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Recent insights into the function and composition of cell membranes have transformed our
understanding from primarily viewing these structures as passive barriers to recognizing them as
dynamic entities actively involved in many cellular functions. This review highlights advances in the
photopharmacology of phospholipids, emphasizing in particular the role of
diacylglycerophospholipids and the impact of their polymorphic nature on synthetic and cellular
membrane properties and metabolic processes. We explore photoswitchable
diacylglycerophospholipids, termed ‘photolipids’, which permit precise, reversible modifications of
membrane properties via light-induced isomerization. The ability to optically switch phospholipid
properties has potential applications in controlling membrane dynamics, protein function, and cellular
signaling pathways, and offers promising strategies for drug delivery and treatment of diseases.
Developments in azobenzene and hemithioindigo based photolipids are discussed, underscoring their
utility in biomedical and biomaterial science applications due to their unique photophysical properties.

Historically, the lipid bilayers of cell membranes were viewed primarily as
passive barriers and scaffolds for proteins and other components, which
were considered the main regulators of cellular activity'”. Recent research,
however, highlights the lipid bilayers’ active role in cell functionality’™. The
cellular lipidome, encompassing thousands of distinct lipids’, along with the
precise spatial organization and asymmetry of these lipids, significantly
influences the membrane’s biophysical properties and lipid-protein
interactions’"". Lipids play a critical role in many physiological processes,
such as cellular communication, environmental response, energy trans-
duction and storage, and metabolism'*"'. Furthermore, lipid membranes
are central to cell protection and compartmentalization.

Dynamic forces within the membrane, including lateral and transverse
tension and stress, emerge upon changes, such as bending and stretching,
permeability and diffusion, and modifications in lipid composition'®. Var-
iations in the asymmetry and composition of the bilayer’s dual leaflets can
significantly alter the functionality of transmembrane channels and per-
ipheral membrane-binding proteins'>™"’. Simplified lipid membrane model
systems, such as vesicles and supported bilayers, replicate the essential
features of cellular membranes while reducing complexity'®. These models,

alongside advances in molecular dynamics (MD) simulations', are critical
for understanding membrane dynamics and functions.

Diacylglycerophosopholipids are the most abundant types of structural
lipids in cellular membranes™. They consist of a hydrophilic headgroup and
two hydrophobic tails, enabling their self-assembly into lipid bilayer
structures in an aqueous environment (Fig. 1)*". The glycerol backbone of
these lipids is attached to fatty acids at the snl and sn2 positions, and
different types of fatty acids cause variability in membrane fluidity and
organization. The sn3 position links to a phosphate with various sub-
stituents giving rise to the different glycerophospholipid types such as
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphati-
dylserine (PS), and others. Each type contributes distinct characteristics to
the membrane, affecting its charge and functional properties based on the
headgroup and the surrounding solvent molecules and ions. In addition,
polyunsaturated hydrocarbon chains enhance chain disorder and dynam-
ics, including upturns and backfolding, contributing to membrane curva-
ture and lipid domain formation™”.

A notable example of phospholipid activity is the exposure of PS on the
outer leaflet of platelets during blood coagulation*. Normally, PS is on the
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Fig. 1 | Phospholipids in bilayer membranes.
Phospholipid molecules are composed of a hydro-
philic polar phosphate “head” containing the
phosphate and glycerol units and two hydrophobic
non-polar fatty acid “tails”. Phospholipids are
organized into a bilayer sheet, with two layers of
molecules arranged tail-to-tail. Within this struc-
ture, the hydrophobic tails cluster together away
from water, forming the membrane’s interior, while
the hydrophilic heads face the aqueous environ-
ments inside and outside the vesicle. Photoswitch-
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Fig. 2 | Photoswitchable molecules used to functionalize phospholipids.

a Azobenzene consists of two benzene rings (red), linked via a nitrogen double bond
(orange). In the trans form, it shows a planar structure. The cis form is characterized
by a twisted geometry. Trans-to-cis switching is achieved with UV-A light of 365 nm
and the back-switch from cis-to-trans with visible blue light of 465 nm or heat.

b Hemithioindigo photoswitches consist of a thioindigo (red) and a stilbene part
(orange). Photoisomerization from the thermodynamically stable Z state to the
metastable E form is possible with purple light of >400 nm, while back-switching is
achieved with green light of 500 nm or heat. Tables 1, 2 summarize photoswitchable
phospholipids’ chemical structures and photoswitch positions.

inner membrane, but platelet activation disrupts this asymmetry, moving PS
outward. This creates a negatively-charged surface essential for forming
coagulation complexes and converting prothrombin to thrombin, a vital
clotting step. PC, the main phospholipid found in eukaryotic membranes,
also plays critical roles. In the lung, dipalmitoylphosphatidylcholine (DPPC)
is the main component of pulmonary surfactants, which reduces alveolar
surface tension and supports gas exchange”. A lack of DPPC is linked to
neonatal respiratory distress syndrome”. PC further promotes the trans-
location of apolipoprotein B-100 from the cytosol to the endoplasmic
reticulum lumen, a crucial early step in the assembly of very low-density
lipoproteins™.

Despite their critical roles, the complex polymorphic nature of gly-
cerophospholipids and their impact on cellular functions are not yet fully
understood. Dysregulation of glycerophospholipid polymorphism has been
linked to various diseases, including lipotoxicity”, psoriasis, and neuro-
degenerative disorders™".

Emerging research into lipid polymorphism and its biological sig-
nificance involves the chemical modification of phospholipids, which allows
for the exploration and control of distinct structural features and the
introduction of new functionality. In particular, photoswitchable lipids offer
opportunities for precise and reversible control of lipid and membrane
properties™". Integrating a photoswitchable motif into the acyl chains of
diacylglycerophospholipids allows for transitions between two distinct lipid

geometries upon light irradiation (Fig. 1). Light offers key advantages over
other stimuli due to its non-invasive nature and unmatched spatial and
temporal resolution™. It allows for targeted modulation of specific cells or
regions without impacting surrounding tissues, providing greater control
for studying membrane dynamics with minimal disruption. This precision
supports more accurate experiments and potentially new forms of therapy
with fewer side effects than e.g,, traditional small-molecule approaches.

In this review, we examine recent advances in the design and synthesis
of photoswitchable diacylglycerophospholipids, termed ‘photolipids’, and
their applications in modulating bilayer properties and protein trafficking
within both model systems and cellular membranes. By focusing on pho-
toswitchable diacylglycerophospholipids, our review complements previous
reports and review articles”™ ">’ that address recent progress using pho-
toswitchable surfactants, fatty acids, peptides, and other molecules and types
of lipids. Significant progress has been made with azobenzenes as the
photoswitchable unit in diacylglycerophospholipids (Fig. 2a), making them
the most studied class of photolipids. Our review focuses on these
azobenzene-based systems due to the extensive research available. In
addition, we discuss other, less explored, photoswitchable lipids, like
hemithioindigo-modified diacylglycerophospholipids (Fig. 2b), hoping to
inspire further research. Both azobenzene and hemithioindigo photolipids
form stable membranes that preserve reversible cis-trans isomerization.

Azobenzene-modified diaylglycerophospholipids

Azobenzene, arguably one of the best-studied molecular photoswitches,
exhibits a robust and reversible isomerization mechanism®, which was
initially discovered by Hartley * in 1937. Its applications span diverse fields,
ranging from energy storage and conversion in polymer science® to the
development of artificial molecular motors and switches in
photopharmacology*’. Parent (unsubstituted) azobenzene consists of two
phenyl rings connected by a diazene link and can switch between its trans
and cis isomeric states under the irradiation of blue and ultraviolet (UV)-A
light, respectively (Fig. 2a)*’. The planar trans isomer represents the ground
state with the benzene rings positioned on opposite sides of the diazene
group, whereas the cis form features a rotated geometry of the phenyl rings*.
Thermodynamically, the trans configuration is more stable and pre-
dominates in thermal equilibrium (quantum yields in low viscosity solvents:
D, nescis = 0.2 —0.36 and O ;... = 0.4 — 0.69; ground state energy
difference AE = E(Sy) ;s—E(So) yrans = 0.5 — 1eV)*.

Mechanics of Photoswitching

Azobenzene’s photoswitching involves the excitation of two distinct
absorption bands: the n* (Sy — S,) transition around 320 nm, which
triggers trans-to-cis switching, and the nm* (S, — S;) transition at
~450 nm, which initiates cis-to-trans isomerization*'. Upon absorption of a
photon, energy dissipation leads to azobenzene undergoing in-plane
bending and torsion around the N =N axis. While cis-to-trans switching
primarily occurs along the rotation path, the exact mechanism for trans-to-
cis switching remains debated. Recent studies suggest it involves a
combination of in-plane bending and rotation, and mechanisms such

Communications Materials | (2025)6:59


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-00773-8

Review article

as the “hula-twist””, inversion-assisted rotation”, and pedal-like
interconversions*” have been proposed. The dynamics are also influenced
by environmental conditions”, solvent effects’, and geometric
constraints’', which determine the specific cis/trans ratios at the photosta-
tionary states (PSS). Additionally, spin—orbit couplings with azobenzene’s
triplet states add complexity to the switching mechanism, allowing for
potential thermal switching via these states, as well as sensitized iso-
merization and photomodulation through energy or charge transfer from
aromatic hydrocarbons™ ™.

Molecular modifications

Substituting electron-donating or withdrawing groups on the azobenzene
rings alters the isomerization wavelengths towards the near IR biological
window™. Modifications at the para-positions can generally enhance
switching quantum yields and thermal isomerization rates, with the
switching kinetics being influenced by the nature of the substituent and the
polarity of the solvent”. Conversely, ortho-substitution appears to be
unaffected by the solution conditions™. Notably, tetra-ortho-substitution on
azobenzene derivatives, such as tetra-ortho-methoxy substitution or tetra-
ortho-fluorination, extends isomerization wavelengths into the red or far-
red spectrum, and significantly enhance the thermal stability of the cis
isomer from days to years™". Employing chlorine as a substituent further
shifts the isomerization wavelengths towards red, facilitating trans-to-cis
switching with red light around 660 nm™.

Synthesis routes of azobenzene photolipids

A variety of azobenzene-modified diacylglycerophospholipids have been
reported (Table 1). Synthetic strategies for phosphocholine derivatives
encompass (i) acylation of lysophospholipids using a mixed anhydride
prepared from a purified photoswitchable fatty acid (Ao8EPC, 6A08EPC,
A08,6A02EPC, 6A4EPC, dazo-PC, azo-PC)** or Yamaguchi esterification
to install the fatty acid FAAzo-4 (azo-PC and dazo-PC)** or the red-shifted
fatty acid red-FAAzo-4% (red-azo-PC), (ii) phosphoramidite chemistry to
attach the headgroup to a photoswitchable diacylglycerol (azo-PC)*, and
(iii) successive assembly of the lipid tail on a diacylglycerophospholipid
(tetra-ortho-fluoro azobenzene-based relay transporter)”’. Phosphatic acid
derivates were synthesized via (i) phosphorylation of PhoDAG-1 with a
phosphoramitide, subsequent oxidation, and protecting group cleavage with
trifluoroacetic acid (TFA) (AzoPA)®, or via (ii) acylation of a protected form
of AzoLPA with FAAzo-4 and subsequent deprotection with TFA
(dAzoPA)®. In addition, diacylglycerophospholipid mimics were synthe-
sized via an Arbuzov reaction (Azo-9P, 4-Az0-6P, 4-Azo-5P, DT 5Az0)* .
Although these mimics are not diacylglycerophospholipids due to the
absence of the glycerol unit, we included them as they were designed to
mimic membrane diacylglycerophospholipids.

Early studies of azobenzene-containing photolipid membrane
systems
The first reports of photoswitchable diacylglycerophospholipid derivatives
emerged in the 1980s. In 1985, Morgan et al. introduced the synthesis of azo-
PC, a photoswitchable phospholipid with an azobenzene unit embedded in
one of the acyl chains”. In their foundational study, they prepared vesicle
mixtures comprising 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and azo-PC and discovered that the photoswitching efficiency in the DPPC/
azo-PC vesicle mixtures, ie., reversibility of the trans and cis absorption
spectra after cycled photoisomerization, is preserved and comparable to that
of azo-PC in ethanolic solutions, demonstrating that azobenzene photo-
isomerization remains effective within the lipid host matrix. Using light
scattering and fluorescence spectroscopy, the study also showed that cis-trans
isomerization significantly impacts membrane permeability and osmotic
shrinkage. Vesicles containing the trans-azo-PC could encapsulate solutes
and maintain a pH gradient across the bilayer until switched to the cis form,
which increased membrane permeability to water and ions.

In 1986, Sandhu et al. used Langmuir-Blodgett and light scattering
techniques and observed that mono-azobenzene-containing phospholipids

like azo-PC, palmitoyl azo-PC, and oleoyl azo-PC, as well as dazo-PC with
two azobenzene units alter the area per lipid (Fig. 3a) and decrease mem-
brane rigidity when transitioning from trans-to-cis”. Trans-dazo-PC
samples exhibited a distinct phase transition in contrast to azo-PC, indi-
cating high packing cooperativity. Further light-scattering and fluorescence
spectroscopy studies supported a highly cooperative phase behavior
exclusive to dazo-PC”. Additionally, an increase in motional freedom and
membrane fluidity post trans-to-cis isomerization was noted”, alongside a
significant hypsochromic shift in the main absorption peak of trans pho-
tolipids in a membrane setting compared to monomeric photolipids in
chloroform®. This shift was consistent with enhanced transition dipole
interactions and H-aggregate formation (Fig. 3b), as explored by Song et al.,
who documented H-aggregation in pure and mixed photolipid vesicle
dispersions, accompanied by induced circular dichroism®'.

Subsequent studies focused on understanding and controlling photo-
induced solute release and liposome fusion under various conditions,
applying different experimental assays, in particular fluorescence polariza-
tion and spectroscopy, absorption spectroscopy, electron microscopy, and
differential scanning calorimetry®"*’**". A comparative study revealed that
lower concentrations of dazo-PC were required compared to azo-PC to
trigger cargo release from vesicles and promote liposome fusion or lipid
exchange after trans-to-cis isomerization’*”. Moreover, the addition of
cholesterol to cis-azobenzene-containing vesicles enabled step-wise,
wavelength-dependent control of solute release’”’, and the use of short
intense laser pulses and heat could even accelerate the process’®”. However,
host matrices in a liquid-crystalline phase or composed of unsaturated acyl
chains, and the absence of H-aggregation, could inhibit cargo release at low
cis-dazo-PC levels””>”". Notably, successful leakage from photolipid/1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles required con-
centrations of cis-dazo-PC of 20 mol% or more®. Early experiments also
successfully encapsulated antitumor drugs like methotrexate® and cupric
ions”, the latter catalyzing the autoxidation of ascorbate and epinephrine
upon release, demonstrating the potential of photosensitive liposomes as
drug delivery vehicles for photodynamic therapy.

To date, most research has focused on lipid mixtures containing up to
40 mol% of photolipids, with dazo-PC being the most extensively studied
variant for triggering permeability and fusion. Investigations of model
membrane systems composed solely of photolipids have been limited, partly
due to synthesis routes that not only require many steps but also result in
only low yields and often heterogeneous (azobenzene incorporation in
the snl or sn2 positions) photolipid products”. Studying pure photolipid
membranes and, thus, the pure switching mechanism in a membrane set-
ting without contributions from standard non-switchable lipids
could provide deeper insights into the interactions and membrane prop-
erties, particularly the mechanisms underlying cargo release and liposome
fusion, which remained unclear, especially for the reverse cis-to-trans
switching directions. Morgan et al. further suggested the existence of locally
disordered regions and channel formation as a potential mechanism
for fusion with dazo-PC/DPPC vesicle mixtures™, but clear evidence is
missing.

Pure photolipid model membrane systems—pushing the limits
Recent advances in synthesizing large quantities of homogenous photolipids
through more efficient synthetic routes have made it feasible to prepare pure
photolipid model membranes. These systems range from monolayers at air/
water interfaces to supported lipid bilayers and vesicles varying from
~100 nm to several micrometers in diameter*”’"".

In 2011, Backus et al. prepared pure photolipid monolayers of
negatively-charged DT Azo-5P at an air/water interface and examined their
molecular properties using vibrational sum-frequency generation spectro-
scopy (VSFG)”". They not only confirmed the increase in lipid area upon
trans-to-cis switching, previously reported by ref. 60, but also revealed that
the dipole moment of the cis isomer favors interactions with water (Fig. 4a).
High surface pressure coupled with alow VSFG signal suggested a reduction
in surface free energy via electrostatic interactions between lipid headgroups
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and water molecules. The electrostatic interaction seemingly reduces the
effect of the headgroups’ negative charge, leading to loop formation in the
lipid tails and decreased molecular order. Similar effects were found in
charge-neutral photolipid azo-PC”*, where a reduced molecular order of
cis lipids resulted in decreased membrane thickness and increased vesicle

size****, For example, small angle X-ray* and dynamic light scattering®

measurements revealed head-to-head distances of déhy, &~ 34 A and dii ~
39 A and vesicle diameters of D, ~ 124.3nm and D, ~ 120.5 nm,
respectively. Additionally, stronger water interactions with cis isomers agree
with simulations for photoswitchable fatty acid FAAzo-4 and azo-PC,

Table 1 | Azobenzene-modified phospholipids
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Table 1 (continued) | Azobenzene-modified phospholipids

Name Chemical structure

Reported effects
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Names and chemical structures of the reported trans-azobenzene-modified diaylglycerophospholipids and phospholipid mimics, and their applications.
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Fig. 3 | Early photolipid characterizations. a Surface pressure/area isotherms for
compression of azo-PC and dazo-PC in the trans (blue) and cis (purple) state. For
both photolipids, the area per cis lipid is larger than the area per trans lipid at surface
pressures >3 mN/m. The ‘knee’ region in the isotherm of dazo-PC indicates gel/fluid
phase equilibrium. Adapted from ref. 60. b Absorbance spectra of Ao8EPC in water
(solid line) and chloroform (dashed line). The blue-shifted absorbance of Ao8EPC in
water compared to chloroform indicates H-aggregate formation. Adapted from
ref. 61. Inset: Schematic of transition dipole moments for trans and cis azobenzene.
In bilayer geometry, trans azobenzene molecules have their transition dipoles (green
arrows) aligned parallel to the bilayer plane. The cis form can adopt two possible
orientations of its transition dipole moment. The data were re-plotted from the
original publications.

suggesting energetically more favorable hydrophilic interactions and water
access to the central N =N bond for cis than frans isomers®, as well as
~3.5 times larger water permeation coefficients of cis-azo-PC giant uni-
lamellar vesicles (GUVs) than trans photolipid vesicles (P¥**" ~ 39 ym s~

cis
and Py ~ 11 pms ™).

Altogether, these findings support the hypothesis that changes in lipid
area and compressibility during isomerization increase membrane perme-
ability through transient pore formation, confirmed through leakage
experiments with dye-loaded photolipid vesicles (Fig. 4b) and patch-clamp
measurements on free-standing lipid bilayers”. Interestingly, a rapid and
substantial reduction in the area upon switching back from cis to trans
resulted in almost instantaneous vesicle depletion, a phenomenon
explainable by a rapid reduction of the lipid area due to faster dynamics in
cis-to-trans photoswitching”. Moreover, the pronounced defect formation
and varying molecular order of trans/cis isomers are most evident in pure
photolipid membranes and diminish in the presence of non-switchable
lipids such as 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) or
DPPC***7"%*% Tn addition, azo-PC containing liposomes were character-
ized by solid-state nuclear magnetic resonance (NMR), showing a UV-light-
induced trans-to-cis isomerization that reduced CH order parameters in
lipid acyl chains and increased molecular dynamics®.

Furthermore, the high molecular order of trans membranes is relatable
to H-aggregation among the trans azobenzene units, which results in a
pronounced hypsochromic shift of the maximum absorbance peak com-
pared to monomeric trans photolipids®**®. H-aggregation diminishes
when mixed with DPhPC or DOPC and is absent in cis membranes, because
an increase of the mol fractions of DPhPC or DOPC was shown to reverse
the hypsochromic shift while no difference of the absorbance properties
between free cis molecules and cis membranes was observed”"*. Addi-
tionally, the introduction of cholesterol into azo-PC/DPhPC mixtures leads
to phase separation and domain formation of ternary cholesterol/trans-azo-
PC/DPhPC membrane systems, a phenomenon not observed with cis iso-
mers (Fig. 4c). The domain size is dependent on the isomerization rate and
associated cis/trans ratios allowing for dynamic domain growth or
shrinkage® and can be further controlled by adjusting the photolipid con-
tent, as demonstrated by the post-synthetic incorporation of dazo-PC

molecules into non-switchable vesicle membranes®.
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Fig. 4 | Optical control of membrane properties. a Surface pressure over time of a
monolayer of the photoswitchable phospholipid mimics 4-Azo-5P at the lipid/water
interface. Irradiation with 370 and 450 nm light for approximately 100 s (blue/pink
bars) induced the high-pressure cis state and low-pressure trans state, respectively.
The minor, sharp fluctuations observed in the pressure data were attributed to
adjustments in the sample height to compensate for water evaporation. Reprinted
(adapted) with permission from J. Phys. Chem. B 2011, 115, 10, 2294-2302"".
Copyright 2011 American Chemical Society. b Release of Atto532 dye molecules
from pure azo-PC GUVs. Inset: A microscope image of dye-loaded azo-PC vesicles
(scale bar: 20 um), Left side: Photoswitching the molecules in the vesicle membrane
from trans (blue solid lines) to cis (orange solid lines) using UV-A light results in a
decrease in fluorescence over time, as depicted in the kymograph of a vesicle with an
18-pm diameter. Right side: Subsequent illumination with blue light, which switches
the photolipids back to trans (light blue solid lines), leads to a further reduction in
fluorescence. The interruption in the time series corresponds to the time required to
change the excitation wavelengths. Reprinted (adapted) with permission from
Langmuir 2020, 36,45, 13509-13515". Copyright 2020 American Chemical Society.
¢ Domain formation and phase separation occur in ternary trans-azo-PC/DPhPC/
cholesterol vesicle systems that disappear upon switching to cis. Reprinted (adapted)
with permission from Langmuir 2018, 34, 44, 13368-13374%. Copyright 2018
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American Chemical Society. d Light-induced azo-PC isomerization and membrane
fusion. Top: Schematic of photo-triggered vesicle fusion. Photoswitching from
trans-to-cis results in lipid splay and subsequent fusion of the vesicles. Bottom:
Averaged kinetics of total lipid mixing after combining sonicated DOPC liposomes,
which contain varying concentrations of azo-PC at a 4:1 ratio, with DOPCliposomes
that include 0.8 mol% NBD-PE. NBD fluorescence was monitored over time at

37 °C, following UV irradiation (+UYV, solid lines) or in the absence of UV light
(—UV, dashed lines). Reprinted (adapted) with permission from BBA Biomem-
branes 2020, 1862, 11, 183438". Copyright 2020 Elsevier. e The kymograph shows
the reversible photocontrol of a vesicle budding transition via cis-trans isomerization
of giant azo-PC vesicles. Reprinted (adapted) with permission from Langmuir 2017,
33, 16, 4083-4089°. Copyright 2017 American Chemical Society. f Light-induced
engulfment of protein (glycinin) condensates. The light-induced engulfment of
condensates varies with condensate size: large condensates are partially engulfed,
while small condensates are fully engulfed. For smaller condensates, photo-
isomerization creates sufficient excess membrane area for complete, reversible
engulfment. The intensity profile along the white dashed line in the neighboring
image (left) shows the condensate (magenta line) wrapped by the membrane (green
line). Adapted from Mangiarotti et al., Adv. Sci. 2024, 2309864”".
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Consequently, cis-to-trans isomerization in cholesterol-doped vesicle
membranes, followed by rapid area reduction in ordered trans domains, can
cause fluctuations in the membrane area and the formation of transient
membrane voids. This interpretation potentially explains the observed cis-
to-trans photo-triggered solute release from dazo-PC/DPPC vesicles upon
cholesterol addition, as documented by refs. 76,77.

The changes in molecular footprint and membrane order upon cis-trans
isomerization also impact membrane stiffness and fluidity, as well as vesicle
fusion and engulfment. Reports indicate a decrease in membrane stiffness by
one to three orders of magnitude®***, potentially leading to changes in vesicle
shape®, while an increase in membrane mobility by a factor of two was
observed when switching azo-PC lipids from trans-to-cis™. Micropipette
aspiration experiments of label-free azo-PC giant unilamellar vesicles (GUVs)
revealed bending moduli of «,,,,, = 3.1- 1072 J and «; = 6.4 - 1072 J*,
while diffusion coefficients for trans- and cis-azo-PC supported lipid bilayers
(SLB) of D,,,, = 0.47 +0.04 pum’s " and D, = 0.83 +0.06 um’s™" were
reported using fluorescence-recovery after photobleaching (FRAP)*. The
changes in membrane stiffness and fluidity point to a structural phase tran-
sition and H-aggregate melting due to changes in area per lipid and membrane
order™®**. H-aggregate melting was concluded from temperature-
dependent FRAP measurements, revealing an increase of trans membrane
fluidity with the temperature that was not observed in cis bilayers*. In contrast,
dazo-PC membranes displayed a clear phase transition® and lower diffusion

coefficients” in trans membranes compared to azo-PC. Finally, photo-
triggered area fluctuations” and lipid splay® are also suggested to promote
vesicle shape changes and fusion®, and lipid mixing” (Fig. 4d, ). Combined
theoretical and confocal microscopy studies further suggest that the interac-
tion mechanisms between protein condensates and lipid membranes, i.e.,, gain
in adhesion energy upon trans-to-cis switching and subsequent variations of
the condensate/vesicle contact angle, result in engulfment (Fig. 4f)*.

Taken together, these studies not only address questions posed in
early research but also demonstrate the broad potential of photolipids for
intrinsic optical control of bilayer membrane properties. However, the
UV light required for activating unsubstituted azobenzene units in
photolipids can damage cells and limits in vivo applications due to tissue
absorption and scattering. Photolipids activated by visible or near-
infrared light, such as tetra-ortho-chlorinated or -fluorinated variants,
could be more suitable for biocompatible applications. For instance, red-
azo-PC, a tetra-ortho-chlorinated photolipid that can be switched from
trans-to-cis with red light 2630 nm, exhibits similar effects on membrane
rigidity, fluidity, aggregation, and vesicle fusion as its unsubstituted
counterparts”. Furthermore, tetra-ortho-fluorinated photolipids equip-
ped with a transporter relay unit have enabled active control of anion
transport across vesicle membranes through light exposure and photo-
isomerization, demonstrating a novel method for actively transferring
anions between bilayer leaflets (Fig. 5)°.
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Fig. 5| Photo-responsive transmembrane anion transporter relay. a The system is
controlled by manipulating photoswitchable lipids that act as “telescopic arms” of
molecular machine-like transporters embedded within the membrane. In the
retracted position, the anion-binding arms are unable to exchange ions, maintaining
the relay in the OFF state. Upon photo-irradiation, the transporter arms extend,
enabling ion exchange between the transporters on opposite sides of the membrane,
thus activating the ON state. An electron-deficient aryl-thiourea was used as an
effective hydrogen-bonding anion-binding group to promote anion complexation
and facilitate membrane entry. b Large vesicles containing trans anion transporters
were loaded with the fluorescent pH indicator 8-hydroxypyrene-1,3,6-trisulfonate
(HTPS) and exposed to light (530 nm/ 405 nm) to generate cis-and trans-rich PSSs,
respectively. The different increases in the relative fluorescence indicate that ion
transport across the vesicle membrane was significantly reduced in the cis-rich state
compared to the trans-rich PSS. Reprinted (adapted) with permission from J. Am.
Chem. Soc. 2022, 144, 23, 10455-10461"". Copyright 2022 American Chemical
Society under license CC-BY 4.0.

Caveats for the comparison of reported photophysical properties
While the findings are conceptually consistent, quantitative variations of the
optical membrane control, i.e., impacts on the photoswitching behavior and
reachable PSS and the overall degree of photocontrol, can arise for several
reasons:

1. Chemical variability: The headgroups and acyl chains of the various
photolipid derivatives differ in structure, composition, and charge. For
instance, H-aggregation is enhanced by increasing the proportion of
photolipids in the hydrophobic bilayer region, as shown when using
dazo-PC instead of azo-PC***. Additionally, electrostatic interactions
between lipid headgroups and water molecules can counteract the
charge effects of the headgroups™.

2. Solvent effects: Solvent conditions significantly impact the photosta-
tionary state (PSS). Ober et al. demonstrated that using phosphate-
buffered saline (PBS) instead of deionized water could double the range
of optical control between trans- and cis-dominant PSS™.

3. Environmental conditions: Factors such as illumination intensity and
power, switching wavelength, and temperature affect cis-trans photo-
isomerization, particularly its kinetics and PSS******”". For example,
increasing light source power densities accelerates vesicle switching
kinetics significantly, while dual-wavelength switching with blue and
green light enables fine-tuning of specific cis/trans ratios™**,

4. Bilayer setting: The assembly of photolipids into a bilayer membrane
setting can restrict isomerization to a pure trans or cis PSS, as observed
with azo-PC and dazo-PC™*,

5. Photosensitized switching: Photosensitization effects must be con-
sidered when using dye molecules and fluorescent lipid analogs in
photolipid membrane systems for fluorescence-based microscopy
studies, even in the absence of spectral overlap between photolipid
absorption and fluorophore emission. For instance, the mixing of azo-
PC and TexasRed™ 1,2-dihexadecanoyl-sn-glycero-3-phosphoetha-
nolamine (DHPE) enabled sensitized isomerization of photolipids via
resonant excitation of the TexasRed dye, altering the cis-to-trans
switching kinetics and trans and cis PSS™.

6. Sample quality: Pure and high quality photolipid samples are critical to
achieve experimental reliability and reproducibility, because residual
detergents and contaminations can impact the switching behavior and
membrane response.

Given these factors, a quantitative comparison of existing photolipid
studies requires careful consideration of the exact experimental conditions
and chemical characteristics of the photolipid derivatives. For example,
comparing the size of azo-PC and red-azo-PC vesicles without emphasizing
their difference in chemical structure”, is not advisable. Chlorine substitu-
tion in azobenzenes induces an out-of-plane twist of the phenyl rings and a
distortion of the CNNC and CCNN angles, resulting in a bulkier molecular
geometry compared to unsubstituted azobenzenes™. Also, variabilities in
reported membrane compressibility of azo-PC were noted™; however,
changes in illumination and sample preparation conditions have been
shown to cause quantitative differences in azo-PC pressure profiles™. Fur-
thermore, the fluid nature of trans azo-PC membranes”™ is clearly affected
by the presence of H-aggregation and dipole-dipole interactions, which was
observed in numerous studies’"**%.,

In summary, investigations of pure and mixed photolipid model
membrane systems have provided a detailed understanding of intrinsic
photolipid characteristics and membrane properties. Yet, their full potential
for e.g., biological and medical applications in photopharmacology will only
be realized through the study of more complex and realistic systems.

Photolipids in complex membrane systems: controlling protein
function and secretion with light
Several studies have explored the impact of photolipid isomerization on the
activation and signaling of membrane proteins. Notably, incorporation of the
mechanosensitive channel of large conductance (MscL)—which responds to
membrane tension via pore opening”'—into vesicle/nanodisc membranes
composed of DOPC or DPhPC and 4-Azo-5P” or azo-PC¥, resulted in
channel activation upon cis-to-trans isomerization using blue light (Fig. 6a,b).
This activation is attributed to changes in the lateral pressure profile induced
by photoisomerization, causing structural modifications in MscL’s a-helices.

Furthermore, a recent proof-of-concept study revealed that protein
reconstitution into a photolipid azo-PC membrane and subsequent pho-
toswitching increases lipid crowding, subsequently reducing lipid
diffusion®. This alteration prolongs the residence time of proteins near
photolipids, making them more responsive to photoisomerization. For
instance, the enzyme diacylglycerol kinase (DgkA), responsible for con-
verting diacylglycerol to phosphatidic acid, exhibited increased mobility due
to decreased lateral pressure following photoisomerization, demonstrating
the tight linkage between protein and membrane dynamics™.

The effects of cis-trans isomerization of photolipids on cellular signaling
pathways and protein secretion have also been investigated directly in live cells.
To evaluate the potential of photolipids to regulate critical cell signaling
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Fig. 6 | Optical control of membrane protein function and secretion via photo-
lipid isomerization. a Current traces of MscL activation. MscL were reconstituted in
binary lipid membranes of 20% azo-PC and 80% DPhPC. After cis-to-trans switching
with blue light of 455 nm and a delay time of 5 s (green bar), spontaneous openings of the
channel were observed (red arrow). Reprinted (adapted) with permission from Front.
Mol. Biosci., 9, 2022*. Copyright © 2022 Crea, Vorkas, Redlich, Cruz, Shi, Trauner,
Lange, Schlesinger and Heberle. b Quantification of the increase of the mean relative
open probability of MscL upon trans (dotted bars) to cis (gray bars) isomerization of 4-
Az0-5P: 30-40 s and 130-140 s of illumination at 365 nm and subsequent 50 s illumi-
nation at 436 nm (190-200 s). The open probability of the MscL channel from 0 to 10
was indexed at 1. Error bars indicate the standard error of the mean. Reprinted (adapted)
with permission from Langmuir 2004, 20, 17, 6985-69877. Copyright 2004 American
Chemical Society. ¢ Selective activation of mTOR signaling in the presence of photo-
lipids (Azo- and dAzo phosphatidic acids). Left: Diagram illustrating mTOR signaling
through activation of the key downstream target p70-S6 kinase (mTORC1). The acti-
vation of mMTORCI was evaluated by measuring levels of S6K phosphorylated at Thr389
(p-S6K) using Western blot analysis. Right: Quantification of immunofluorescence
analysis, showing the average p-S6 intensity per Serum-starved NIH 3T3 cell. Black
horizontal bars represent the mean (n = 10—14), with vertical error bars indicating
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standard deviation. Statistical significance was determined using one-way ANOVA,
followed by Tukey’s HSD test. Cells treated with cis-dAzoPA exhibited a substantial
increase in p-S6 levels. Notably, these effects were specific to dAzoPA and not AzoPA,
indicating a high degree of acyl chain selectivity in PA-induced mTOR signaling acti-
vation. Reprinted (adapted) with permission from CS Cent. Sci. 2021, 7, 7, 1205-1215%.
Copyright 2021 American Chemical Society under license CC-BY-NC-ND 4.0.

d Optical control of Hippo signaling in NIH 3T3 cells. Left: Schematic representation of
the optical control of Hippo deactivation induced by phosphatidic acid (PA). When
Hippo signaling is active, LATS1/2 kinases phosphorylate the transcription factor YAP,
preventing its translocation to the nucleus. PA can bind to both LATS1/2 and the
upstream factor NF2, inhibiting Hippo signaling. Right: Quantification of nuclear YAP
levels. The plots show the mean nuclear YAP intensity per cell. Black horizontal bars
represent the mean (n = 342 (upper plot) and 465 (lower plot)), with vertical error bars
indicating standard deviation. Statistical significance was again determined using one-
way ANOVA followed by Tukey’s HSD test. Notably, both cis-AzoPA and cis-dAzoPA,
but not their trans isomers, induced nuclear translocation of YAP. Reprinted (adapted)
with permission from ACS Cent. Sci. 2021, 7,7, 1205-1215%. Copyright 2021 American
Chemical Society under license CC-BY-NC-ND 4.0.

pathways such as the mammalian target of rapamycin (mTOR) and Hippo,
which govern cell growth and proliferation, two photoswitchable phosphatidic
acid analogs—AzoPA and dAzoPA—were developed”. Following incubation
with NIH 3T3 mouse embryonic fibroblast cells for approximately one hour,
trans-to-cis isomerization of these analogs was shown to activate and inhibit
mTOR and Hippo signaling, respectively, enabling reversible optical control
over these pathways and selective activation (Fig. 6c, d).

Another study has highlighted the rapid uptake of photoswitchable
fatty acid (FAAzo-4) by mammalian cells, leading to the production of
photoswitchable PC analogs (azo-PC) within the endoplasmic reticulum
(ER)”. Subsequent irradiation triggered rapid photoisomerization, enhan-
cing membrane fluidity. This increase in fluidity facilitated accelerated
protein cargo accumulation at ER exit sites (ERES), subsequently slowing
the export rate of cargo from the ERES to the Golgi.

Photolipid vesicles as drug delivery vehicles and magnetic
resonance imaging (MRI) sensors
The concept of using photolipid vesicles as drug delivery vehicles was
initially suggested in the late 1980s*. Recent advancements in lipid nano-
particle and liposome design, coupled with a deeper understanding of cis-
trans isomerization within lipid membranes, have paved the way for
innovative strategies that enable precise optical control of localized, dose-
dependent drug release in situ.

Successful on-demand cargo release has been demonstrated in cellulo/
vivo with the antibiotic doxorubicin (Dox)’ and the dopamine D1-receptor

agonist SFK-81297”, using lipid nanoparticles (LNPs) doped with azo-PC
or red-azo-PC, and azosomes, i.e., nanovesicles containing azo-PC. These
studies confirmed the maintenance of biological cargo activity and efficient
cellular uptake, without toxic side effects or indications of cell death.
Moreover, they are not purely conceptual; photo-triggered cargo release has
been investigated in cellulo, moving towards clinical relevance. For instance,
the photo-triggered release of SFK-81297 from azosomes elevated intra-
cellular Ca*" concentration after D1-receptor activation in primary mouse
striatal neurons”. Additionally, the doxorubicin-loaded photoactivatable
LNPs (paLNPs) were used in zebrafish embryos, demonstrating prolonged
blood circulation and extravasation comparable to clinically approved
formulations, with enhanced drug release following pulsed light irradiation
(Fig. 7). The paLNPs closely replicate the properties of clinically approved
LNPs, with the additional advantage of light-induced drug release, making
them promising candidates for clinical development.

Notably, photolipid vesicles loaded with Gadoteridol™, a gadolinium-
based MRI contrast agent, demonstrated their potential as dynamic MRI
sensors in vivo, with trans-to-cis switching boosting water permeability and
enhancing MRI signals. The loaded LNPs were successfully injected into live
rat brains, targeting striatal tissue near an implanted 200-pm-diameter
optical fiber, akin to devices widely used in optogenetics, photometry, and
phototherapy.

Photolipid vesicles hold significant promise as drug delivery and sen-
sing systems. However, their use and study have been predominantly
confined to laboratory settings. Consequently, further research is essential to
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Fig. 7 | Doxorubicin release in zebrafish embryos with and without pulsed light
triggers. At 48 h post-fertilization, wild-type zebrafish embryos were intravenously
injected with either control lipid nanoparticles (LNPs) or photoactivatable LNPs

(with azo-PC (paLNP) or red-azo-PC (red-paLNP)), both containing Dox (2/nL of a
3 mg/mL solution). After 24 h, the embryos were exposed to pulsed UV-A (365 nm)
or deep-red light (660 nm). a, b Confocal images of the tail region were acquired to

assess Dox release (white signal) with and without light exposure. White arrows
point to areas with enhanced Dox release. ¢ Presents quantitative image analysis of
Dox release; error bars represent the standard error of the mean (SEM), with sig-
nificance levels indicated by *p < 0.1 and **p < 0.01. Reprinted (adapted) with
permission from Small 2021, 17,21, 11”°. Copyright 2021 John Wiley and Sons under
license 5897691312413.

advance their development for clinical trials and eventual medical
applications.

Hemithioindigo-modified diacylglycerophospholipids
Hemithioindigos (HTTs) are a relatively unexplored class of photoswitches
compared to azobenzenes, despite their unique physical and photophysical
characteristics”. HTIs consist of an asymmetrical structure combining a
thioindigo moiety and a stilbene fragment linked by a central double bond
(Fig. 2b). This bond can be photoisomerized between Z and E configura-
tions, with Z being thermodynamically stable and E metastable”. In a
simplified view, the excited state potential energy surface of photoexcited
HTI involves two excited states (S; and S,) that interact at a specific geo-
metry, approximately a 90° rotation of the central double bond. This
interaction creates a barrier that influences the rate of photoisomerization.
Beyond this barrier, a conical intersection connects the excited state and the
ground state at the 90° rotation. The remaining 90° rotation occurs on the
ground state (So) potential energy surface, resulting in the formation of
either the Z or E isomer.

One notable property of HTIs is their light absorption at longer
wavelengths compared to unsubstituted azobenzene, which allows photo-
isomerization under visible light in both directions. Coupled with high
fatigue resistance and enhanced thermal bistability, these properties make
HTTIs particularly promising for biological and materials science applica-
tions. Furthermore, substituents at the para-position of the sulfur atom
significantly influence HTTs photophysical behaviors and photo-
isomerization kinetics, offering avenues to tailor HTIs with innovative
properties.

A synthesis route for hemithioindigo-containing photolipids was
detailed by Montoya Pelaez, Eggers and co-workers'®'"". This method
involves bis-esterification of phosphoglycerol using a key intermediate:
hemithioindigo carboxylic acid, which is synthesized via Knoevenagel
condensation of a substituted thioindoxyl and a benzaldehyde derivative.
The thioindoxyl is derived from a halo-substituted thiophenol and an
acrylate through a sequence of Heck coupling, reduction, and Friedel-Crafts
acylation-cyclization. The HTT-photolipid derivatives that were reported to
date are summarized in Table 2.

It was demonstrated that HTI-photolipids can form stable vesicles that
retain photoswitching capabilities within a membrane environment.
Meanwhile, a proof-of-concept study showed that photocontrol of vesicle
fusion could be achieved through HTI-photolipid isomerization. However,
comprehensive investigations into the photophysical properties of

HTI-containing phospholipids in membrane settings are still needed to fully
realize their potential for optical membrane control using visible light. The
red-shifted switching wavelengths of these photolipids make them intri-
guing candidates for further exploration in biological and medical
applications.

We would like to note that, beyond azobenzenes and hemithioindigo,
other photoswitchable and photosensitive units such as stilbenes'"™'",
tolan'”, and porphyrin'® have been incorporated into the hydrophobic
region of diacylglycerophospholipids. These compounds are promising,
demonstrating photoswitching capabilities. They have not yet shown
reversible control of membrane properties solely through light exposure, but
represent potential avenues for future research.

Future perspective

Photoswitchable diacylglycerophospholipids are a promising innovation
with potential across various fields, including, photopharmacology, syn-
thetic biology, and biotechnology. Their ability to undergo light-induced
isomerization and reversibly change their lipid footprint offers optical
control over cellular processes, highlighting their potential as tools in both
laboratory assays and medical applications.

Innovations in photopharmacology

Photopharmacology employs molecular photoswitches to control biolo-
gical functions with spatial and temporal specificity using light. Photo-
switchable diacylglycerophospholipids can be designed to interact with
drug molecules, cellular membranes, or specific proteins upon illumina-
tion, enabling the (de-)activation of biological processes. The chemical
approach offers an additional layer of regulation over cellular functions,
potentially minimizing off-target effects and reducing systemic toxicity,
thus revolutionizing personalized medicine. Beyond drug delivery, pho-
tolipids can alter membrane properties when exposed to light, providing
specific control over various cellular responses. Future research should
focus on developing diverse libraries of photolipids for tailored applica-
tions in photopharmacology.

Photolipids in synthetic biology and biotechnology

Photolipids provide optical control over membrane fusion and vesicle
engulfment, essential for many biological processes. Light-induced changes
can trigger or inhibit fusion, allowing for on-demand assembly of synthetic
compartments, which has great potential for creating artificial cells, syn-
thetic neural networks, biosensors, and responsive materials.
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Table 2 | Hemithioindigo-modified phospholipids
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Names and chemical structures of reported HTI-modified diaylglycerophospholipids and their applications.

Technological integration, challenges, and immunogenicity
considerations in medical applications

Integrating photoswitchable diacylglycerophospholipids with tech-
nologies like CRISPR/Cas and drug delivery systems could enhance
precision medicine. For example, CRISPR-Cas9 components (such as
Cas9 protein and guide ribonucleic acid (RNA)) could be encapsu-
lated in photoswitchable LNPs that remain inert until activated by
specific wavelengths of light and triggering the release of their cargo
at the target site. However, challenges include delivering light to
target tissues, especially in deeper areas. Advances in light delivery
systems and designing photoswitches activated by deep-tissue-
penetrating light will be crucial'”’. Furthermore, incorporating pho-
tolipids into living organisms requires effective strategies, but
obstacles persist. Liposome fusion delivers photolipids to membranes
but may struggle with efficiency and specificity. Direct incubation
integrates lipids into membranes via exchange, though uptake can be
limited, and cytotoxicity is a concern. For in vivo use, delivery
vehicles like LNPs or hydrogels can transport and protect photo-
lipids, but they are complex to design. Metabolic incorporation offers
a natural solution, though it depends on available precursors and

pathways. Also, ensuring the stability and biocompatibility of pho-
tolipids under physiological conditions is essential. Rigorous in vivo
testing for pharmacokinetics, biodistribution, and potential immu-
nogenicity is necessary. The immune system can recognize certain
lipids as foreign, potentially affecting the safety of lipid-based
therapies'”. For example, specific lipids in messenger RNA (mRNA)
vaccine liposomes, such as those for COVID-19, may cause adverse
reactions'”. Additionally, the ethical implications and long-term
safety of using these lipids in humans must be carefully addressed.

Conclusion

In conclusion, the complex interplay of lipid composition, structure, and
environmental interactions within cellular membranes presents a frontier
rich with potential for scientific exploration and technological innovation.
Significant progress has been made with azobenzene-modified diacylgly-
cerophospholipids, which allow precise manipulation of membrane beha-
vior using light. These photolipids enable reversible optical control over
membrane properties and underscore the need for developing alternative
photolipids that could introduce new functionalities, address current lim-
itations, and lead to improved or novel photolipid mechanisms. Although
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the application of photolipids in living systems is still emerging, their ability
to modulate key biological processes holds much promise. Future research
will benefit from a deeper understanding of photolipid dynamics in more
complex biological systems to fully harness their potential for biological
studies and, ultimately, therapeutic applications. Furthermore, the inte-
gration of new photoswitchable units and the refinement of existing systems
will expand the scope of membrane-based technologies, paving the way for
novel strategies in fields such as photopharmacology, synthetic biology, and
biotechnology.

Data availability
No datasets were generated or analyzed during the current study. Figure
contents are reproduced with copyright permissions.
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