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A B S T R A C T   

Responsiveness of liposomes to external stimuli, such as light, should allow a precise spatial and temporal control 
of release of therapeutic agents or ion transmembrane transport. Here, some aryl-azo derivatives of thymol are 
synthesized and embedded into liposomes from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine to obtain 
light-sensitive membranes whose photo-responsiveness, release behaviour, and permeability towards Cl- ions are 
investigated. The hybrid systems are in-depth characterized by dynamic light scattering, atomic force microscopy 
and Raman spectroscopy. In liposomal bilayer the selected guests undergo reversible photoinduced isomerization 
upon irradiation with UV and visible light, alternately. Non-irradiated hybrid liposomes retain entrapped 5(6)- 
carboxyfluorescein (CF), slowing its spontaneous leakage, whereas UV-irradiation promotes CF release, due to 
guest trans-to-cis isomerization. Photoisomerization also influences membrane permeability towards Cl- ions. 
Data processing, according to first-order kinetics, demonstrates that Cl- transmembrane transport is enhanced by 
switching the guest from trans to cis but restored by back-switching the guest from cis to trans upon illumination 
with blue light. Finally, the passage of Cl- ions across the bilayer can be fine-tuned by irradiation with light of 
longer λ and different light-exposure times. Fine-tuning the photo-induced structural response of the liposomal 
membrane upon isomerization is a promising step towards effective photo-dynamic therapy.   

1. Introduction 

Liposomes are supramolecular architectures widely used as nano-
carriers for drug delivery [1] and as versatile biomimetic model systems 
to study the interactions of biological membranes with molecules and 
ions.[2] In fact, like the membrane of living cells, the liposomal bilayer 
constitutes a semipermeable barrier responsible for the selective trans-
port of molecules, being quite impermeable to charged species, 
including physiologically important anions and cations such as chloride, 
potassium and sodium, while it is permeable to small, neutral and hy-
drophobic molecules, that can pass by simple diffusion or through the 
formation of pores and transient defects.[3,4] 

Liposomes are biocompatible, low toxic and able to efficiently 
encapsulate a large variety of hydrophilic and hydrophobic compounds, 
such as small-molecule drugs, proteins and nucleic acids.[5–7] 

Encapsulation increases the solubility of the drug, improves its thera-
peutic efficacy, prolongs blood circulation time protecting drug from 
deactivation, and reduces toxic side effects.[8,9] However, the passive 
release of encapsulated molecules from liposomes is a slow process 
which is disadvantageous under acute conditions, and it would not allow 
the drug to reach the desired therapeutic concentration at the target site, 
limiting its effectiveness. Achieving high levels of spatial and temporal 
control over transmembrane transport represents a key challenge in 
membrane technology to obtain high local concentration of drug but low 
systemic exposure. 

Smart liposomal systems have been recently engineered to improve 
performance in regulating the release and the uptake of molecular or 
charged species by using internal or external stimuli such as pH, heat, 
magnetic or electric fields, ultrasound and light.[10–17] Among the 
triggering modalities for on-demand modulation of bilayer 
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permeability, light represents the most attractive option. In fact, light 
can be easily and remotely applied causing a fast response, can be 
focused on a specific location, and can offer a precise control of bilayer 
permeability by simply adjusting parameters such as wavelength, en-
ergy and exposure time. Photo-responsive liposomes were obtained from 
lipids properly modified by covalently linking a photoswitchable group 
in their lipophilic backbones,[18–20] or embedding a free molecular 
photoswitch, such as azobenzene,[21–23] stilbene[24] or spyropyran 
derivatives[25,26] into the liposomal bilayer. 

A photoswitch is a molecule that undergoes a reversible change in its 
physical properties upon absorption of light. The reversibility allows the 
molecule to potentially act as an on/off switch with an “on” state in one 
form and an “off” state in the other form. 

Liposomes incorporating photoisomerizable lipids have been inves-
tigated as potential agents for controlled drug delivery since the early 
2000’s.[27,28] Most of these systems rely on azobenzene and its de-
rivatives. Upon excitation at around 360 nm, azobenzene undergoes 
geometric isomerization from the thermally stable, apolar trans isomer 
to the metastable, bent and polar cis isomer. The well-separated ab-
sorption wavelengths of the two isomers, which ensure that light of a 
specific wavelength is absorbed by only one of the two isomers, the large 
geometrical differences between the cis and trans isomers, the relatively 
high photostability and easiness of chemical functionalization, the 
absence of by-products, make azobenzene a powerful photoswitch for 
numerous applications, from materials science to biology.[29–33] The 
trans isomer is favored in the lipid bilayer where it can pack tightly. 
Photoisomerization to the cis isomer causes the tight packing to be lost, 
resulting in changes in the structure and properties of the membrane, 
such as surface area and pressure, layer thickness, shape and fluidity. 
[34,35] 

Recently, photoswitchable giant unilamellar vesicles (GUVs) have 
been developed from azobenzene-containing phosphatidylcholine (azo- 
PC) and the mechanisms involved in the on-off triggered structural 
changes of the lipid bilayer have been in-depth investigated. Vesicle 
shape transformations such as budding, invagination and tube forma-
tion, and even vesicle fission have been observed upon trans-to-cis 
photoisomerization, which probably affects the lateral stacking and 
interaction between the lipids in the membrane.[36,37] 

The trans-to-cis switching of the photoresponsive phospholipids 
increased the bilayer permeability leading to the leakage of encapsu-
lated molecules through the formation of transient pores.[38] 
DSPC-cholesterol liposomes incorporating 10 mol% azo-PC and loaded 
with doxorubicin, exhibited long blood circulation half-lives and up to 
80 % light-triggered release upon azo-PC trans-to-cis switching.[39] 

Photoisomerization is a reversible process and illumination with 
visible light leads to reversion to the trans isomer so that the disordered 
lipid bilayer and content release due to the trans-to-cis photo-
isomerization can be reversed by irradiation at λ=455 nm, switching the 
release off.[40] 

Amphiphilic photoisomerizable azobenzene derivatives, non- 
covalently linked to the phospholipid tails, have also been incorpo-
rated into lipid bilayers. For example, 4-butylazobenzene-4-hexyloxy- 
trimethyl-ammoniumtrifluoro-acetate (BHA) has been inserted into 
phosphatidylcholine-based lipid nanoparticles, in which curcumin has 
been encapsulated.[41] The isomerization of BHA upon ultraviolet (UV) 
irradiation led to the release of approximately 90 % of the loaded cur-
cumin. Light responsive on-off switched release of curcumin was ob-
tained by irradiating alternately with UV and visible light. 

The reversible structural changes of photoswitchable molecules 
inserted into lipid membranes also allowed to study the membrane 
response to internal conformational changes for controlling ion channel 
activity.[42] Several azo-derivatives have been designed to act as ion 
channel agonists and have been shown to be able to control activation 
and deactivation of these channels by switching from UV-A light to blue 
light, with high precision.[42–45] Ultimately, the utility of 
photo-responsive molecular switches in modulating the properties of 

artificial membranes and their significant potential in 
photo-pharmacology have become increasingly evident, and, as a result, 
photo-responsive supramolecular systems are gaining more and more 
attention. 

In this work, we developed light-sensitive supramolecular systems by 
embedding new synthesized para-substituted aryl-azo derivatives of 
thymol into liposomes from 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), to obtain suitable tools for manipulating lipid order 
and dynamics through a reversible light-induced trans-to-cis 
isomerization. 

In particular, we have investigated the effect of UV light irradiation 
on the ability of these liposomal systems to release their content, and on 
the permeability of the bilayer towards chloride ions. Different wave-
lengths have been chosen to produce the desired photo-stationary state 
mixture of isomers and to modulate the effect on bilayer permeability. 
Moreover, the possibility to recover the initial membrane condition by 
back-switching the guest from cis to trans has been explored. Molecular 
dynamics (MD) simulations were also carried out for providing support 
to our experimental results. 

Thymol, a monoterpenoid phenol with multiple biological activities 
such as expectorant, anti-inflammatory, antiviral, antibacterial, and 
antiseptic, which is naturally present in essential oils obtained from 
thyme and oregano, has been chosen for its ability to integrate into the 
membrane bilayer with the hydrophilic part of the molecule interacting 
with the polar heads of the phospholipids, and the hydrophobic benzene 
ring and aliphatic side chains intercalating within the alkyl chains of the 
membrane lipids. Thymol incorporation within the membrane causes an 
increase in membrane permeability, pore formation and membrane 
damage,[46–49] which are responsible of its antibacterial activity. 

The introduction of the azo group makes these derivatives sensitive 
to light stimuli, leading to a possible additional effect on membrane 
permeability, due to the structural change upon photoinduced reversible 
trans-to-cis isomerization, and offering the opportunity for precise 
spatial and temporal control. Some aryl-azo derivatives of thymol with 
significant antibacterial and antifungal activities have been yet syn-
thesized by Swain.[50] 

2. Experimental section 

2.1. Materials 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was pur-
chased from Avanti Polar Lipids (Alabaster, AL). The fluorescent probes 
5(6)-carboxyfluorescein (CF) and lucigenin, azobenzene, CHCl3, 
CH3OH, Sephadex G-25 and the salts used for the preparation of buffers 
were purchased from Sigma Aldrich and used without further 
purification. 

Aryl-azo-thymol derivatives 1–4 were synthesized according to 
published procedures.[50] All chemicals used were of analytical grade, 
water was doubly distilled deionized of HPLC grade, and all experiments 
were carried out with freshly prepared solutions. 

2.2. Instruments 

Fluorimetric measurements have been carried out on Jasco FP-8200 
spectrofluorimeter. UV–vis absorption measurements have been per-
formed on a Jasco V-550UV/Vis spectrophotometer. The size and ζ 
potential values of liposomal systems were measured by using a 90Plus/ 
BI-MAS ZetaPlus multiangle particle size analyzer (Brookhaven In-
struments Corp., Holtsville, NY). AFM analyses have been performed on 
Multimode 8 AFM (Bruker, Billerica, Massachusetts, US) with Nano-
scope V controller, operating in ScanAsyst in air mode. 

Raman spectra were obtained by confocal and high-performance 
Raman microscope (XploRA PLUS, HORIBA, Japan) with deep-cooled 
CCD detector technology. LabSpec 6.6.1.14 (Horiba, Japan) was 
employed to control, optimize, and process the acquired data. 1H and 
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13C NMR spectra were recorded on a Varian VXR-300 spectrometer 
(Varian Medical Systems, Inc., Paolo Alto, CA, USA). 

2.3. Synthesis of aryl-azo-thymol derivatives 1-4 

Aryl-azo-thymol derivatives were prepared as reported in Scheme 1. 
The cLogP values for the azo derivatives 3 and 4 were calculated by 
means of ChemDraw 22.0.0 (PerkinElmer). 

2.3.1. Synthesis of (E)-2-isopropyl-4-((4-methoxyphenyl)diazenyl)-5- 
methylphenol (1) and (E)-2-isopropyl-5-methyl-4-((4-nitrophenyl) 
diazenyl)phenol (2) 

An acid solution (HCl/H2O 1/10 mL, v/v) of the proper substituted 
aniline (6.6 mmol) was added to an aqueous solution of sodium nitrite 
(9.9 mmol in 5 mL of water) at low temperature (0–5 ◦C, ice bath). The 
diazonium salt was allowed to couple by adding a mixture of thymol 
(6.6 mmol) in an aqueous solution of NaOH (6.6 mmol in 5 mL of water) 
maintaining the pH value between 8 and 9. When the reaction 
completed, the mixture was poured into water (30 mL) and extracted 
with dichloromethane (DCM) for three times (3 ×15 mL). To remove 
traces of water, anhydrous sodium sulphate (Na2SO4) was added to the 
collected organic layers. The organic phase was evaporated in vacuo and 
the target molecules were recovered through column chromatography, 
employing silica gel (SiO2) and proper mixtures of n-hexane/ethyl 
acetate. 

2.3.2. Synthesis of (E)-2-isopropyl-4-((4-methoxyphenyl)diazenyl)-5- 
methylphenyl acetate (3) and (E)-2-isopropyl-5-methyl-4-((4-nitrophenyl) 
diazenyl)phenyl acetate (4) 

Sodium bicarbonate (3.0 equivalents) was added to a solution of azo 
compounds 1 and 2 (1.0 equivalent) and an excess (4.0 mL) of acetic 
anhydride. The reaction was allowed to stir at room temperature until 
the diazo starting material was no detectable on TLC. Once finished, the 
mixture reaction was evaporated in vacuo, to eliminate the excess of 
Ac2O and the formed acetic acid, solubilized in DCM and filtrate to 
remove the salts. The crude product did not need any purification 
methods. 

2.4. Preparation of liposomal systems 

Large unilamellar vesicles have been prepared from POPC by the thin 
film hydration method, following the procedure reported in the litera-
ture.[51,52] Briefly, the appropriate amount of a guest stock solution in 
CHCl3 has been added to a stock solution of POPC in CHCl3 to give a final 
guest/lipid ratio = 1:10. The mixture was evaporated at 40 ◦C under 
reduced pressure and the obtained thin lipid film formed on the wall of 
the flask was vacuum dried and rehydrated with an appropriate aqueous 
buffer solution, depending on the type of measurement (release of 
entrapped dye, passage of chloride ions). After a hydration period of 
30 min, the lipid suspension was extruded five times through 

polycarbonate membranes (pore size 100 nm, Nucleopore Track-Etched 
Membranes, Whatman, GE Healthcare, USA) mounted on an extruder 
(Lipex Biomembranes, Vancouver). The extrusion was performed at 
room temperature. 

2.5. Dynamic light scattering (DLS) analysis 

For size measurements, the autocorrelation function of the scattered 
light was analysed assuming a log Gaussian distribution of the liposome 
size. The mean size and polydispersity index have been obtained. The ζ 
potential values were calculated from the electrophoretic mobility by 
means of the Helmholtz-Smoluchowski relationship. 

2.6. Atomic force microscopy experiments 

Atomic Force Microscopy (AFM) was used in order to investigate the 
morphology and size distribution of the doped-POPC liposomal systems. 
The samples were prepared by depositing a drop of diluted suspension of 
liposomes on freshly cleaved muscovite mica substrates, followed by 
drying in the oven at 303 K for 2 h and then at room temperature 
overnight. The obtained samples were scanned by the silicon ScanAsyst- 
Air probe (triangular geometry, cantilever resonance frequency 70 kHz 
and nominal spring constant 0.4 N/m) in ScanAsyst in air mode. The 
AFM images of 512 ×512 pixels were acquired at a scan rate of 1 Hz, 
collected with different scan sizes and elaborated using Nanoscope 
Analysis 1.8 software. 

2.7. Raman experiments 

The Raman spectra of pure POPC liposomes and liposomes doped 
with the photoswitches, both in their trans and cis configurations, were 
obtained after depositing a drop of diluted suspension of liposomes on 
silicon wafer substrates in a dark environment and measuring with a 
532 nm laser and 1800-line/mm grating. All Raman spectra were 
collected in a spectral range from 2100 to 3050 cm− 1 and with the same 
measurement parameters (2 s integration time, 10 accumulations, 
25 mW laser power at the samples). 

2.8. UV–vis measurements 

The reversible photoisomerization process was followed spectro-
photometrically in CHCl3, CH3OH and in POPC liposomes (guest/lipid 
ratio = 1:10). The final concentration of the photoswitches in the 
organic solutions was 30 μM. For liposomal suspension, the thin lipid 
film was rehydrated with a pH = 7.4 buffer prepared from NaCl 
(174 mM), Na2HPO4 (105 mM) and KH2PO4 (20 mM). After extrusion, 
150 μL of the liposomal suspension were diluted in cuvette to a final 
volume of 2 mL (final concentration of POPC = 0.5 mM). All steps were 
carried out in a dark environment. 

To induce the trans-to-cis isomerization process, an in-house built 

Scheme 1. Synthesis of aryl-azo-thymol derivatives 1–4.  
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device with a 2.66 W power light-emitting diode (LED) with emission 
centered at 365 nm (Mouser Electronics- Munich, Germany) was used 
and placed in front of a quartz cuvette (1 mm path) containing the so-
lution or liposome suspension. The sample was illuminated uniformly 
under magnetic stirring. The cis-to-trans isomerization process was 
promoted by irradiating the sample with LED lamps centered at 430 nm 
(0.56 W or 0.14 W) or 530 nm (0.91 W or 0.36 W). After illumination, 
samples were quickly transferred into the UV–vis spectrophotometer. 

2.9. Fluorimetric measurements 

Content release experiments have been carried out by using CF as the 
fluorescent probe. CF (50 mM) was added to the rehydration buffer 
prepared from NaCl (121.5 mM), Na2HPO4 (25.2 mM) and KH2PO4 
(4.8 mM). The unentrapped dye was removed by passing the liposomal 
suspension through a Sephadex G-25 column at room temperature, and 
4 μL of the liposomal suspension were diluted with an isosmotic buffer 
(578 mOsm - 174 mM NaCl, 105 mM Na2HPO4, 20 mM KH2PO4 - pH 
7.40) to a final volume of 2 mL (final concentration of POPC = 13.2 μM). 
The increase in fluorescence emission intensity at λ = 516 nm, using 
490 nm as the excitation wavelength, due to the CF de-quenching which 
occurs after the leakage of the entrapped CF from the liposomes, was 
followed over a period of 24 h. 

For chloride transport measurements the thin film was rehydrated 
with a buffer (pH = 6.0) prepared from Na2HPO4 (1.4 mM), NaH2PO4 
(8.6 mM), NaNO3 (100 mM) and lucigenin (1 mM).[53] After extrusion, 
the unentrapped lucigenin was removed by passing the liposomal sus-
pension through a Sephadex G-25 column, at room temperature. Prior to 
use, 150 μL of the liposomal suspension were diluted in cuvette to a final 
volume of 2 mL (final concentration of POPC = 0.5 mM). A concentra-
tion gradient across the membrane was created by adding an appro-
priate amount of a NaCl solution (20 μL, 2.43 M) to the cuvette 
containing the guest/POPC liposomes, to achieve an external Cl- con-
centration of 24 mM. 

2.10. Computational details 

All the simulations were carried out using the Gromacs package, 
version 4.5.5.[54] All the species were described adapting the Gromos 
force-field (gromos53a6) [55] as follows. 

For cis and trans aryl-azo derivatives 3 and 4 (hereafter simply 
termed as guest) we constructed a force-field through Automated To-
pology Builder (ATB) [56] re-adapting the atomic charges as obtained 
from DFT calculations (B3lyp/6–31+G* RESP calculations using 
Gaussian16).[57] For water we utilized the Simple Point Charge (spc) 
model.[58] For the POPC membrane (Figure S9) we utilized a bilayer 
model as obtained from the same repository. 

The simulations were then performed in the NVT ensemble, at 298 K, 
with a time-step of 2.0 fs. The temperature was kept constant using the 
velocity rescaling thermostat.[59] The LINCS algorithm was employed 
to constraint all bond lengths.[60] Long-range electrostatic interactions 
were computed by the Particle Mesh Ewald method with 34 wave vec-
tors in each dimension and a fourth-order cubic interpolation, and a 
cut-off of 1.8 nm was used.[61] All the simulations were initiated by 
putting the guest in the center of the membrane and propagated for 
200 ns. 

2.11. Statistical analysis 

Data analysis was carried out with the software package GraphPad 
Prism 5. To determine the statistically significant differences between 
the means of independent groups one-way ANOVA with a Tukey post 
hoc test was used for multiple group comparisons, with p value < 0.05 as 
a minimal level of significance. All data were obtained from three in-
dependent experiments and expressed as mean ± standard deviation 
(SD). Statistical analysis was performed by comparing the values 

obtained for trans and cis isomer for the individual compounds, and, for 
CF release and Cl- transport experiments, also by multiple comparisons 
between all the compounds. 

3. Results and discussion 

3.1. Photoisomerization properties of aryl-azo derivatives 1–4 in organic 
solvents 

The photoactivity of azobenzene, as reference compound, and the 
aryl-azo derivatives 1–4 has been investigated in CHCl3, in CH3OH and 
in POPC liposomes by means of UV–vis spectroscopy. This technique 
represents an appropriate tool for studying these systems because the 
rearrangement of the molecular orbital energy levels, which occurs 
during isomerization, induces some changes in the absorption spectrum. 
Indeed, the trans-azobenzene absorption spectrum consists of a strong 
UV band which arises from the symmetry allowed π-π* transition, and a 
much weaker band in the visible region which corresponds to the 
symmetry forbidden n-π* transition.[62] In the cis-azobenzene absorp-
tion spectrum, the intensity of the peak relative to the π-π* transition 
decreases, while the intensity of the peak in the visible region increases. 

The absorption spectrum in CH3OH of 1, in its trans form, shows a 
strong UV band at λ = 379 nm and a weak shoulder around 450 nm, 
while only one absorption band at λ = 396 nm appears in the absorption 
spectrum of 2 (Figure S10). Indeed, the two electron repelling sub-
stituents, OH and OR, at 4 and 4’ positions in 1, as well as the push-pull 
substitution in 2, cause a red-shift of the π− π* transition and a blue-shift 
of the n–π* transition, leading the two bands to overlap, even completely 
in the case of 2.[63,64] 

The electronic properties of the substituents also significantly affect 
the thermal half-life of the cis isomer.[65] After irradiation with UV 
light, only a small change in the absorbance spectrum of 1 occurs, 
indicating a minimal trans-to-cis interconversion, and no isomerization 
is appreciable for 2. This result is in agreement with the evidence 
already reported in the literature [64,66] that the possibility of charge 
transfer interactions lowers the energy barrier for cis-trans thermal 
interconversion, which completes within milliseconds to seconds, not 
allowing trans-to-cis photoisomerization to be observed. The two bands 
in the UV–vis region, related to the π-π* transition and to the n-π* 
transition, are well separated in the absorption spectra of the trans iso-
mers of 3 and 4 in CH3OH (Figure S10 d-e). For 3 and 4 the trans-to-cis 
conversion was achieved by irradiating the sample at λ = 365 nm for 
5 sec and confirmed by the decrease in intensity of the π− π* band in the 
UV region, and by the increase in intensity of the n-π* band in the visible 
region, suggesting that the transformation of the phenolic OH of 1 and 2 
into acetate group extends the lifetime of the cis isomers of 3 and 4 and 
allows to reach a cis-rich photostationary state. Exposure longer than 
5 sec did not lead to further change in the absorption spectrum. 

In the dark, the cis isomers of 3 and 4 slowly convert back to the trans 
isomers, confirming the reversibility of the process. The trans isomer of 3 
was restored to about 48 % after approximately 70 h, while the trans 
isomer of 4 was almost completely recovered after approximately 25 h 
(Figure S11). Absorption spectra of azobenzene and aryl-azo derivatives 
1–4 in CHCl3 are reported in Figure S12. 

3.2. Photoisomerization properties of aryl-azo derivatives 1–4 in 
liposomes 

The aryl-azo derivatives 1–4 have been embedded into liposomes 
from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), ac-
cording to the procedure reported in the Experimental Section. 

The amount of encapsulated guest was indirectly estimated as the 
difference between the total weighted guest and the amount of unin-
corporated guest that remains adhered to the polycarbonate membranes 
during extrusion, from which the unloaded guest can be easily recovered 
with CH3OH and quantified from a calibration curve. The encapsulation 
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efficiency, EE, expressed by Equation 1:  

EE (%) = [(total guest - unincorporated guest) /total guest] x 100%(1) 

was determined as 99.12 (± 0.68)%, 96.70 (± 1.55)%, 98.95 (±
0.22)%, 96.81 (± 2.53)% and 33.38 (± 1.54)% for azobenzene, 1, 2, 3 
and 4, respectively. All data were obtained from three independent 
experiments. 

Trans-to-cis conversion of azobenzene and the aryl-azo-derivatives 3 
and 4 was promoted by UV-light illumination also when they were 
confined into a liposomal bilayer (Figure S13). For 1/POPC and 2/POPC 
liposomal systems, a cis-rich state could not be achieved, due to the short 
half-life of the guest cis isomer, which allows fast and complete restoring 
of the photoswitch in the dark. We therefore chose to proceed only with 
the liposomal systems containing azobenzene and the azo-aryl de-
rivatives 3 and 4 for all further investigations. 

The reversibility of the trans-to-cis isomerization process was studied 
by illuminating the liposomal suspension with blue or green light.  
Fig. 1a and b show, as an example, the changes in the absorption spectra 
of 3 embedded into POPC liposomes, on passing from the cis isomer to 
the trans isomer upon irradiation at λ = 430 nm (0.14 W) and λ =

530 nm (0.36 W), as a function of time. 
Photoswitching from cis to trans was observed in both cases, but the 

process is significantly faster (p < 0.05) when irradiation is performed at 
λ = 430 nm, where the absorption of the n− π* transition has a 
maximum. 

The completion of the photoisomerization was measured at the peak 
of the π→π* band absorbance. The isomerization dynamics were best 
fitted with a single exponential function, so we assumed the cis-to-trans 
conversion to be a first order reaction [67,68] according to the following 
Equation 2:  

ln[(Abseq-Abs0)/(Abseq-Abst)] = kt                                                 (2) 

where Abseq and Abs0 are the absorbances at λmax at equilibrium and 
t = 0, respectively, while Abst is the absorbance value after irradiation, 
at time t. 

The first-order kinetic constants, kobs, for the cis-to-trans isomeriza-
tion of azobenzene, 3 and 4 in liposomes have been calculated and 
collected in Table 1. The photoisomerization at λ = 430 nm and LED’s 
power = 0.56 W was too fast to be followed, for all liposomal systems. 

For all the systems, cis-to-trans isomerization at λ = 530 nm is 

Fig. 1. a) Absorption spectra of the aryl-azo derivative 3 embedded in POPC liposomes upon irradiation at λ = 430 nm or b) λ = 530 nm; each measurement was 
carried out after 1 second irradiation The insets represent the kinetic profiles for the cis-to-trans isomerization obtained by plotting the absorbances at λ = 357 nm as 
a function of irradiation time. c) Absorbance values at λ = 357 nm of the aryl-azo derivative 4 embedded in POPC liposomes under the alternate irradiation at λ =
365 nm and λ = 430 nm/0.56 W or d) under the alternate irradiation at λ = 365 nm and λ = 530 nm/0.91 W; each measurement was carried out after 5 minutes 
irradiation. 
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significantly less efficient (p < 0.05, Figure S14) than the fast photo-
switching which occurs upon irradiation at λ = 430 nm, i.e. the λ of 
maximum absorption of the n-π* transition. The rate of the back isom-
erization is also affected by illumination intensity so that it can be 
controlled by varying the output power of the LED. These results suggest 
that azobenzene, 3 and 4 can be used as photo-responsive agents when 
intercalated into membranes and that the back-switching process can be 
tuned simply by choosing different irradiation wavelengths and LED’s 
powers. 

Photoswitching has been repeated by using alternating UV and blue 
or green light. The absorbances returned to almost the original values 
when the liposomal systems were irradiated with light at λ = 430 nm, 
suggesting that the membrane was not irreversibly damaged over mul-
tiple switching cycles. However, the trans isomer was not fully restored 
upon irradiation at 530 nm (Figs. 1c, 1d, and Figure S15). 

3.3. Characterization of azobenzene/POPC, 3/POPC and 4/POPC 
liposomal systems 

3.3.1. Particle shape, size and zeta potential 
The insertion of guests into the liposomal bilayer may alter lipid 

packing and liposome morphology, leading to changes in the physico-
chemical properties of the membrane.[51,53] The size and the ζ po-
tential of the liposomal systems have been determined by DLS at a 
guest/lipid ratio = 1:10. Values obtained for pure POPC liposomes are 
also reported for sake of comparison. Sizes and zeta potentials have been 
measured before and after UV irradiation to assess the morphological 
sensitivity of the hybrid systems to the light-induced isomerization of 
the photoswitches. The measured mean diameters and ζ potential values 
are listed in Table S1. 

DLS confirmed the presence of particles whose diameters are 
consistent with the existence of liposomal assemblies, suggesting that 
the insertion of the guests does not result in liposome disruption, i.e. 
liposomes retain their structural integrity. However, a significant in-
crease (p < 0.05) in the mean diameter of azobenzene/POPC liposomal 
system (155 ± 1 nm) was observed with respect to pure POPC liposomes 
(118 ± 1 nm). 

Indeed, it is known that azobenzene can intercalate into the lipo-
somal bilayer through hydrophobic interaction, increasing its density 
and lateral rigidity, and decreasing its lateral compressibility and 
bendability.[69] These effects can account for the observed increase in 
the liposome mean diameter. A less marked size increase occurred when 
the azo-aryl derivative 3 was embedded within the bilayer (131 ±
1 nm), while liposome diameter was not significantly (p > 0.05) influ-
enced by the presence of the azo-aryl derivative 4, probably due to its 
poor loading efficiency. 

Liposome size was slightly reduced after isomerization (Table S1). 
This result appears to be in contrast with the increase in the cross- 
sectional area per lipid of azo-PC, observed by Langmuir-Blodgett 
measurements, [38] and with the increased size and shape deforma-
tion of giant unilamellar vesicles (GUVs) from azo-PC, observed by mi-
croscopy.[70,71] However, while in these model systems azobenzene is 
covalently linked to the acyl chain of the phospholipid, so that 

trans-to-cis conversion alters the geometry of the lipid molecule, 
affecting its packing parameters, in the hybrid liposomal system covered 
by this work, azobenzene is inserted into the bilayer as free molecular 
switch. In agreement with our results, a size reduction of liposomes 
doped with free caffeic acid phenethyl ester was demonstrated by 
Sharma who suggested that the UV-induced trans-to-cis isomerization 
within the membrane brings the lipid head groups of the outer and the 
inner leaflets closer to each other.[72] The thinner membrane of a 
smaller vesicle suggests that the bilayer may have an interdigitated 
structure or an orientational disorder conformation.[73] The trans-to-cis 
conversion could disturb the compact and well-ordered structure of the 
bilayer composed of POPC and guest in its trans form, causing defects in 
the membrane that can facilitate water expulsion from liposomes. 

ζ potential value is useful to quantify the degree of repulsion between 
charged particles in the dispersion. The high absolute values of ζ-po-
tential obtained for the studied systems (Table S1) suggest a high kinetic 
stability as they play a key role in avoiding particle aggregation.[74] 

3.3.2. AFM analysis 
AFM microscopy represents a suitable method for size detection of 

polydisperse samples like liposomal suspensions. In Fig. 2 is reported, as 
an example, the AFM 2D height channel of diluted POPC liposomes 
enriched by the aryl-azo derivative 4. Most of the vesicles showed a 
globular and flattened shape, probably due to the alteration induced by 
the drying step. The horizontal distances calculated for different vesicles 
(Fig. 2 and S16), of all the tested liposomal systems, are in good 
agreement with DLS measurements (Table S1), considering that AFM 
provide reliable and precise information on particle shape, rather than 
particles size, due to the sample preparation issue, tip convolution and 
the smaller number of particles analysed by AFM. 

A comparison between liposomes containing the guest in its trans and 
cis form was not possible because, as shown by DLS measurements 
(Table S1), the difference in the mean diameter between the two lipo-
somal systems is small (a few nanometers) and, therefore, it is not 
appreciable by AFM, due to the flattening and/or shrinking that can 
occur during the drop casting and drying process for sample preparation. 

3.3.3. Raman analysis 
Raman spectroscopy is a particularly suitable technique for charac-

terizing lipid membrane and investigating the alteration of membrane 
structure and fluidity induced by the incorporation of guests within the 
bilayer.[75–77] We focused on the hydrocarbon chain C-H stretching 
mode region between 2800 cm− 1 and 3050 cm− 1 of the Raman spec-
trum (Figures S17 and S18). This spectral region allows to monitor the 
behaviour of the phospholipid acyl chains within the bilayer as three 
well defined peaks can be identified: two peaks at approximatively 
2850 cm− 1 and 2880 cm− 1, assigned to the symmetric C-H methylene 
stretching (νs(CH2)) and to the asymmetric C-H methylene stretching 
(νa(CH2)), respectively, and a peak at approximatively 2930 cm− 1, 
assigned to the symmetric C-H terminal methyl stretching (νs(CH3)). The 
height intensity ratios Iνs(CH3)/νa(CH2) and Iνs(CH3)/νs(CH2) are sensitive to 
the lateral packing density and intermolecular lipid chain order in the 
lipid acyl chains. The incorporation of a guest into the bilayer can in-
fluence acyl chain conformation and packing and, consequently, the 
values of the ratios. In particular, an increase in Iνs(CH3)/νa(CH2) value 
indicates a decrease in intramolecular (gauche/trans) and intermolec-
ular (chain packing) interaction; an increase in Iνs(CH3)/νs(CH2) value in-
dicates an increase in rotational disorder and freedom of motion. The 
differences in the Raman spectrum of each liposomal system with 
respect to the spectrum of pure POPC liposomes have been analysed and 
the height intensity ratios have been calculated and reported in 
Table S2. Results show that the peak intensity ratios Iνs(CH3)/νa(CH2) and 
Iνs(CH3)/νs(CH2), calculated for azobenzene/POPC liposomes, decrease of 
ca. 13 % and 11 %, respectively, in relation to those obtained from the 
spectrum of pure POPC liposomes, indicating that azobenzene induces 
an increase in both intramolecular and intermolecular interactions, and 

Table 1 
Pseudo-first order rate constants for the cis-to-trans isomerization of azobenzene 
(Azo) and the aryl-azo derivatives 3 and 4 embedded into POPC liposomes, at 
430 and 530 nm, at different LED’s power.   

kobs (s− 1) 

wavelength (LED’s 
power) 

Azo/POPC 
liposomes 

3/POPC 
liposomes 

4/POPC 
liposomes 

430 nm (0.14 W) 1.11 ± 0.07 0.639 ± 0.015 0.820 ± 0.015 
430 nm (0.56 W) - - - 
530 nm (0.36 W) 0.068 ± 0.004 0.142 ± 0.001 0.257 ± 0.013 
530 nm (0.91 W) 0.151 ± 0.009 0.352 ± 0.008 0.324 ± 0.013  

S. Moffa et al.                                                                                                                                                                                                                                   



Colloids and Surfaces B: Biointerfaces 241 (2024) 114043

7

a decrease in the rotational disorder. The azo-aryl derivatives 3 and 4 
show a much milder but opposite effect on liposomal bilayer, compared 
to azobenzene. 

Comparing the height intensity ratio values obtained from the 
spectra of the trans and cis forms, a significant increase in Iνs(CH3)/νs(CH2) 
is evident for 3/POPC (+15.5 %, p < 0.05, Figure S19) and 4/POPC 
(+18.4 %, p < 0.05, Figure S19) and, to a lesser extent, for azobenzene/ 
POPC (+3.7 %) liposomal systems, indicating that the trans-to-cis 
isomerization induces increase in the rotational and vibrational freedom 
of the terminal CH3 groups. 

3.4. Computational analysis 

MD simulations were performed to highlight possible differences in 
the behaviour of the trans and cis isomers of 3 and 4 incorporated into 
the liposomal bilayer. 

The guest was put at the center of the membrane and allowed to 
freely move. In Fig. 3 the obtained distribution of the photoswitch along 
the axis normal to the membrane, normally termed as z-axis, has been 
reported. It is important to note that in Fig. 3 a symmetry operation has 
been adopted, i.e. the guest position below and above the center of the 
membrane has been considered as invariant. In other words when the 
guest is found at +Δz1 or -Δz1 these two formally different states are 

both considered as representative of +Δz1 condition. 
Results clearly show significant differences between the cis and trans 

forms of the guests. In particular, the cis isomers, which systematically 
(and irrespectively to the nature of the substituent, i.e., nitro- or 
methoxy-group) show higher dipole moment with respect to the trans 
isomers, are found to stably reside in the more polar membrane/solvent 
interface. 

3.5. Release of 5(6)-carboxyfluorescein 

CF is a fluorescent probe often used as a model of hydrophilic drug to 
test the ability of supramolecular structures to load molecules into their 
aqueous cores and act as drug carriers. Since for 1 and 2 the cis stability 
is too low to achieve an efficient isomerization, while the ideal would be 
if the on/off state of the photoswitch could be maintained long enough 
to allow spatio-temporal control of drug release from liposomes, the 
experiments on the effects of photoisomerization on liposomal mem-
brane permeability towards CF were conducted only for the photo- 
responsive liposomal systems containing azobenzene and the azo- 
derivatives 3 and 4. 

However, since the rate of CF leakage from the irradiated system 
could be potentially affected by the spontaneous cis-to-trans reconver-
sion which occurs over time, we first investigated the dark cis-to-trans 

Fig. 2. AFM representation of topography of 4/POPC liposomes. In the Table (b) the horizontal and vertical distances related to each marked liposome were listed. 
The height cross sectional profile of a representative liposome is also reported (c). AFM micrographs of pure POPC, azobenzene/POPC and 3/POPC liposomal systems 
are shown in Fig. S16. 

Fig. 3. Normalized distribution function of the photoswitch center of the mass along the membrane normal axis; cis and trans isomers are reported in red and black, 
respectively. Note that we adopted a symmetry operation in order to make the result clearer. 
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back isomerization in liposomes, to evaluate whether this process could 
interfere with CF leakage measurements. 

The dark cis-to-trans isomerization in liposomes is very slow for 
azobenzene and for the azo-aryl derivative 3, as neither fully returned to 
the trans form after 24 hours (Figure S20). The cis isomer of the azo-aryl 
derivative 4 converted back to the trans isomer over 10 hours, following 
a first-order kinetics, for which a kobs = 5.39 (± 0.05) x10− 5 s− 1 can be 
calculated. 

The CF release from the internal aqueous core of the liposome, which 
is supposed to occur through the formation of pores and defects in the 
phospholipidic bilayer,[4,52] was determined fluorimetrically by 
monitoring the increase in fluorescence of the dye before and after UV 
irradiation, as described in the Experimental Section. Indeed, the fluo-
rescence of CF is quenched if the dye is locally concentrated into lipo-
somes, while de-quenching occurs upon dilution when CF is released 
from liposomes into the bulk solution. Control experiments with 
non-photoswitchable pure POPC liposomes were carried out to ensure 
that UV irradiation had no influence on phospholipids. Examples of ki-
netic profiles of the CF release from the hybrid liposomal systems, before 
and after UV irradiation are reported in Figure S21. 

To describe the release behaviour, two different kinetic models were 
used to fit the release profiles: a first-order kinetic model, according to 
the general rate expression (Eq. 3): 

[CF]eq − [CF]t = Ae− t/kobs (3)  

and a double-phase kinetic model, which takes into account two release 
steps and for which the kinetic Eq. 4 was the following: 

[CF]eq − [CF]t = Ae− t/k1 + Be− t/k2 (4)  

where [CF]eq and [CF]t are the total concentrations of CF released at 
equilibrium and at time t, respectively, and k1 and k2 are the rate con-
stants for the first and the second release step, respectively. The corre-
lation coefficients (R2) have been calculated to evaluate the goodness of 
the fits. 

The ambiexponent model proved to be the most accurate one (R2 ≥

0.999), suggesting that a two-phase release mechanism occurs. The 
values of the rate constants, k1 and k2, for the biphasic CF release from 
liposomal systems, before and after UV irradiation, are reported in  
Table 2. The dark cis-to-trans back isomerization has been neglected as it 
is slow enough not to interfere with the measurements of the rate of CF 
release. 

The biphasic leakage of CF from liposomes is characterized by a rapid 
release in an early stage (burst phase) and a slow release in a later stage 
(sustained phase). Interestingly, the rate of the sustained release is 
almost the same for all the studied liposomal systems and irradiation 
does not lead to any significant effect on the kinetic constants (p > 0.05). 
This result suggests that the sustained phase is independent of liposome 
composition and the applied stimulus. In contrast, it is evident from 
Table 2 that the insertion of guests 3 and 4 and trans-to-cis 

photoisomerization significantly affects the kinetics of the burst CF 
release (p < 0.05, Figure S22). 

Membranes doped with guests in their trans form are less permeable 
to CF than pure POPC membrane. The permeability of membrane de-
pends on membrane order and on the formation of pores and nano-
channels. The absence of any correlation between the order of the 
membrane resulting from Raman analysis and the rate of CF release 
suggests that the observed difference in kobs values is mainly due to 
difference in the distribution of pores or channels in the bilayer rather 
than to difference in membrane order. A possible explanation could be 
that guests 3 and 4 in their trans form can give rise to interactions be-
tween the quaternary ammonium ions on POPC molecules of the inner 
surface of liposomes and the lone pairs present on the nitrogen atoms of 
the azo moiety.[23] The results obtained, rationalized also in the light of 
previous studies present in the literature (see references throughout this 
section), have led us to suggest that these interaction can hinder the 
formation of transient pores or defects in the bilayer, thus lowering the 
efflux of CF. The possibility of π-π stacking interactions between the 
aromatic rings of guests in their trans form and CF can also contribute to 
slowing probe release. 

k1 values reported in Table 2 show that the trans-to-cis conversion 
results in an increase in rate of CF release for all the guest-doped lipo-
somal systems. Presumably, the configurational change from the trans 
form to the bulky and polar cis form, which tends to move towards the 
more polar membrane/solvent interface (Fig. 3), could interfere with the 
bilayer packing because of lateral area fluctuations, favouring CF release 
through the formation of transient pores or channels due to the empty 
spaces generated by the altered guest’s shape and its translation within 
the bilayer.[23,38] Indeed, Raman experiments showed that the 
trans-to-cis conversion led to an increase of the Iνs(CH3)/νs(CH2) values, for 
liposomes embedded with 3 and 4 (15 % and 18 %, respectively), 
pointing to an increased disorder. Moreover, the above mentioned in-
teractions, especially π-π stacking, are hindered when the guest assumes 
the cis configuration, with consequent acceleration of the release of 
liposome content. Boruah et al. came to a similar conclusion to explain 
the effect of light on the release of doxorubicin from 
phosphatidylcholine-azobenzene nanocomposite vesicles.[23] The rate 
constant for CF release from non-photoswitchable pure POPC liposomes 
did not change upon UV irradiation, ensuring that the light stimulus had 
no effect on the organization of the phospholipid molecules within the 
bilayer. 

3.6. Membrane permeability towards chloride ions 

The transmembrane transport of Cl- ions into liposomes, following 
the creation of a concentration gradient across the bilayer by addition of 
NaCl to the liposomal solution, has been evaluated, before and after UV 
irradiation, by monitoring the fluorescent signal of lucigenin which is 
quenched upon Cl- binding. Repeated irradiation experiments were 
conducted under the alternate irradiation of UV and visible light to test 
the ability of the guests to act as smart valves in an on/off switch mode. 
Since illumination wavelength and the irradiation time may influence 
the rate and degree of isomerization and, consequently, the degree of 
membrane reorganization, the back cis-to-trans switching was achieved 
by varying irradiation wavelength and exposure time. The kinetic pro-
files of lucigenin quenching for 4/POPC liposomes are illustrated in  
Fig. 4, as an example. 

Time profiles are consistent with a first-order kinetic mechanism and 
apparent first-order rate constants, kobs, have been determined. The 
obtained values are reported in Table 3. Control experiment with pure 
POPC liposomes confirmed that light irradiation has no significant effect 
(p > 0.05) on membrane permeability in absence of the guests. 

The comparison of data in Table 3 with those reported in Table 2 
shows that there is no correlation between Cl- transport and CF release, 
with the former being approximately two- to three-orders-of-magnitude 
faster than the latter. However, this result is not really surprising since 

Table 2 
Rate constant values, k1 and k2 for the biphasic release of CF from the investi-
gated liposomal systems before (guest in trans form) and after (guest in cis form) 
irradiation with light at λ = 365 nm.   

10− 4 k1 (s− 1) 10− 4 k2 (s− 1) 

Liposomal 
system 

before UV 
irradiation 

after UV 
irradiation 

before UV 
irradiation 

after UV 
irradiation 

pure POPC 1.87 ± 0.03 1.92 ± 0.02 0.257 ±
0.005 

0.202 ±
0.004 

azobenzene/ 
POPC 

1.77 ± 0.05 2.14 ± 0.13 0.259 ±
0.018 

0.196 ±
0.009 

3/POPC 0.678 ± 0.04 1.65 ± 0.03 0.250 ±
0.044 

0.276 ±
0.041 

4/POPC 0.666 ± 0.04 1.51 ± 0.04 0.213 ±
0.055 

0.262 ±
0.016  
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the two processes presumably occur through different mechanisms, as 
evidenced by the different kinetics (ambiexponential for CF release and 
first-order for Cl- transport). 

Compared with kobs = 0.19 ×10− 2 s− 1, previously reported for pure 
POPC liposomes,[54] kobs values reported in Table 3 show that all guests 
in their trans form favour Cl- transport across the liposomal bilayer. A 
non-specific mechanism related to the perturbation of the bilayer 
induced by the guest insertion could come into play. Furthermore, the 
unconventional and non-covalent interaction between anions and π 
systems could lower the energy barrier for anion-selective trans-
membrane transport.[78–80] 

It may seem surprising that the interaction between the Cl- ions and 
the aromatic ring of trans-4, which is the most electron deficient among 
all the studied guests, is the least effective. Actually, the lower kobs value 
obtained for trans-4 compared to the other guests may be due to its lower 
percentage of incorporation as well as to the fact that, as anion recog-
nition by anion–π interactions has to be combined with anion trans-
location, a tight binding could decelerate rather than accelerate the ion 
transfer.[81] 

Starting from the trans photostationary state, the membrane 
permeability towards Cl- ions was increased when photoisomerization to 
the cis photostationary state occurred, especially for 4 and, to a lesser 
extent, for 3 (p < 0.05, Figure S23), despite the lower EE for guest 4 than 
for guest 3. Once again, the increase in membrane permeability that 

follows trans-to-cis isomerization can be explained in terms of the 
disturbance that the sudden change in molecular configuration causes to 
the geometrical packing of the bilayer, resulting in membrane fluctua-
tions which may produce voids and opening between phospholipids. 
Furthermore, the results from computational analysis also qualitatively 
support the hypothesis that the possible differences observed in the 
membrane permeability might be related to the actual position of the 
guests in their trans or cis form along the membrane (see Fig. 3). 

POPC liposomes doped with the aryl-azo derivatives 3 and 4 were 
found to have excellent intermittent response. A reproducible cyclic 
change in membrane permeability towards Cl- ions was observed upon 
repeated irradiation with UV light of 365 nm for the trans-to-cis isom-
erization and visible light of 430 nm for the cis-to-trans isomerization. 
The photoswitching has been repeated twice without significant sign of 
desensitization and the calculated kobs value always reached its initial 
value. This result suggests that the photoswitch can reorient itself within 
the membrane, leading to a lipid reorganization, closing of pores and a 
complete reversion of membrane response. 

In Section 3.2, we showed that cis-to-trans isomerization is signifi-
cantly less efficient upon irradiation at λ = 530 than at λ = 430 nm. 
Therefore, liposomes containing the guest in its cis form were also 
irradiated with light at λ = 530 nm for 2 or 5 seconds, in order to 
evaluate whether these parameters could be factors regulating the 
transmembrane transport of Cl- ions. Rate constants reported in Table 3 
show that irradiation with lower energy/higher wavelength light does 
not allow the membrane to be completely restored as occurs upon 
irradiation with higher energy/shorter wavelength light, and that 
membrane permeability towards Cl- ions can also be modulated by 
varying the irradiation time. 

4. Conclusion 

Some optical photoswitches based on azobenzene and thymol 
structures have been synthesized to be potentially used as light- 
controllable "smart valves" in liposome bilayers. The guests have been 
successfully embedded into POPC liposomes and the physicochemical 
properties of the hybrid systems have been studied. Irradiation with UV 
light stimulated perturbation within the hybrid membranes due to the 
reversible trans-to-cis isomerization of the N––N double bond. We found 
that the nature of the substituents attached to the azobenzene moiety 
have a great influence on both optical properties and membrane- 
modulation ability of the photoswitch. Since the presence of free -OH 
on the thymol moiety did not allow the trans-to-cis isomerization to be 
appreciated, neither in organic solvents nor in liposomes, the alcohol 
group was, necessarily, acetylated. 

CF was encapsulated in liposomes as a model drug, and the release 
kinetics was studied. Compared to pure POPC liposomes, the guests, in 
their trans form, provided a somewhat inhibitory effect towards CF 
release. However, the release increases when guests are converted by 
irradiation into their cis form. This behaviour can be aimed at avoiding 
the slow and spontaneous leakage of the liposomal content before the 
target site is reached, and then promoting its release with a high spatio- 
temporal control. Interestingly, photo-stimulated release from lipo-
somes can be achieved in a very low light-exposure time (few seconds), 
which is particularly useful for limiting any exposure damage. 

Photoswitching also controlled the membrane permeability towards 
ions. The studied photoswitches can activate the transmembrane 
transfer of Cl- ions, presumably through the opening of pores or defects 
in the bilayer following trans-to-cis isomerization upon optical stimula-
tion with UV light. The reversibility of the process allows membrane 
properties to be fully restored and the rate of Cl- influx to return to the 
initial values, by irradiation with visible light. The transmembrane 
transport of Cl- ions could be fine-tuned in response to irradiation with 
different wavelengths and different exposure times, by controlling the 
fraction of molecules that are switched to the trans or cis state. This work 
will potentially allow to design and develop simple and effective 

Fig. 4. Kinetic profiles of lucigenin quenching at 298 K, after addition of NaCl 
to 4/POPC liposomal suspension. 1: trans photostationary state; 2: after trans-to- 
cis isomerization upon UV irradiation; 3: after back cis-to-trans isomerization 
upon irradiation with visible light at λ = 530 nm, for 2 seconds. 

Table 3 
First-order rate constants, kobs, for the quenching of lucigenin induced by Cl- in 
the investigated liposomal systems and in pure POPC liposomes. Photoswitching 
has been repeated by using alternating UV and blue or green irradiation.    

10− 2 kobs (s− 1)  

Irradiation 
(nm) 

Photoswitching 4/ 
POPC 

3/ 
POPC 

Azobenzene/ 
POPC 

pure 
POPC 

No 
irradiation 

- 0.99 
± 0.08 

15.3 
± 0.3 

6.78 ± 0.12 0.19 
± 0.08 

365 trans - cis 13.0 
± 0.7 

20.8 
± 0.2 

6.97 ± 0.08 0.20 
± 0.07 

365–430 trans - cis - trans 1.11 
± 0.21 

15.7 
± 0.1 

- 0.20 
± 0.05 

365 – 430 – 
365 

trans - cis - trans - 
cis 

14.6 
± 0.8 

21.4 
± 0.3 

- - 

365–530 
(2 s) 

trans - cis- trans 2.01 
± 0.11 

16.7 
± 1.0 

- - 

365–530 
(10 s) 

trans - cis- trans 1.63 
± 0.11 

16.5 
± 0.3 

- -  
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photoswitches, not necessarily covalently linked to membrane lipids, to 
tune membrane permeation, thereby controlling the dynamics of ion 
transport across membranes and drug release for smart delivery and 
paves the way for further implementation in this field of research. 

We are aware of the fact that UV and blue light do not penetrate 
deeply into tissues, however the studied liposomal systems could be 
useful in phototherapy for skin, eyes and mucous membranes. Further-
more, the applicability of these systems could be easily expanded by 
introducing appropriate substituents on the azobenzene unit, that make 
the photoswitch responsive to NIR light. 
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[70] V.N. Georgiev, A. Grafmüller, D. Bléger, S. Hecht, S. Kunstmann, S. Barbirz, 
R. Lipowsky, R. Dimova, Area increase and budding in giant vesicles triggered by 
light: behind the scene, Adv. Sci. 5 (2018) 1800432, https://doi.org/10.1002/ 
advs.201800432. 

[71] M. Aleksanyan, A. Grafmüller, F. Crea, V.N. Georgiev, N. Yandrapalli, S. Block, 
J. Heberle, R. Dimova, Photomanipulation of minimal synthetic cells: area 
increase, softening, and interleaflet coupling of membrane models doped with 
azobenzene-lipid photoswitches, Adv. Sci. 10 (2023) 2304336, https://doi.org/ 
10.1002/advs.202304336. 

[72] A.K. Sharma, A. Chatterjee, P. Purkayastha, Photophysical isomerization of 
liposomal bilayer-included caffeic acid phenethyl ester leading to membrane 
dehydration, Chem. Phys. Impact 6 (2023) 100232, https://doi.org/10.1016/j. 
chphi.2023.100232. 

[73] C.-M. Lin, C.-S. Li, Y.-J. Sheng, D.T. Wu, H.-K. Tsao, Size-Dependent properties of 
small unilamellar vesicles formed by model lipids, Langmuir 28 (2012) 689–700, 
https://doi.org/10.1021/la203755v. 

[74] S. Moffa, M. Aschi, M. Bazzoni, F. Cester Bonati, A. Secchi, P. Bruni, P. Di Profio, 
A. Fontana, S. Pilato, G. Siani, Synthesis, characterization, and computational 
study of aggregates from amphiphilic calix[6]arenes. Effect of encapsulation on 
degradation kinetics of curcumin, J. Mol. Liq. 368 (2022) 120731, https://doi.org/ 
10.1016/j.molliq.2022.120731. 

[75] K. Czamara, K. Majzner, M.Z. Pacia, K. Kochan, A. Kaczor, M. Baranska, Raman 
spectroscopy of lipids: a review, J. Raman Spectrosc. 46 (2015) 4–20, https://doi. 
org10.1002/jrs.4607. 

[76] K. Gardikis, S. Hatziantoniou, K. Viras, M. Wagner, C. Demetzos, A DSC and Raman 
spectroscopy study on the effect of PAMAM dendrimer on DPPC model lipid 

S. Moffa et al.                                                                                                                                                                                                                                   

https://doi.org/10.1038/347658a0
https://doi.org/10.1038/347658a0
https://doi.org/10.1002/3527601600
https://doi.org/10.1002/3527601600
https://doi.org/10.1038/s41598-023-38336-x
https://doi.org/10.1021/acs.langmuir.9b02942
https://doi.org/10.1021/acs.langmuir.7b01020
https://doi.org/10.1021/acs.langmuir.7b01020
https://doi.org/10.1021/acs.langmuir.8b03241
https://doi.org/10.1021/acs.langmuir.0c02229
https://doi.org/10.1021/acs.langmuir.0c02229
https://doi.org/10.1002/smll.202008198
https://doi.org/10.1002/smll.202008198
https://doi.org/10.1007/s12274-022-4853-x
https://doi.org/10.1007/s12274-022-4853-x
https://doi.org/10.1016/j.colsurfb.2018.10.068
https://doi.org/10.1016/j.colsurfb.2018.10.068
https://doi.org/10.1016/j.chembiol.2017.11.008
https://doi.org/10.1021/la048942v
https://doi.org/10.1038/ncomms8118
https://doi.org/10.1038/s41589-018-0015-6
https://doi.org/10.3390/molecules25184125
https://doi.org/10.1080/10408398.2019.1675585
https://doi.org/10.1080/10408398.2019.1675585
https://doi.org/10.1016/j.foodcont.2021.108435
https://doi.org/10.3389/fphar.2021.702487
https://doi.org/10.3389/fphar.2021.702487
https://doi.org/10.1080/14786419.2018.1474465
https://doi.org/10.1016/j.bbamem.2019.04.010
https://doi.org/10.1016/j.bbamem.2019.04.010
https://doi.org/10.1002/smll.200902306
https://doi.org/10.1002/smll.200902306
https://doi.org/10.1016/j.bbamem.2021.183667
https://doi.org/10.1016/j.bbamem.2021.183667
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1021/ct200196m
https://doi.org/10.1021/ct200196m
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref56
https://doi.org/10.1063/1.2408420
https://doi.org/10.1021/ct700200b
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1039/C7PP00314E
https://doi.org/10.1246/bcsj.31.169
https://doi.org/10.1246/bcsj.31.169
https://doi.org/10.1039/c1cs15179g
https://doi.org/10.1039/c1cs15179g
https://doi.org/10.1002/adma.202007290
https://doi.org/10.1002/adma.202007290
https://doi.org/10.1002/ejoc.201100216
https://doi.org/10.1021/la053441a
https://doi.org/10.1039/c5ra04597e
https://doi.org/10.1007/s00396-020-04806-1
https://doi.org/10.1007/s00396-020-04806-1
https://doi.org/10.1002/advs.201800432
https://doi.org/10.1002/advs.201800432
https://doi.org/10.1002/advs.202304336
https://doi.org/10.1002/advs.202304336
https://doi.org/10.1016/j.chphi.2023.100232
https://doi.org/10.1016/j.chphi.2023.100232
https://doi.org/10.1021/la203755v
https://doi.org/10.1016/j.molliq.2022.120731
https://doi.org/10.1016/j.molliq.2022.120731
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref73
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref73
http://refhub.elsevier.com/S0927-7765(24)00302-3/sbref73


Colloids and Surfaces B: Biointerfaces 241 (2024) 114043

12

membranes, Int. J. Pharm. 318 (2006) 118–123, https://doi.org/10.1016/j. 
ijpharm.2006.03.023. 
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