then washed with PBS three times. 300 uL of artificial cerebrospinal fluid (ACSF, 124 mM
NaCl, 5 mM KCI, 26 mM NaHCOs3, 1.25 mM NaH,POg4, 10 mM D-glucose, 1.3 mM MgCl,
and 1.5 mM CacCl,) containing SKF-81297 loaded azosome (12% azo-PC, total lipids: 2
mM) was added into the glass area in the dish. The fluorescence of Fluo-4 in the neurons
was recorded by a spinning disk microscope (Olympus, SD-OSR) at the excitation of 488
nm. During the recording, the whole glass area was irradiated by sequential 365 nm light
and 455 nm light to control the release of SKF-81297. Three repeated irradiations were
performed on SKF-azosome (25 mW/cm?Z; 15t 365 nm 0.3 s + 455 nm 0.3 s; 2"d, 365
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nm 0.5 s + 455 nm 0.5 s; 3™, 365 nm 1 s + 455 nm 1 s). The fluorescence intensity

change (AF/Fy) from individual neurons was analyzed by Image J. FO value of each neuron
was measured by averaging its fluorescent intensity during the 60 s before the irradiation
(baseline). The activated neuron was counted if the average fluorescence change (AF/F) after
stimulation was larger than the mean+35 (&: standard deviation) of baseline. To investigate
the distribution of azosome, Dil-azosome (total lipids: 20 mM) was incubated with neurons
for 1 h and imaged by the microscope at the excitation of 561 nm. After washing, the
neurons were imaged again under the same condition.

4.5 In vitro toxicity

The cytotoxicity of azosomes on neurons was evaluated by the live/dead staining method.
The primary striatal neurons were cultured in the 96-well plate. After 2 weeks, the neurons
were incubated with azosome (12% azo-PC, total lipids: 2 mM) for 1 and 24 h. The

light irradiation paradigm used in the neuromodulation experiments was treated on the
neurons. After the treatment, the live and dead cells were stained with 3 uM calcein-AM
(ThermoFisher, Cat. # C3100MP) and 5 uM propidium iodide (Pl, ThermoFisher, Cat. #
P1304MP) for 20 min, respectively. After wash, the fluorescence of calcein and P1 was
measured by the plate reader. The fluorescent images of stained cells were taken by a
confocal microscope (Olympus, FV3000RS).

4.6 All-atom modeling of the lipid bilayer

All-atom simulations of azo-PC were performed using the CHARMM36 lipid [46] force
field and the NAMD simulation software (version 2.13) [47]. The initial azo-PC structure
was created in Avogadro (version 1.2.0) [48] and minimized using the built-in steepest
descent algorithm. The topology entry for azo-PC was created from the existing entry of
DSPC and manually altered to incorporate the azobenzene moiety. Atomistic force field
parameters of azo-PC were created from a mixture of existing DSPC parameters and
previously published parameters for the azobenzene moiety [49], and missing parameters
were obtained through CGenFF [50-54]. Packmol was used to create the initial bilayer
structures [55], and the VMD Solvate Plugin was used to solvate the bilayer with the TIP3P
water model [56]. All simulations were performed in the tensionless ensemble at 1 atm

and 323 K. Analysis was performed using custom Python scripts utilizing the MD Analysis
package [57, 58].

Torsional force field parameters to control the azobenzene isomeric state were used
following our previous method [49]. To mimic photoisomerization in a simulation, the
torsional parameters corresponding to the desired photoisomeric state were enabled while
simultaneously disabling the torsional parameters for the opposite state. This parameter
change was made between simulation runs, using a restart or checkpoint file to continue
with the new parameter set. Thus, for a given simulation run the parameters for only a single
photoisomeric state were enabled at a time.

The following equation (2) was used to calculate the change of the azosome surface area
during isomerization from the experimental diameter data.
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2 2
(Do) = (Dys)” x 100

Area percentage increase = .
(Dyrans)

@
where D,jsand Dy, are the azosome diameters for azo-PC in the c/sand trans state,
respectively.

The areas per lipid (APL) from the simulations were calculated using the following equation
@Q):

Xce]l X Ycell

Area Per lipid =
rea Per lipi Nom

®

where X g7and Y.y are the cell dimensions in the X- and Y-directions, respectively, and
Niipigs 1s the number of lipids per bilayer leaflet.

The change of bilayer area in the simulation was calculated by the following equation (4):

|APLC,'S - APLtmnsl
APL,.,,,

Simulated area increase = x 100 4
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Figure 1.

0

4 8 12 16 20

24

Time after 365 nm irradiation (h)

Photophysical properties of asozomes. (a) Schematic of the photoisomerization of azo-PC.
(b) Cryo-TEM image of azosomes. Scale bar: 100 nm. (c) and (d) UV-Vis spectra change of
azosome upon the irradiation of (c) 365 nm light and (d) 455 nm light. (e) The absorbance
change of azosome at 326 and 455 nm light as a function of irradiation time. (f) and (g)
UV-Vis spectra change of azosome in the dark at (f) 22 °C and (g) 37 °C. 365 nm light
irradiation (25 mW/cm2, 60 s) was performed on the azosome to switch trans-azo-PC to
cfs-azo-PC at 0 min. (h) The absorbance change of azosome at 326 nm over time in the dark
at 22, 37 and 45 °C. The data were fit based on a first-order reaction to give the half-life of
cis-azo-PC. (i) The Z-average hydrodynamic diameter of azosome (azo-PC: 25%) measured
by dynamic light scattering (DLS) under photoisomerization of azo-PC. 365 or 455 nm light
was irradiated on the azosome for 30 s at 25 mW/cm?.
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Figure2.
Molecular dynamics simulation for azo-PC lipid bilayer. (a) Snapshots of the transand cis

bilayers. Selected azobenzene groups are highlighted in light cyan with the ring planes in
red. Lipid tails are shown in transparent gray. The blue and brown spheres represent nitrogen
and phosphorous atoms on the head group, respectively. Water is represented as light purple
regions. (b) The lipid atom density profile of the azo-PC bilayer as a function of the

distance from the bilayer center. The orange and blue lines represent the frans-azo-PC and
cfs-azo-PC bilayers. Solid lines: the overall lipid density; dashed lines: lipid head groups;
shaded regions: azobenzene groups. (c) Area per lipid in the tensionless ensemble of the
azo-PC bilayer when the isomeric state of every lipid is altered between cisand trans every
100 ns. (d) Experimental and simulated azosome area increase with different percentages of
azo-PC after the irradiation with 365 nm light (25 mW/cm?, 30 s). Data are expressed as
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mean + standard deviation (S.D.) Simulation data were extrapolated to 0% azo-PC from the
data in (c).
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Figure 3.

Photoswitchable fluorophore release from asozomes. (a) Schematic of the photoswitchable
release from azosome. (b) Plot of calcein release efficiency of azosomes with different
percentages of azo-PC upon 365 nm light irradiation (10 mW/cm?). (c) Plot of calcein
release efficiency from azosomes at different 365 nm light intensities and durations. Calcein
fluorescence was measured 30 s after irradiation in (b) and (c). (d) Real-time fluorescence
intensity of calcein (AF) plotted over time under the sequential irradiations of 365 and 455
nm light (40 mW/cm?). The purple and blue rectangles indicate 365 and 455 nm light
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irradiation, respectively. (e) Real-time fluorescence intensity of calcein (AF) plotted over
time under multiple cycles of irradiations. The purple and blue arrows indicate the sequential
irradiations of 365 and 455 nm light every 5 s (40 mW/cm?). Data are expressed as mean +
S.D.
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Figure 4.

Controlled release of a D1 receptor agonist for neuromodulation. (a) Schematic photorelease
of SKF-81297 from the azosome to induce Ca?* elevation in primary mouse striatal neurons.
(b) Real-time fluorescent images of primary mouse striatal neurons before and after the
irradiation of sequential 365 nm light and 455 nm light. Fluo-4 was used as the Ca2*
indicator. Scale bar: 50 pm. (c) and (d) The fluorescence change (AF/F) plotted as a function
of time from individual neurons incubated with (c) SKF-azosome or (d) SKF-liposome. The
irradiation of 365 and 455 nm light was performed during the imaging at 0 s. Three repeated
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irradiations (25 mW/cm?2) were performed on SKF-azosome with an interval of 10 min (15,
365 nm 0.3 s+ 455 nm 0.3 s; 2"d, 365 nm 0.5 s + 455 nm 0.5 s; 39, 365 nm 1 s + 455

nm 1 s). The irradiation condition (25 mW/cm2) in (d) was 365 nm 1 s + 455 nm 1s. The
activated neuron was counted if the mean fluorescence change (AF/F) after stimulation was
larger than the mean + 36 (6: standard deviation) of baseline. The neurons were labeled in
the same order in (c).s
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