Open Access Article. Published on 28 August 2025. Downloaded on 3/22/2026 9:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

On-demand photoresponsive liposomes-in-gel to

".) Check for updates‘
prevent UV light-induced cellular damage

Cite this: Mater. Adv., 2025,

6, 7312

® Shaun W. P. Rees, (2)® Darren Svirskis, (22 David Barker, (2 °°

¢ and Zimei Wu (2 *@

Patrick Pan,
Geoffrey I. N. Waterhouse

To achieve prolonged and on-demand sunscreen effects, liposomes containing a lipid with a
photoresponsive azobenzene moiety (BisAzo-PC) were constructed and photoprotective effects were
demonstrated on a fibroblast cell line. The synthesis of BisAzo-PC was confirmed by FTIR, LC-MS, and
'H NMR. Photoresponsive and thermal properties of BisAzo-PC were studied, revealing a rapid UV-
induced trans—cis isomerization and a slow cis—trans isomerisation. BisAzo-PC liposomes (~120 nm,
optimal size for dermal delivery) were prepared and loaded with both hydrophilic (benzophenone-4) and
lipophilic (octocrylene) UV filters, achieving high entrapment efficiencies (24.8% and 99.9%) and loading
capacities (12.2% and 9.9%, w/w), respectively. The liposomes demonstrated rapid UV filter release
triggered by UV irradiation (365 nm), with an extended-release period of 6 hours. Liposomes
incorporated into a hydroxypropyl methylcellulose (HPMC)-polyvinylpyrrolidone (PVP)-based
bioadhesive hydrogel provided a universal sun protection factor (uSPF) value of 38.1 + 1.1, exceeding
that of a commercial sunscreen of 32.3 + 0.1. The liposome-in-gel reproducibly protected fibroblasts
from UV exposure and reduced intracellular reactive oxygen species (ROS) by 72% for up to 6 hours,
accompanied by a 45% reduction of the lipid peroxidation marker malondialdehyde (MDA) and

Received 8th May 2025, antioxidant enzyme activities of superoxide dismutase (SOD) and glutathione peroxidase (GPx). The

Accepted 26th August 2025 results highlight the potential of photoresponsive liposomes-in-gel with extended photoprotective
properties to be further translated into a long-acting sunscreen by addressing the main concerns of
conventional sunscreens, reducing the need for frequent applications and the risk of systemic

absorption of UV filters.

DOI: 10.1039/d5ma00460h
rsc.li/materials-advances
regarding the potential harm from systemic absorption of

organic UV filters need to be addressed.>® Controlled drug
delivery systems offer an attractive platform for extending and

1. Introduction

Excessive exposure to ultraviolet (UV) radiation is the cause of

80-90% of all skin cancers, paired with the general difficulties
in the treatment of invasive skin cancers, prevention of UV-
induced cellular damage remains the best approach for mini-
mizing this significant health burden." The use of sunscreens is
recommended as a skin cancer prevention tool and remains a
key component of public health campaigns.” Traditional sunsc-
reens are successful in preventing both melanoma and non-
melanoma cancers,”> however the rates of aggressive cutaneous
melanomas continue to rise,” necessitating the development of
more effective sunscreens. Furthermore, ongoing concerns
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improving the efficacy of traditional sunscreens and UV filters
by addressing the main drawback of the current sunscreen
products (i.e. the requirement for frequent reapplication),”
while minimising their potential for systemic absorption and
subsequent risk of systemic side effects.®

Phototriggered drug release systems have attracted consid-
erable interest in recent years as a controlled drug delivery
platform due to the non-invasiveness of light as a stimulus.
Such photoresponsive delivery systems are designed to undergo
change upon receiving photons with suitable energy, offering
many advantages over other stimuli-responsive formulations
for drug delivery since photochemical processes do not require
additional reagents or catalysts, with the majority of by-
products, if any, being harmless.® Well-designed delivery sys-
tems can realise a high degree of temporal and spatial control
for the release of encapsulated therapeutics in an on-demand
manner.” Of the photosensitive moieties commonly used to
impart photoresponsiveness to drug delivery systems,
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azobenzene and its derivatives stand out due to their reversible
trans-to-cis isomerization process, potentially offering a plat-
form for triggered drug release in a multi-pulsatile manner.**°
One such photochromic lipid, 1,2-bis(4-(n-butyl)phenylazo-4'-
phenylbutyroyl)phosphatidylcholine (BisAzo-PC), has seen use
in the development of photoresponsive liposomes, but clini-
cally relevant pulsatile release has yet to be achieved."'™*®

Liposomes are phospholipid nanovesicles with a bilayer
membrane structure and have been extensively studied as
vehicles for drug delivery. Recent research has demonstrated
the potential of the light-controlled rupture of liposomes,
wherein photosensitive moieties incorporated into the lipid
bilayer can initiate release of their cargo upon light irradiation
for localized drug release.'” Liposomes can simultaneously
carry both hydrophilic and lipophilic compounds,'®'® and
when topically applied, act as a local drug reservoir on the
skin, thereby diminishing the risk of systemic side effects of
drug delivery.”® However, effective delivery methods needs to be
discovered which allow light-triggered liposomes to remain on
the skin for extended periods.

Hydrogels are homogeneous semisolids consisting of a
water-swollen hydrophilic polymer three-dimensional network.
Due to their high water content, hydrogels can effectively sup-
port the sustained delivery action of liposomes. Binary hydrogels
in particular, are often designed to have a high degree of
bioadhesiveness which can prolong drug release.”*> The combi-
nation of both liposomes and hydrogels provides a synergistic
effect by extending the liposomes’ retention time on the skin
while further prolonging drug release to achieve a highly loca-
lized dermal delivery platform for minimizing systemic drug
absorption and side effects.>**

This research aimed to develop a photoresponsive liposome
for the simultaneous UV light-triggered delivery of two UV
filters (benzophenone-4 and octocrylene). To enhance the
retention on skin, liposomes were incorporated into a bioad-
hesive hydrogel,*® resulting in a formulation with improved
photoprotective effects compared to a conventional sunscreen
along with prolonged and on-demand phototriggered release
properties. Primary neonatal human dermal fibroblasts were
used to test the biological response to UV irradiation by
measuring various oxidative stress markers, and compared
the liposome-in-gel formulations. Such prolonged and photo-
triggered release properties were expected to offer improved UV
protection for sunscreen users.

2. Materials and methods

Dipalmitoyl phosphatidylcholine (DPPC) and hydrogenated
soybean phosphatidylcholine (HSPC) (PHOSPHOLIPON®
90 H) were kindly gifted by Lipoid GmbH (Ludwigshafe, Ger-
many). Octocrylene, benzophenone-4, cholesterol, hydroxypro-
pyl methylcellulose K100 (HPMC), polyvinylpyrrolidone K25
(PVP), 2/,7’-dichlorofluorescein diacetate (DCF-DA), malondial-
dehyde (Cat. No. MAKO085), superoxide dismutase (Cat. No.
19160), and glutathione peroxidase (Cat. No. MAK437) assay
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kits, and cellulose dialysis bags (MWCO = 14000 Da) were
purchased from Sigma-Aldrich (Auckland, New Zealand). Cell
Counting Kit 8 (CCK8) assay was purchased from Abcam
(United Kingdom).

Sodium phosphate dibasic and sodium phosphate mono-
basic were used to prepare a 0.1 M phosphate buffered saline
(PBS) solution, with the final pH adjusted to 5.5 using hydro-
chloric acid. Milli-Q water was obtained from a Millipak® 0.22
Em system (Millipore Corporation, Bedford, MA, USA). All other
solvents and reagents used were of analytical grade. The UV
lamp used for irradiation in all experiments was a Spectroline
Model SB-100P/FA High-Intensity UV Lamp (365 nm) with
specifications for UVA radiation intensity of 4800 pyW cm >
(at a distance of 38 cm).

2.1 Synthesis and characterisation of photoresponsive lipid
BisAzo-PC

2.1.1 Synthesis of BisAzo-PC. Photoresponsive lipid 1,2-
bis(4-(n-butyl)phenylazo-4’-phenylbutyroyl)phosphatidylcholine
(BisAzo-PC) was synthesized by adapting literature methods and
full details are described in the SI (SI1),>*"*® with modifications,
using Oxone®, 4-butylaniline, 4-(4-aminophenyl)butyric acid,
and sn-glycero-3-phosphocholine (Sigma-Aldrich, Auckland,
New Zealand), and N,N’-Carbonyldiimidazole and 1,8-diaza-
bicyclo[5.4.0Jundec-7-ene (DBU) (AK Scientific, CA, USA).

The three-step reaction scheme is outlined as follows
(Fig. 1). First, oxidation of 4-butylaniline using Oxone® was
conducted to obtain 1-butyl-4-nitrosobenzene. Condensation of
1-butyl-4-nitrosobenzene with 4-(4-aminophenyl)butyric acid
using glacial acetic acid then gave the azobenzene-containing
acid, (E)-4-(4-((4-butylphenyl)diazenyl)phenyl)butanoic acid. The
acid was then converted into the target compound 1,2-bis(4-(n-
butyl)phenylazo-4'-phenylbutyroyl)phosphatidylcholine (BisAzo-
PC) using a mixed anhydride acylation of sn-glycero-3-
phosphocholine, using DBU as a catalyst. Flash chromatography
was used for purification of BisAzo-PC using silica gel (pore size
60 A, 40-63 pm particle size, 230-430 mesh particle size).
Synthesized BisAzo-PC were stored in glass vials protected from
light at —20 °C for storage and used within 3 months.

2.1.2 Structure confirmation and thermal properties of
BisAzo-PC. To elucidate and confirm the synthesized molecular
was BisAzo-PC, nuclear magnetic resonance (NMR), high-
resolution mass-spectroscopy (HRMS), and Fourier-Transform
Infrared (FTIR) spectroscopy were used. The NMR spectra were
recorded on a Bruker Avance 400 MHz spectrometer at ambient
temperature. Chemical shifts (0) are reported relative to the
solvent peak of chloroform (5 7.26 for "H and § 77.0 for **C) or
DMSO (6 2.50 for 'H and § 39.5 for **C). The "H NMR data are
reported as chemical shift (0), relative integral, multiplicity
(s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of
doublet of doublets; t, triplet; m, multiplet; and br, broad peak),
coupling constant (J, Hz), and the assignment of the atom. "*C
NMR data are reported as chemical shift (J) and assignment of
the atom. All NMR assignments were performed with HSQC and
HMBC experiments from integrated software. HRMS was carried
out by electrospray ionization (ESI) on a MicroTOF-Q II mass
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Fig. 1 Reaction schematic for the synthesis of BisAzo-PC through an azo-condensation of 1-butyl-4-nitrosobenzene with 4-(4-aminophenyl)butyric
acid, followed by a mixed anhydride acylation of sn-glycero-3-phosphocholine. Reagents and conditions: (a) oxone in H,O, CH,Cl,, rt, 24 h, ag. 1 M HCL;

(b) glacial acetic acid, 4-(4-aminophenyl)butyric acid in glacial acetic acid, rt, 24 h, 50% (two steps);

phosphocholine, 1,8-diazabicyclo[5.4.0]Jundec-7-ene, DMSO, rt, 2 d, 74%.

spectrometer. Freshly synthesized and dried samples were ana-
lysed with a Bruker Alpha Eco-ATR FTIR Spectrometer with OPUS
8.7.41 ALPHA software (Bruker, Mannheim, Germany).

The glass transition temperature (7..) and melting point (7,,,)
of BisAzo-PC, the key parameters of phospholipids determining
the payload release from liposomes, were measured using a
differential scanning calorimeter (DSC) Q2000 + RCS40 (TA
Instruments, Delaware, USA), with a nitrogen flow rate of
20 mL min~" and an initial temperature of 20 °C increasing
at a rate of 10 °C min~ " to 150 °C.

2.1.3 Photoresponsive properties of BisAzo-PC. To investi-
gate the photoresponsive properties of BisAzo-PC, the UV-Vis
absorption spectra (280-400 nm) of pure BisAzo-PC was mea-
sured before and after UV irradiation using a T90+ UV-Vis
spectrophotometer (PG Instruments, Lutterworth, UK) at
25 °C. Briefly, BisAzo-PC in methanol (0.15 mmol L") was
prepared in a 10 mm quartz cuvette, and the absorption
spectrum taken before irradiation at a wavelength of 365 nm
(0 min), and at the subsequent time points: 1, 2, 3,4, 5, 6,7, 8, 9,
10, and 15 min. Irradiation was then ceased and the sample
protected from light to allow for isomeric relaxation and spectra
taken at 15, 30, 60, 120, and 1080 min. The photochemical

7314 | Mater. Adv, 2025, 6, 7312-7331

(c) CDI, CHxCl,, 3 h, rt, sn-glycero-3-

fatigue of BisAzo-PC was investigated by measuring the change
in maximum absorbance over multiple cycles of UV irradiation
(5 min) and relaxation (120 min).

2.2 Preparation of photoresponsive liposomes loaded with UV
filters

Photoresponsive liposomes were prepared using the thin-film
hydration method. Briefly, either DPPC or HSPC, cholesterol,
and BisAzo-PC (84:10:6, mol%) were dissolved in 1 mL chloro-
form/methanol (9 : 1, v/v) with lipophilic octocrylene (10 mg mL ™)
in a round-bottom flask. The solvent was then evaporated at 60 °C
in a rotary evaporator (Rotavapor, Biichi, Germany) to form a thin-
film and flushed with nitrogen gas to remove residual solvent. The
film was hydrated using 3 mL of pre-warmed benzophenone-4
solution (10 mg mL " in PBS) to passively load the hydrophilic UV
filter and mixed for 1 h (final lipid concentration = 30 mg mL ™).
Resulting multilamellar vesicles were sized down by heating the
liposome suspension to 60 °C and sonicated for 120 s (40%
intensity, 0.4 duty) with a SONOPULS HD2070 probe sonicator
(Bandelin electronic GmbH & Co. KG, Berlin, Germany), and
annealed at room temperature for 1 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Unentrapped octocrylene and benzophenone-4 were sepa-
rated from the liposomes using ultracentrifugation (Sorvall,
Beckman Coulter, Pasadena, CA) at 41000 x g for 15 min at
4 °C. The supernatant was removed and the dry pellets stored at
4 °C for subsequent use (within 24 h of preparation). Liposome
pellets were resuspended in PBS to achieve a final lipid concen-
tration of 30 mg mL ™" immediately before use.

2.3 Characterization of the liposomes

2.3.1 Particle size, zeta potential, and morphology. The
size and size distributions of the prepared liposomes were
determined by dynamic light scattering using a Zetasizer Nano
ZS (Malvern Instruments, Malvern, UK). Samples were diluted
100-fold with Milli-Q water, loaded into a DTS1070 capillary
cuvette, and measured at 25 °C with a detection angle of 173°
and laser wavelength of 633 nm. Liposome size and distribu-
tion was expressed in terms of intensity (Z-Ave) and polydis-
persity index (PDI), respectively. The zeta potential (ZP) of
samples were simultaneously measured under the same condi-
tions. Measurements from three independent samples were
recorded to obtain the mean values.

Liposome morphology was investigated using a transmis-
sion electron microscope (TEM). Both DPPC (DPPC:Chol:
BisAzo-PC; 84, 10, 6 mol%) and HSPC-based liposomes
(HSPC:Chol:BisAzo-PC; 84, 10, 6 mol%) negatively stained with
uranyl acetate 1% (UA) solution by dilution of the sample at
1:20, then placed onto a copper grid for 60 s. Excess liposome
suspension was drawn off using filter paper (Whatman Inc.,
Clifton, NJ, USA) and dried overnight under vacuum protected
from light. Visualization was performed with a Zeiss EM 900
Transmission Electron Microscope (Carl Zeiss AG, Oberkochen,
Germany) operating at 120 kV.

2.3.2 Entrapment efficiency and UV filter loading. The
entrapment efficiency (EE) and UV filter loading capacity (LC)
of encapsulated benzophenone-4 and octocrylene from freshly
prepared liposome pellets were measured directly after indu-
cing vesicle lysis. Immediately after the formulations were
prepared, lipid pellets were resuspended in Triton X-100
(0.2%) to lyse the vesicles, the samples filtered (0.45 um) and
then diluted with mobile phase and analysed by HPLC to
determine the total amount of encapsulated UV filters in the
liposomes.?® The EE and LC were then calculated using the
following formulae.

Entrapment efficiency (%)

__final mass of encapsulated UV filter

initial mass of UV filter x 100

Loading capacity (%)

_ final mass of encapsulated UV filter o
~ final mass of UV filter encapsulated particles

Both UV filters were simultaneously quantified using a
previously established HPCL assay.>® A Shimadzu LC-20 Pro-
minence Series HPLC (Shimadzu, Kyoto, Japan) equipped with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a LC-20AD quaternary pump, a DGU-20A5R degassing unit, a
SIL-20AC auto-sampler (set at 4 °C), a CTO-20AC column oven
(40 °C), and a SPD-M20A diode array detector was used.
Chromatographic separation was achieved on an Inertsil®
ODS-3V C-18 column (250 mm x 4.60 mm ID, particle size
5 um, pore size 100 A) (GL Sciences Inc., Tokyo, Japan). The
mobile phase consisted of acetonitrile-methanol-Milli-Q water
+ TFA (0.2% v/v) (20:67: 13, v/v/v), at a flow rate of 1 mL min’,
with an injection volume of 10 pL. The eluted compounds were
monitored at 285 nm (benzophenone-4) and 305 nm
(octocrylene).>®

2.3.3 Transition temperature of liposome membranes. The
thermal properties of pure BisAzo-PC, and DPPC- and HSPC-
based liposome formulations dried under vacuum were inves-
tigated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). No UV filters were encapsulated for
these studies.

TGA was carried out using a PerkinElmer TGA 8000 (Perki-
nElmer Inc., Waltham, MA, USA). Briefly, crucibles were loaded
with sample (between 1-3 mg) and then heated from 20 °C to
150 °C at a rate of 10 °C min~'. Nitrogen gas purging at a flow
rate of 10 mL min~" was used for all samples in a non-
pressurized furnace. Thermograms were analysed with the
Pyris Software v13.2.1.0007 (2015).

DSC analysis was performed on dry liposome samples
(10 mg) hermetically sealed into T-zero aluminium pans loaded
into a Q2000 + RCS40 DSC (TA Instruments, Delaware, USA).
The heating rate was 10 °C min~ ' and the temperature
range was from 10 to 150 °C, with a nitrogen flow rate of
20 mL min . TA Instruments Universal Analysis 2000 software
was used to analyse the differential thermograms. The phase
transition temperature (7.) is identified using the half-height
analysis method, and the melting point identified as the lowest
point in the thermogram.

2.3.4 Phototriggered UV filter release. After liposome pre-
paration, the DPPC- and HSPC-based photoresponsive formu-
lations were subjected to UV irradiation at 365 nm to trigger
cargo release using a Spectroline Model SB-100P/FA High-
Intensity UV Lamp (UVA radiation intensity of 4800 pyW c¢cm >
at a distance of 38 cm). Non-photoresponsive liposomes pre-
pared without BisAzo-PC were used as the control.

Regenerated cellulose dialysis bags were chosen to hold
photosensitive liposomes while drug release studies were
undertaken. The transmittance of the dialysis bags was first
measured to validate the suitability of the material for photo-
triggered drug release of photosensitive liposomes held inside
the bag. A single layer of dialysis tubing was cut and rehydrated
in PBS, before being stretched over a custom plastic bracket
fitted into a Varioskan LUX microplate reader with Skanlt
Software 6.0.2 (Thermo Fisher Scientific, Waltham, MA, USA).
The absorbance spectrum between 200 and 800 nm was
obtained at a temperature of 33 °C and converted to transmit-
tance with the software.

Liposome formulations (1 mL) were loaded and sealed into
dialysis bags before being submerged in PBS (50 mL) in a
doubled jacketed borosilicate glass reaction vessel connected to

Mater. Adv,, 2025, 6, 7312-7331 | 7315
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a circulatory water bath to maintain a temperature within the
vessel of either 23, 33, or 37 °C. The media was stirred with a
magnetic bar at 800 rpm. An optical grade quartz plate was
placed above the reaction vessel to minimize media loss by
evaporation while permitting 100% transmission of UV light.
Aliquots were withdrawn at predetermined intervals and
replaced with fresh PBS, before analysis by HPLC. The assess-
ment of the photoresponsive property of the liposomes involved
measuring the release of benzophenone-4 encapsulated in the
aqueous cavity before and after UV irradiation.

2.3.5 Physical stability. The stability of the liposome suspen-
sions was evaluated by storing at 4 °C for 90 days. Measurements
were taken via dynamic light scattering every 10 days, monitoring
for changes in particle size, PDI, and zeta potential over time.

2.4 Preparation of hydrogels and integration with liposomes

A binary adhesive hydrogel (H12P6) was used as the topical
base for the liposomes.>* Briefly, HPMC or PVP were weighed,
mixed, and dispersed in half the necessary amount of PBS (pre-
warmed to 80 °C), followed by vigorous stirring for 10 min to
obtain a well-dispersed mixture. Further PBS (at room tempera-
ture) was then slowly added to produce the final desired
concentration of 12% HPMC and 6% PVP (w/w).”> Gels were
stored overnight in capped bottles at 4 °C to allow air bubbles
to escape. Liposomes were incorporated into pre-formed H12P6
hydrogels by directly adding liposome suspension to the gel
followed by gently mixing.**

2.5 Skin permeation, retention, and deposition

2.5.1 Skin preparation. Freshly excised porcine skin from
the flank was collected within 2 h of slaughter (age 5-6 months)
from a local abattoir (Auckland Meat Processors Ltd), wrapped
and transported with ice for immediate preparation and same
day use in the laboratory. Excessive subcutaneous fat was
carefully removed to obtain full-thickness skin. The epidermis
was then separated by the heat separation method.*’ Briefly,
excised skin sections were immersed in PBS (60 °C) for 60 s,
transferred into cold PBS for 60 s, then excess liquid dried. The
epidermis was carefully peeled off from the dermis in a single
sheet with an average thickness of 1.6 mm =+ 0.2 mm (n = 9).

The integrity of excised skin was determined by measure-
ment of the electrical resistance across the isolated epidermis
mounted onto standard glass static diffusion with PBS in the
receptor and donor chambers. Measurements were taken 30
min after setup to ensure temperature and humidity equili-
bration to ambient conditions. Probes were submerged into the
media above and below the skin and the electrical resistance
recorded, correcting for the permeation surface area (1.77 cm?),
and expressed as kQ cm™>. The cut-off electrical resistance
value for indication of good integrity was 1.18 kQ cm ™2, and any
skin below this was discarded and replaced.*" Details of the cell
assembly can be found in the OECD Test Guideline No. 428.>>
Validated epidermis sections were used within 12 h for skin
permeation, retention, and deposition studies of UV filters.

2.5.2 Permeation. Percutaneous permeation studies
through the epidermis as performed on a DHC-6T dry heating
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transdermal diffusion system (Logan Instruments Corp., Som-
erset, NJ, USA). The epidermis was positioned between the
donor and receptor compartments with the upper stratum
corneum oriented towards the donor cell, both compartments
filled with PBS, then the skin integrity checked using electrical
resistance, as described below. Care was taken during setup to
avoid and remove air pockets between the underside of the
epidermis and receptor medium. The receptor cells were main-
tained at 33 + 0.5 °C and stirred with a magnetic bar at
500 rpm. The effective diffusion area was 1.77 cm?. All skin
samples were left for 3 h to equilibration before filling of the
donor cell for the start of the permeation study. Samples were
taken in triplicate. Briefly, at time zero, 1 mL of test sample was
applied directly into the donor cell and sealed by taping a small
quartz slide over the orifice to prevent evaporation. At prede-
termined time intervals, 200 pL of receptor fluid was sampled
and replaced with fresh PBS, then analysed with HPLC.

The permeation of free drug in H12P6 hydrogel containing
benzophenone-4 (2.5 mg) and octocrylene (10 mg), and two UV
filter loaded liposomes - a non-photoresponsive HSPC-based
liposome, and a photoresponsive HSPC-based liposome, also
suspended in H12P6 gel (50/50, w/w). Samples were tested
while fully exposed to ambient light.

2.5.3 Retention. After permeation studies with the Franz-
Cell, the remaining epidermis was then removed from the
system, rinsed three times with PBS and excess fluid drawn
off with filter paper. The isolated epidermis was then frozen by
dipping briefly in liquid nitrogen before homogenizing by
pulverization in a Thomas Teflon pestle tissue homogenizer
(Arthur H. Thomas Company, Philadelphia, PA, USA). Small
amounts of liquid nitrogen were added during the process to
assist producing a fine powder-like form from the epidermis.
The powdered skin was then extracted in methanol before
analysis with HPLC.

2.5.4 Deposition. Full-thickness skin was obtained from
excised porcine skin by removing the underlying subcutaneous
adipose and connective tissue with scalpels to isolate the
stratum corneum, epidermis, and dermis. The skin was then
rinsed 3 times with fresh PBS, excess fluid drawn off with filter
paper, and the surface dried briefly using warm air and
inspected for physical lesions. Only healthy intact skin
was used.

The optimized HSPC-based photoresponsive formulation
was assessed (HSPC:Chol:BisAzo-PC; 84, 10, 6 mol%) in gel,
by suspending liposomes in H12P6 gel (50/50, w/w).

Sample (0.5 g) was applied to the surface of the dried full-
thickness skin (cut an area of 1 cm?) and left for 2 h before
being rinsed 3 times with Milli-Q water and any excess fluid
drawn off with filter paper and dried briefly using warm air.
The stratum corneum was then removed by the tape stripping
method. Briefly, 1 cm?* sections of Scotch™ 810 Magic Tape (3M,
Auckland, New Zealand), were placed onto the stratum cor-
neum and a 2 kg weight was placed above for 5 s. Afterwards,
the tape was removed with a sharp upward movement to
remove corneocytes from the skin surface for twelve consecu-
tive strippings. Each tape was weighed and immersed in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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toluene for 5 min, followed by vortexing and sonication for 15 min
for extraction and then centrifuged at 8000 x g for 5 min. The
supernatant was filtered (0.45 um) before analysis by HPLC.

2.6 Cellular responses to UV light and photoprotective effects
of photoresponsive liposome-in-gel

2.6.1 Cell culture, UV irradiation, and formulation treat-
ment. Primary neonatal human dermal fibroblast (HDFn) cells
were purchased from Thermo Fisher Scientific (C-004-5C; Vic-
toria, Australia), and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with fetal bovine serum
(10%, v/v), 100 U mL™ " of penicillin, and 100 ug mL ™" strepto-
mycin. All cells were incubated under standard conditions at
37 °C and 5% CO,. Culture media was replaced every 2 days.
Cells were sub-cultured after reaching 80% confluency while in
the log phase of cell growth, and passages were limited to a
maximum of 11 for all experiments.

Before UV irradiation, HDFn were seeded in 96-well micro-
plates (2 x 10* cells per well) with 200 uL. DMEM and incubated
for 24 h for cells to adhere. To apply each treatment and to
protect the underlying cells, seeded wells were covered with an
optical grade quartz plate. Formulations were spread on the
plate at 2 mg cm ™2 and air-dried for 30 min. Irradiations were
performed using a Spectroline Model SB-100P/FA High-
Intensity UV Lamp (365 nm; UVA radiation intensity of
4800 pW cm ™ at a distance of 38 cm).

The following formulations were tested: (i) a commercial
sunscreen (Cicatricure Gold Day) with SPFE (Genomma Lab, TX,
USA), (ii) H12P6 binary gel; (iii) H12P6 binary gel with UV filters
(10% w/w of each benzophenone-4 and octocrylene); (iv) H12P6
binary gel with photoresponsive liposomes loaded with
benzophenone-4 and octocrylene; (v) H12P6 binary gel with
blank non-photoresponsive liposomes; (vi) H12P6 binary gel
with blank photoresponsive liposomes. Unirradiated cells were
kept in the dark at room temperature as controls.

2.6.2 Cell viability and morphology analysis. Viability of
HDFn before and after UV irradiation was assessed using a
CCKS assay. Cells were exposed to UV irradiation for 2.5, 5, 10, 15,
and 30 min before the addition of 10 pL of WST-8 and incubated
for 1 h. The absorbance was measured at 460 nm before,
immediately after, and 24 h after UV irradiation. Cell viability
was determined by calculating the number of viable cells with
reference to a simultaneously obtained calibration curve.

2.6.3 Intracellular ROS formation. Total intracellular ROS
levels were measured using the fluorogenic compound 2',7’-
dichlorofluorescein diacetate (DCF-DA). Cells in 96-well plates
were incubated with 10 uM DCF-DA for 30 min at 37 °C then
washed twice with 1x PBS and fresh media added to each well.
Treatments were applied to protect the underlying cells as
described above prior to UV irradiation (10 min). Fluorescence
intensity was measured every hour over 6 h at EX/Em = 495/
530 nm in a Varioskan LUX microplate reader (Thermo Fisher
Scientific, Victoria, Australia). The change in fluorescence
intensity relative to untreated control cells expressed in Relative
Fluorescence Units (RFU).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6.4 Oxidative stress markers. HDFn cells were seeded
into 24-well plates (20 000 cells per well) and allowed to adhere
for 24 h before being subjected to UV irradiation (10 min) and
protected by formulations described previously, before the cells
were harvested with a cell scraper for analysis of malondialde-
hyde (MDA) as a marker for lipid peroxidation, and the anti-
oxidant enzymes superoxide dismutase (SOD) and glutathione
peroxidase (GPx), as response biomarkers of the cellular
defence mechanisms for neutralising ROS. MDA levels and
antioxidant SOD and GPx enzyme activities were quantified
using the respective assay kits according to the manufacturer’s
protocols and measured in a microplate reader.

Membrane lipid peroxidation (MDA). MDA generated from the
peroxidation of polyunsaturated fatty acids due to free radicals
were quantified as a marker for membrane lipid peroxidation
of omega-3 and omega-6 fatty acids indicative of plasma
membrane damage.’® Cells were treated then harvested as
detailed above before analysis. Briefly, cells were homogenized
on ice in 300 pL of MDA Lysis Buffer and 3 pL butylated
hydroxytoluene. The lysate was then centrifuged at 13000 x g
for 10 min at 4 °C to remove insoluble material. Aliquots of the
supernatant (200 pL) from each homogenized sample were
placed into microcentrifuge tubes, then 600 uL of thiobarbitu-
ric acid solution was added to each sample for incubation at
95 °C for 60 min. Samples were then cooled to room tempera-
ture in an ice bath for 10 min then the absorbance measured at
532 nm using a microplate reader. MDA levels were expressed
as concentrations (nmol mL™").**

Antioxidant enzyme activities (SOD and GPx). The antioxidant
protective capacity against free radicals superoxide radical (*O,)
or singlet oxygen radical (*0,7) is determined by SOD enzyme
activity, and against peroxide (H,0,) by GPx.*’ Cells were
treated then harvested as detailed above before analysis. The
enzymatic activities of SOD and GPX were then determined by
biochemical methods described below.

Superoxide dismutase. Intracellular antioxidant SOD
enzyme activities were determined using xanthine oxidase
and the water-soluble tetrazolium WST-1.%® Briefly, harvested
cells were lysed in ice cold Tris/HCI (0.1 M, pH 7.4) containing
0.5% Triton-X 100, 5 mM B-ME, and 0.1 mg mL~' PMSF. The
cell lysate was then centrifuged at 13 000 x g for 10 min at 4 °C
to remove debris. Aliquots of the supernatant (20 pL) were then
added to the Enzyme Working Solution and/or the WST
Solution provided in the assay kit. Microplates were then
incubated at 37 °C for 20 min and the absorbance measured

at 450 nm using a microplate reader.

Glutathione peroxidase. The GPx activity was determined
indirectly by a coupled reaction with glutathione reductase.®”
Briefly, harvested cells were homogenized on ice in 200 pL of
cold 1x PBS (pH 7.4) and centrifuged at 13 000 x g for 10 min at
4 °C to pelletise the debris. The supernatant (10 pL) was then
added to each well in a 96-well microplate. The Working
Reagent (90 pL) and Substrate Solutions (100 pL) provided in
the assay kit were then quickly added to each sample, the
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microplates gently mixed, and the absorbance at 340 nm
immediately measured, and measured again after a reaction
time of 4 min. GPx Enzyme Activity was then calculated and
expressed as the quantity of active enzyme present. A standard
curve was also prepared to ensure the GPx activity in the
samples was within the linear range of 40-800 U L™ '. No
dilutions of the samples were required to achieve this range.

2.7 Universal sun protection factor of liposomes-in-gel

To estimate the SPF of each formulation, the universal sun
protection factor (uSPF) was calculated. Briefly, formulations
(2 mg em™?) were placed in the centre of a fused quartz slide
(50 x 50 x 1 mm; Alpha Nanotech Inc., Canada), after which
another slide was placed on top and an even force applied at
the centre using callipers until the thickness of the formulation
was 0.1 mm between the two quartz slides. The quartz slides
were then fitted in a 3D printed custom plastic bracket and
then placed into a microplate reader for measurement.

Absorption spectra of each formulation were collected
between 280 and 400 nm, which covered both the UVA and
UVB ranges. The uSPF values were then calculated using the
equation below.*®

1
uSPF = 00 —
Average sum transmission value

where the average sum transmission value is the area under the
curve of the absorption spectrum divided by 120 (corres-
ponding to the UV wavelength range 280-400 nm).
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2.8 Statistical analysis

All experiments were repeated in triplicate, with the data
expressed as the mean + standard deviation (SD). Statistical
comparison between groups was carried out using one-way
analysis of variance (ANOVA) and Tukey HSD procedure as a
post-hoc test with GraphPad Prism (Version 9, GraphPad
Software, La Jolla, CA, USA). Differences in p-value < 0.05 were
considered statistically significant.

3. Results

3.1 Structural confirmation and characteristics of BisAzo-PC

3.1.1 Structural confirmation of BisAzo-PC. The synthe-
sized BisAzo-PC samples were analysed using the ATR-FTIR
method. The spectra were collected over the wavenumber range
of 4000 to 400 cm™ " at a resolution of 4 cm™ " to confirm the
expected functional groups of the synthesised compounds
(Fig. 2).

The structure of intermediate compounds and BisAzo-PC
was also elucidated using 'H and *C NMR (Fig. S2-S5) with
clear evidence of the introduction of two azo-lipids. In the
"H NMR the integration values show a 2:1 ratio between the
lipid fragments and glycerol component and in the **C NMR
two signals at ~173 ppm indicate ester linkages between the
lipids and the glycerol alcohol. HRMS determined the correct
molecular formula for BisAzo-PC [C,3HesN5OgP] and has a
calculated monoisotopic mass of 870.02 Da, with the deter-
mined mass of the product at 870.45 ¢ mol™" (Fig. S6). It is
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Fig. 2 FTIR spectrum of BisAzo-PC. The 1500 cm™* band is assigned to a N=N stretching vibration, whilst a strong band due to C=C stretching

vibration of the aromatic rings was evident in the region around 1600 cm™*

. An intense carbonyl (C=O0) stretching mode at 1721 cm™~* could readily be

assigned to ester functional groups in BisAzo-PC. Aromatic C—H stretching modes were seen at 3000-3100 cm™.

7318 | Mater. Adv., 2025, 6, 7312-7331

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00460h

Open Access Article. Published on 28 August 2025. Downloaded on 3/22/2026 9:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

evident from the NMR, mass spectrometry, and FTIR analyses
that BisAzo-PC was successfully synthesized with all character-
ization data in agreement with the required compound.

3.1.2 Thermal properties of BisAzo-PC. DSC thermal ana-
lysis showed that the pure BisAzo-PC exhibited two endother-
mic peaks corresponding to the transition temperature 7. and
melting temperature Ty, at 27.99 °C and 112.04 °C, respectively.
The T, identified here is lower than the sn-glycero-3-phos-
phocholine base lipid.

3.1.3 Photoresponsive properties of BisAzo-PC. The UV-Vis
absorption spectra of BisAzo-PC in methanol (0.15 mmol L)
demonstrated a reduction in the maximum intensity of absorp-
tion from 2.75 before irradiation (0 min), to 1.79 after 5 min
irradiation, and further down to 1.30 and 1.29 after 10 and
15 min of irradiation, respectively, accompanied by a shift in
the maximum absorbance towards 300 nm. This suggests the
full conversion from the trans to the cis isomer is complete
within 5 mins of irradiation (Fig. 3(A)), and longer UV exposure
times lead to a change in the chemical structure. Conversely, a
120 min relaxation period was required for the maximum
absorbance to return to the original intensity, highlighting
the ability of BisAzo-PC to rapidly respond to light and isomer-
ize to its cis isomer, but a slow reversibility back to its trans
isomer (Fig. 3(B)). Notably, the maximum absorbance also

Absorbance
-
o
7
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returns to the original value, indicating that any photodegrada-
tion or structural changes were temporary. The repeatability of
the reversible photoisomerization of BisAzo-PC was clearly
demonstrated by the molecule’s ability to return to its original
maximum absorbance over ten irradiation-relaxation cycles (10
min photoactivation and 120 min relaxation). The molecule
could be switched between the cis and trans states for three
cycles without any measurable change in the maximum absorp-
tion intensity. Further cycles stress the molecule and a gradual
reduction in the maximum absorption intensity is seen, indi-
cating poor photochemical fatigue and deterioration after
numerous cycles (Fig. 3(C)).

3.2 Characteristics of photoresponsive liposomes

Both DPPC-based and HSPC-based photoresponsive liposomes
(containing 6% mol BisAzo-PC) produced vesicles of size sui-
table for dermal delivery. The main characteristics of the
liposomes prepared in this study are summarized in Table 1.
The hydrodynamic size of both the DPPC and HSPC liposomes
post-sonication were comparable at 123.0 and 122.6 nm,
respectively. The corresponding zeta potential values were
+4.03 and —12.65 mV, respectively, indicating that each for-
mulation possessed a weak surface charge (insufficient for
electrostatic repulsive forces to prevent aggregation), which

3.0
2.51 — Control
--- 1080 min
=== 120 min
2.0 --- 60 min
30 min
--- 15 min

=== 0 min
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-
]
7

1.0 1.0
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Fig. 3

(A) Photoactivation of BisAzo-PC (trans to cis) demonstrated by the change in UV-Vis absorbance spectrum before irradiation (0 min) and at each

subsequent time point. (B) Relaxation of BisAzo-PC over 18 h after cessation of UV exposure. (C) Multi-switching profile determined by the maximum
absorbance of BisAzo-PC for ten cycles (5 min photoactivation and 120 min relaxation) of reversible photoisomerization.
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Table 1 Particle size, PDI, zeta potential, UV filter entrapment efficiency (EE) and loading capacity (LC) of conventional non-photosentisive DPPC-based
liposomes (DPPC,,), and photosensitive DPPC- and HSPC-based liposomes with 6% BisAzo-PC (DPPC,s and HSPC, respectively). Formulations are
co-loaded with benzophenone-4 (BNZ4) and octocrylene (OC). Data are expressed as mean + SD (n = 3)

Formulation Z-Ave (nm) PDI ZP (mV) UV Filter EE (%) LC (%)
DPPCeony 117.2 £+ 76.68 0.62 £ 0.06 +5.73 £ 5.49 BNZ4 11.8 £ 2.9 5.6 = 0.2
OoC 95.2 £ 0.2 9.5 £0.1
DPPCps 123.0 £+ 29.3 0.53 £ 0.12 +4.03 + 1.35 BNZ4 25.6 £ 2.2 12.7 £ 0.1
oC 99.9 £ 0.1 9.9 + 0.1
HSPCps 122.6 £ 25.5 0.49 + 0.07 —12.65 £ 0.19 BNZ4 24.8 £+ 3.3 12.2 + 0.8
oC 99.9 £ 0.1 9.9 £ 0.1

was further reflected in the high PDI values (> 0.2) that
indicate a polymodal or a wide size distribution of particles.
The EE and LC of both UV filters were high in both photo-
responsive formulations. In particular, the lipophilic octocrylene
exhibited a high EE and LC of 99.9% and 9.9% respectively.

3.3 Thermal properties of the liposomal membrane

Next, TGA and DSC data for the DPPC-based and HSPC-based
liposomes containing 6% BisAzo-PC were collected. TGA ana-
lysis did not show any large changes in sample mass with
heating up to 150 °C (Fig. 4), with the small mass loss observed
with heating likely due to evaporation of adsorbed water and
residual solvents from the purification process. Glass transition
temperatures of pure BisAzo-PC the photoresponsive liposomes
(containing 6% mol BisAzo-PC) were determined from the DSC
curves, with pure BisAzo-PC having a T, of 27.99 °C, DPPC-
based liposomes at 29.42 °C, and the HSPC-based liposomes at
35.93 °C. The melting points were also identified at 112.04 °C,
67.72 °C, and 75.82 °C, respectively.

3.4 Phototriggered UV filter release

The experimental setup is illustrated in Fig. 5(A). Dialysis bags
used in the experiments were tested to have a light transmit-
tance of 70% at 365 nm (Fig. 5(B)), indicating its suitability for
the subsequent studies. Successful formation of vesicles for
DPPC- and HSPC-based photoresponsive liposomes was
observed using TEM (Fig. 5(C)) and matched the particle sizes
as measured using a Zetasizer.

In all experiments, only benzophenone-4 was detected in the
release media. The lipophilic UV filter, octocrylene, had signals
below the limit of detection, suggesting that liposomes
remained intact and did not break down to release the
entrapped lipophilic UV filter from the lipid bilayer.

The cumulative release of benzophenone-4 indicates that
DPPC-based liposomes exhibited rapid hydrophilic UV filter
leakage across from the aqueous core at all temperatures, and
most extensively at the higher temperatures (reaching 100%
release after 300 min, Fig. 5(D)-i). Exposure to UV light did not
significantly alter the release profiles (Fig. 5(D)-ii). The rapid
and complete release of encapsulated benzophenone-4 from
the DPPC-based liposomes was likely due to the liposomes
being above the T, previously determined to be 24.42 °C. As
such, the membrane bilayer would be fluid and in a leaky gel
phase that was unable to retain the encapsulated payload.
In contrast, the HSPC-based liposomes with higher T,

7320 | Mater. Adv., 2025, 6, 7312-733]

(35.93 °C) retained significantly more benzophophenone-4 at
lower temperatures (Fig. 5(E)-i). However, when the tempera-
ture was increased above the T, rapid and extensive release of
benzophophenone-4 was seen with a profile similar to that of
the DPPC liposomes. Under continuous exposure to UV light,
more benzophenone-4 was released at every point over 360 min
compared to the passive release state. Even at temperatures
below the 7. (23 and 33 °C), the cumulative release of
benzophophenone-4 reached 88.3 £ 3.3% and 87.2 £ 4.2%,
respectively (Fig. 5(E)-ii).

The findings suggest that DPPC-based liposomes are not
suitable for retaining UV filters for phototriggered release at
temperatures below 33 °C, hence would not be applicable for
topical applications where the skin has a surface temperature
of 33 °C.* Alternatively, HSPC-based liposomes demonstrate
much less UV filter leakage at temperatures below their T..

Phototriggered release studies using either a delayed (after
180 min of passive release) or pulsed UV light were used to
evaluate the photoresponsiveness of the liposomes. When
delayed UV irradiation was used, the HSPC-based liposomes
retained a significant amount of benzophenone-4 over a
180 min period before exposure to light. Immediately after the
UV lamp was introduced, a sharp increase in the rate of release
was observed (Fig. 6(A)). Similarly, when a pulsed UV irradiation
treatment was used (UV lamp irradiation for 15 min after 120 min
and 240 min), a sharp increase in the benzophenone-4 release was
observed after the first 15 min UV pulse. Following the cessation
of UV exposure, the rate of release did not decrease and instead
continuously increased linearly. The second UV pulse had no
further effect on the benzophenone-4 release rate (Fig. 6(B)). This
result corroborates with that of Bisby et al,'* where the photo-
isomerization of azobenzenes from trans to cis isomers was shown
to occur rapidly, acting as a rapid ‘on’ switch, but an extended
relaxation time is required for the cis isomer to reverse back to the
trans state, offering a very slow ‘off’ switch.

3.5 Physical stability

Only HSPC-based liposomes were evaluated for long-term sta-
bility trials based on preliminary studies of the thermal proper-
ties of the various liposomes (with the DSPC-based liposomes
excluded as their glass transition temperature was lower than
the surface of the skin, making them wholly suitable for
application as a topical sunscreen product).

HSPC-based liposomes were physically stable at both 4 and
25 °C, evidenced by the fact no size change was observed over a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Thermogravimetric analysis (left) and differential scanning calorimetric curves (right) for (A) pure BisAzo-PC, (B) DPPC-based, and (C) HSPC-

based liposomes containing 6% mol BisAzo-PC.

90-day period (Fig. 7). This indicated that the liposomal for-
mulations maintained their integrity and functional character-
istics, suggesting they are stable and reliable for extended use.
Mild sedimentation without caking was observed and the
liposomes could be readily resuspended by inversion. However,
with storage at 40 °C (above the T.), particle size increased
rapidly as the liposomal membranes become fluid and desta-
bilized, leading to aggregation and fusion between the lipid
particles. Sizes after day 50 could not be determined as the
mean particle size was above the measurement range of the
Zetasizer instrument.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.6 Skin permeation, retention, and deposition

3.6.1 Permeation. Permeation studies of the three formu-
lations were conducted using a Franz-Cell diffusion system,
with porcine epidermis as the membrane. Benzophenone-4 had
a zero-order release profile over 360 min, and octocrylene was
not detected in the receptor medium for all samples and
formulations.

The liposome formulations in a binary gel were character-
ized in vivo for the skin permeation profile and compared to an
equivalent amount of free UV filters in solution as the control.
Fig. 8(A) compares the skin permeation profiles of the
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(A) Experimental setup schematic; (B) UV-Vis spectrum of the dialysis bag showing 70% transmittance at 365 nm; (C) TEM photomicrographs of (i)

DPPC- and (i) HSPC-based photoresponsive liposomes; and (D) and (E) cumulative release profiles of benzophenone-4 from (D) DPPC-based
formulations, and (E) HSPC-based formulations; under different light conditions of (i) no light exposure, and (ii) continuous UV light exposure. Control
formulations are non-photoresponsive liposomes. Data are mean + SD (n = 3).

liposome-in-gel formulations to the free drug-gel. The free
drug-gel (Free BNZ4 + OC in Gel) had significantly more
benzophenone-4 permeated through the epidermis compared
to both liposome-in-gel formulation. Non-photoresponsive
liposomes (HSPC-Lip.ony-BAPc0%) had less permeation of

7322 | Mater. Adv, 2025, 6, 7312-7331

benzophenone-4 which could be attributed to the lower
amounts of UV filter being released from the liposomes that
would be available for permeation. The total amount of
benzophenone-4 that permeated through the skin at 360 min
was low, with HSPC-Lipcony-BAPc0%, HSPC-Lipcony-BAPc6%,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and Free BNZ4 + OC in Gel delivering a total of 1.3%, 1.6%, and
2.1% of the initial dose, respectively.

3.6.2 Retention. Analysis for UV filter content in pulverized
tissue after completion of the Franz-Cell permeation study was
used to quantify any UV filters retained within the epidermis.
From the homogenized tissue we quantify high amounts of the
lipophilic octocrylene that was not detected in the receptor
medium during permeation studies (Fig. 8(B)), with trace
amounts of benzophenone-4.

3.6.3 Deposition. Analysis of tape strippings from full-thickness
skin to determine the deposition of both benzophenone-4 and

© 2025 The Author(s). Published by the Royal Society of Chemistry

octocrylene in the first twelve layers of the stratum corneum
(Fig. 9). The optimized photoresponsive liposome-in-gel formu-
lation showed a constant concentration of benzophenone-4
throughout the stratum corneum layers, indicative of a rapid
but consistent penetration of the liposomes through the stratum
corneum into the layers below, possibly through both the
transcellular and paracellular pathways.*® Conversely, octocry-
lene had a more gradual penetration profile, with the majority
of UV filter limited to the first three layers of the stratum
corneum. This suggests that the liposomes may accumulate on
the first few layers of the stratum corneum, where hydrophilic

Mater. Adv,, 2025, 6, 7312-7331 | 7323
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benzophenone-4 could diffuse rapidly through the cells, and
lipophilic octocrylene would localize and diffuse out slowly.

3.7 Cellular response to UV light and photoprotective effects
of photoresponsive liposome-in-gel

3.7.1 Cell viability and morphology. The viability of cells as
determined by the CCK8 assay when fully exposed to UV light
exhibited an increasing loss of viability with longer UV exposure
times. Exposure times of up to 5 min did not significantly cause
a loss of viability immediately or 24 h after irradiation. How-
ever, once exposed for 10 min, significant cell death was
immediately seen, with cell viability decreasing by 8.3% and
further by 53.2% after 24 h (Fig. 10(A)). More extensive loss in
cell viability is seen with longer UV exposure times, highlight-
ing a lag time before cell death occurs. Subsequent experiments
had a UV exposure time of 10 min to ensure maximal response

(A)

I Free BNZ4 + OC in Gel
B HSPC-Lipcon-BAPc0%

HSPC-Lipys-BAPCc6%

of ROS generation, with a modest loss of cell viability so
protective effects of the formulations can be examined. Immedi-
ate cell death was prevented when cells were protected by either
Cicatricure (a commercial sunscreen) or Gel + Lip,s + drug,
demonstrating the photoprotective properties of the formula-
tions. Furthermore, no significant loss of cell viability was seen
after 24 h post irradiation for both formulations (Fig. 10(B)).
3.7.2 Intracellular ROS generation. During the 6 h experi-
ment, the cells without UV exposure had a small but gradual
increase in RFU from 1.0 to 1.2 whereas the cells with full UV
exposure had a RFU of 22.2, suggesting high production of ROS
upon UV light exposure. The liposome-in-gel formulation (Gel +
Lipps + drug) had 72% less RFU than that of fully exposed cells.
Notably, in comparison to the commercial sunscreen (Cicatri-
cure), Gel + Lip,s + drug had 15% reduction in RFU after 6 h
(Fig. 11), demonstrating that the photoresponsive liposomes
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Fig. 9 UV filter deposition profile of (A) benzophenone-4 (BNZ) and (B) octocrylene (OC), in the stratum corneum by liposome-in-gel (HSPC-based
photoresponsive liposomes; (HSPC:Chol:BisAzo-PC; 84, 10, 6 mol%) in H12P6 gel; 50/50 w/w) as determined by tape stripping.

had a greater ability to protect the HDFn cells from UV induced due to the dilution of the matrix upon addition of the liposomal
ROS generation. Furthermore, the H12P6 binary gel itself (Gel) suspension.

had a RFU of 5.4, indicating that the blank gel alone had a 3.7.3 Oxidative stress markers

degree of photoprotection. Gel + Lipcony and Gel + Lip,s had Lipid peroxidation. The MDA assay revealed extensive lipid
higher than expected RFU values above Gel alone and is likely peroxidation in the cells after UV exposure (10 min) in all
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Fig. 10 (A) Cell viability of HDFn cells after exposure to varying lengths of UV light. (B) Acute protective effects of Cicatricure and photoresponsive
liposomes in gel (Gel + Lipps + drug) in HDFn cells after UV exposure (10 min). Cell viability was measured using the Cell Counting Kit-8 Assay. Data are
mean + SD (n = 3). *: p < 0.05; ***: p < 0.001; ns = non-significant difference.
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formulations. Full UV exposure caused a 7-fold increase in
cellular MDA concentrations (p < 0.001) (Fig. 12(A)), indicating
the strong oxidizing effect of UV light on the HDFn cells and the
resulting damage to the lipid membrane. All formulations
resulted in significantly decreased MDA concentrations com-
pared to fully exposed cells, indicating the photoprotective
effect against oxidation induced by UV light. Significant protec-
tion (p < 0.05) was found for both Cicatricure Gel and Gel +
Lipps + drug formulations, with no significant difference iden-
tified between the two, indicating that Gel + Lip,s + drug has a
comparable protection effect against lipid peroxidation as the
commercial product.

Antioxidant enzyme activities. SOD enzyme activity was upre-
gulated by all formulations and cells that are exposed to UV
irradiation, though cells treated with the formulations showed
significantly less SOD enzyme activity than fully exposed cells,
indicating less intracellular oxidative stress due to the photopro-
tection provided by these formulations. However, no statistically
significant difference was found between all formulations
(Fig. 12(B)).

GPx enzyme activity was expected to decrease in response to
significant lipid peroxidation of the cell membrane as the
enzyme is depleted to remove the free peroxide in the cell. This
effect was seen between the control groups of full and no
exposure to UV light. Photoprotection of the cells with formula-
tions generally increased the activity of GPx, indicating that less
oxidative damage has occurred within the cell. GPx was signifi-
cantly depleted across all groups after UV irradiation, with
Cicatricure and Gel + Lip,s + drug formulations having no
significant difference in GPx activity (Fig. 12(C)).

3.8 Universal sun protection factor

The UV-Vis spectra of each formulation were analysed and the
uSPF values are summarized in Table 2. A uSPF value of 8.2 + 1.3
was observed in the H12P6 binary gel alone (Gel), corroborating
with the previous results of the intracellular ROS generation over
time that suggested the gel alone provided a degree of protection

7326 | Mater. Adv, 2025, 6, 7312-7331

against UV light. The photoresponsive liposome loaded with UV
filters was the most protective at uSPF 38.1 + 1.1, followed by the
commercial sunscreen, Cicatricure at 32.3 £ 0.1 which also meets
the label claim of 30 SPF. All other formulations had a modest
uSPF value.

4. Discussion

Photoresponsive liposome delivery systems attract great inter-
est due to their high spatial and temporal precision as a means
of regulating drug release. The addition of a photoresponsive
lipid such as BisAzo-PC into the liposomal membrane allows
for phototriggered release of encapsulated drug (UV filters in
this case), however, it is important to understand how such
photosensitizers affect membrane stability.

The photoresponsive studies demonstrate the overall photo-
responsive properties of BisAzo-PC, with results suggesting that
it can rapidly photoisomerize and will have the capability to
quickly induce membrane destabilization and thus drug
release. Photoresponsive studies demonstrated a UV irradiation
(365 nm) time of 5 min is required to induce isomerisation to
the cis isomer, and longer exposure time leads to a shift in the
maximum absorbance. This shift suggests that photolysis of
BisAzo-PC has occurred, resulting in the enhancement of weak
n — m* transitions responsible for visible absorption, accom-
panied with a shift to the shorter wavelength of the main n-n*
transition. However, full recovery of the spectra is observed
after a 2 h relaxation period, suggesting reversible mechanisms
other than photolysis is involved, and further investigation into
the photochemical and structural properties of BisAzo-PC is
warranted. Repeated photoactivation and relaxation cycles
indicate a relatively poor photochemical fatigue resistance,
and it does not detract from the application in a sunscreen
where there will be a limited number of cycles. However, the
molecule required significantly more time (2 h) to reverse back
to its initial stable ¢rans isomer, implying that BisAzo-PC is
not the most suitable photo-switch when designed for an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Effect of UV exposure (10 min) on HDFn cells protected by various formulations and the resulting: (A) malondialdehyde (MDA) concentrations,
indicative of the degree of oxidative damage in the cell membrane, (B) superoxide dismutase (SOD) enzyme activity; and (C) glutathione peroxidase (GPx)
enzyme activity. Data are mean £+ SD (n = 3). *: p < 0.05; **: p < 0.01; ***: p < 0.001; ns = non-significant.

application such as a sunscreen where shorter time periods will

be required to obtain a true “on-off” drug release switch.
Both photoresponsive DPPC and HSPC-based liposomes

could easily attain the optimal particle sizes between 100-

© 2025 The Author(s). Published by the Royal Society of Chemistry

600 nm for dermal delivery using the thin-film hydration
method with brief sonication.*" A very high EE of 99% for the
lipophilic octocrylene was achieved, but not for the hydrophilic
benzophenone-4. This is in-line with literature where lipophilic

Mater. Adv., 2025, 6, 7312-7331 | 7327
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Table 2 Summary of the calculated uSPF values for each formulation.
Data are mean + SD (n = 3)

Formulation uSPF

Cicatricure 32.3 £ 0.1
Gel 8.2 +1.3
Gel + Drug 8.2 +0.9
Gel + Lipp,s + Drug 38.1+1.1
Gel + Lipcony 6.6 + 0.8
Gel + Lipps 7.2%0.8

compounds are easily incorporated into lipid bilayer mem-
branes, and was seen for other lipophilic UV filters such as octyl
methoxycinnamate.*>** Hydrophilic compounds are entrapped
in the aqueous core of the vesicles and their concentration is
limited by the solubility of the compound and the volume of
the aqueous core, with any improvements in uptake requiring
alternate drug loading techniques such as active loading.

The thermal properties of liposomes play a crucial role in
their functional characteristics, including membrane stability.
The T, is a key element when examining membrane stability of
liposomes, and it is defined as the temperature required to
induce a change in the physical state of the lipid from the
ordered gel phase to the disordered liquid-crystalline phase.
Consequentially, when liposomes are above their T, the fluid
membrane is less able to retain the encapsulated contents. In
this study, this was observed in both the long-term stability
profiles of the liposomes as well as in phototriggered drug
release studies, where rapid and extensive leakage of hydro-
philic drug is seen. Simultaneously, no release of lipophilic
drug was observed even when at temperatures above T, sug-
gesting that the lipid membrane remains intact. HSPC-based
liposomes had a higher 7. and are considered more thermo-
dynamically stable than those prepared with DPPC. The
membrane stability, and thus, capacity to retain drug is seen
in the phototriggered drug release profiles at different tem-
peratures where all formulations at high temperatures above
their respective 7. experienced rapid and extensive drug
release. However, BisAzo-PC had a measured T, of 27.99 °C,
conflicting with a previously reported value of 41 °C by Morgan
et al.** that concluded that the presence of the N—=N within the
hydrocarbon chain of the lipid does not impact thermal stability.
In this study, DSC thermograms of pure, freshly synthesized
BisAzo-PC (structurally confirmed by FTIR, LC-MS, and
'H NMR) clearly identified a much lower 7. This suggests that
the N=N azo functional group has a destabilising effect regarding
the thermal stability of the compound. With consideration of these
results, we postulate that, as the chemical structure of BisAzo-PC
indicates no intramolecular hydrogen bonding is possible, it has
poor capacity to maintain a high thermal stability at the N—=N
diazenyl bond.” Furthermore, thermal cis—trans isomerization
follows an inversion mechanism,*® and along with existing ring
strain within the ¢rans-cis isomer, a lower degree of thermal
stability is expected.*”

The phototriggered drug release properties provided by
BisAzo-PC is highly responsive to UV light (365 nm), with
photoresponsive liposome formulations achieving a high drug
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release of more than 80%, while also providing a relatively slow
rate of release over 6 h. In comparison, research conducted by
Enzian et al.'” investigated the use of four different photosen-
sitisers (BPD, AlPcS,, Ce6, and 5,10-DiOH) to impart photo-
sensitivity to the liposomes, and drug release was complete
(100%) within 10 min of irradiation for all formulations. In
contrast, Shen et al. prepared photoresponsive micelles using a
photoresponsive spiropyran block copolymer, achieving a
much lower drug release of 50% doxorubicin after 24 h.*®
While azobenzene-based compounds remain one of the most
popular methods for imparting photoresponsive properties to
drug delivery systems due to their reversible cis-trans
photoisomerization,*® BisAzo-PC liposomes have been poorly
investigated, with only five studies known to date'*'1>16:44
This study demonstrates a photoresponsive liposome and its
suitability in applications where phototriggered release for
delivery of ~6 hours is desired. However, due to BisAzo-PC’s
rapid initiation and slow reversal, the present formulation is
not applicable to clinical situations that require multi-pulsatile
release. Further optimisation of the formulation could extend
the drug release capabilities to different controlled release
requirements. The effects of photothermal heating on the
liposomes when exposed to long durations of UV light also
need to be considered in the interpretation of the results. In
particular, the relatively low T. of both DPPC- and HSPC-based
liposomes could lead to increased membrane instability and
increased leakage of the encapsulated cargo. Improvement of
the experimental setup to monitor the temperature of both the
external media as well as the liposomes within the dialysis
bags, such as with a thermal imaging camera, will offer valu-
able insight into the effect and significance of photothermal
heating on drug release.

Skin permeation and retention studies on excised porcine
epidermis found that only hydrophilic benzophenone-4 pene-
trated through the epidermis, while lipophilic octocrylene was
localized in the, a relatively large amount of octocrylene was
detected. This data, paired with the skin deposition profiles
investigated using the tape stripping method suggests that the
liposomes accumulated in the top layers of the stratum cor-
neum where octocrylene is slowly released as the liposome
degrades. In contrast, benzophenone-4 could be detected in
both the stratum corneum and epidermis, while also being able
to permeate through the epidermis into the receptor medium
of the Franz-Cell study. This is likely explained by the ability of
hydrophilic drugs to penetrate via the transcellular pathway.>°
The skin permeation, retention, and deposition study results
indicate that only small amounts of the UV (filters,
benzophenone-4 and octocrylene, would have the potential to
penetrate the skin and be absorbed systemically to exert toxic
effects.®® Other factors not controlled for could also influence
the percutaneous absorption of drug through the skin. The
hydration of the skin is one other example where large differ-
ences in drug absorption could be observed.>® The greater the
hydration, the higher the absorption of substances, particularly
hydrophilic molecules. High skin hydration is the result of the
accumulation of water when a barrier or other occlusive vehicle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is applied over the skin, and the binary gel used to suspend the
liposome could potentially affect this. Other factors to consider
include the area and method, region, period of application, the
age of the skin, and the use of vehicles which alter barrier
function or improve bioadhesiveness, would need to be con-
sidered carefully to achieve a useable product.

By investigating the amount of ROS generated when HDFn
cells were exposed to various doses of UV light, an UV irradia-
tion time of 5 min was established to be sufficient in eliciting
the maximum response from the cells for the generation of
ROS, and implicitly, the amount of damage that could poten-
tially be induced on the cell before significant cell death. The
results from the ROS generation of time studies, alongside the
measured uSPF values of each formulation indicate that all
formulations offered a strong degree of UV protection, com-
pared to cells fully exposed to UV light. Notably, the ranked
order of protection (as identified by the uSPF values), broadly
matched the order also seen in the ROS generation of time
studies. The photoresponsive liposome-in-gel formulation had
the greatest uSPF value, which also had the lowest RFU at 6 h,
indicating that the developed formulation had greater photo-
protective effects than the commercial sunscreen, Cicatricure.
Furthermore, H12P6 binary gel (with no UV filters) demon-
strated a small degree of photoprotection, having a measured
uSPF value of 8.2 + 1.3, which has not been previously reported
in the literature. This could be due to PVP, which contains a
pyrrolidine cyclic secondary amine within its chemical struc-
ture and exhibits light absorbance properties due to its
electron-donor effect. This finding is of great interest for
developing topical sunscreen bases where UV absorbance is
desirable, as it allows for additional UV light protection without
adding extra UV filters that could be systemically absorbed and
lead to toxicity, and have maximum limits set by regulatory
bodies. Further investigation is required to determine the
degree of photoprotection provided solely by the binary gel,
and may be of particular interest in further development of an
improved sunscreen base.

Evaluation of oxidative stress markers such as MDA and the
antioxidant activities of SOD and GPx indicated that Cicatricure
and Gel + Lipp, + drug formulations could significantly reduce
intracellular oxidative stress and potentially aid in preventing
lipid oxidation. MDA, which is one of the toxic end-products of
the lipid peroxidation process when ROS react with polyunsa-
turated fatty acids, is generally indicative of cell damage caused
by free radicals.>® This chemical process is immediate and as
such, the results reflect the rapid and significant changes in
MDA levels between the formulations after UV exposure. Anti-
oxidant enzyme activities also demonstrated significant differ-
ences when compared to unprotected cells. However, we note
that due to the short period between UV irradiation and the
assays, there may be insufficient time for the cells to upregulate
the amount of SOD and GPx enzymes to achieve their highest
antioxidant enzyme concentrations. One study performed by
Nethravathy et al. measured SOD production over time in a
Saccharomyces mellis yeast model and demonstrated that at
least 48 h is required for SOD activity to reach its maximum.>>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The depletion of GPx vs time required for maximum SOD and
GPx enzyme responses will need to be optimized for each
experimental condition and cell line in order to achieve the
best responses for analysis.

As studies were performed on an in vitro model with isolated
HDFn cells, which do not mimic in vivo conditions where the
skin presents itself in multiple layers with various components
alongside other cells, such as melanocytes that produce photo-
protective melanin, the thickness of the overlying epidermis,
and other active DNA repair pathways such as base and
nucleotide excision repair. A more comprehensive investigation
should be performed using in vivo models where all other
components of the skin are present to provide a full picture
of the biochemical responses.

5. Conclusion

Photoresponsive liposomes were developed and incorporated
into a binary gel formulation, providing a high degree of
photoprotection as is evident by the high uSPF, reduction in
intracellular ROS and lipid peroxidation levels, and changes in
antioxidant enzyme expression in HDFs when protected by the
formulation after exposure to UV light. Cell viability can be
maintained by protecting the cells from UV light with the
developed Gel + Lipps + drug formulation. A lag time in cell
death, observed 24 h after UV irradiation, suggests that the
damage induced by UV light — whether directly on the DNA or
mediated by other downstream effects such as by ROS, requires
additional methods such as an in vivo animal model to fully
analyse the formulations. Despite the photoresponsive lipid not
being able to achieve a multi-pulsatile release for UV filter
delivery, the overall results suggest that a photoresponsive
liposome-in-gel formulation had greater UV protection than a
commercial sunscreen and has potential for extending the UV
protection provided by traditional sunscreen formulations.
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