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Modelling the effects of E/Z photoisomerization
of a cyclocurcumin analogue on the properties of
cellular lipid membranes†

Anastasiia Delova,a Raul Losantos, ab Jérémy Pecourneau,c Maxime Mourer,c

Andreea Pasc c and Antonio Monari *a

The use of photosensitive molecules capable of isomerizing under light stimuli, and thus induce perturbation

in biological systems, is becoming increasingly popular for potential light-activated chemotherapeutic

purposes. We recently show that a cyclocurcumin derivative (CCBu), may be suitable for light-activated

chemotherapy and may constitute a valuable alternative to traditional photodynamic therapy, due to its

oxygen-independent mechanism of action, which allows the treatment of hypoxic solid tumors. In

particular, we have shown that the E/Z photoisomerization of CCBu correlates with strong perturbations of

model lipid bilayers. In this work, we perform all-atom classical molecular dynamics for a more complex

bilayer, whose composition is, thus, much closer to eukaryotic outer cell membranes. We have evidenced

important differences in the interaction pathway between CCBu and the complex lipid bilayer as compared

to previous models, concerning both the membrane penetration capacity and the isomerization-induced

perturbations. While we confirm that structural perturbations of the lipid membrane are induced by

isomerization, we also show how the use of a simplified membrane model can result in an oversimplification

of the system and hinder key physical and biological phenomena. Although, CCBu may be considered as a

suitable candidate for light-activated chemotherapy, we also underline how the inclusion of bulkier

substituents, inducing larger perturbations upon photoisomerization, may enhance its efficiency.

Introduction

Cancer remains a complex and devastating disease that affects
millions of individuals. Cancer treatments such as surgery,
chemotherapy, and radiation therapy have shown significant
advancements in recent years, allowing for impressive pro-
gresses in therapeutic protocols thus increase of survival rates
and improve life-conditions for the patients. Yet, conventional
anticancer approaches often come with severe side effects and
limited effectiveness. Amongst the different cancer treatments,
photodynamic therapy (PDT) appears as a promising
alternative,1–5 to increase therapeutic efficiency and selectivity.
Indeed, PDT is based on the synergistic effect of a photo-active
drug and its activation by an external light stimulus.6,7

Differently from conventional chemotherapeutics, the drug is
activated only in the body regions exposed to light, hence
avoiding, or limiting, systemic toxicity. From a photophysical
point of view PDT golden standard relies on the activation of
the photosensitizers (PS) using a specific light wavelength to
produce singlet oxygen (1O2) and other reactive oxygen species
(ROS) that can disrupt cellular macromolecular systems, such
as nucleic acids, proteins, and lipid membranes, and thus
initiate cancer cell death. Interestingly, PDT is not only
restricted to cancer treatment and can find useful applications
also for antibacterial or antiviral purposes, or for food
processing.8–10 To assure 1O2 efficient production, the PS
should usually show a facile intersystem crossing leading to a
high population of its triplet manifold and the subsequent
energy transfer to the molecular oxygen to produce 1O2 or other
ROS. To increase the intersystem crossing probability, heavy
metal having high spin–orbit coupling elements may also be
used.11 Even if it is highly promising, PDT may show some
drawbacks in particular related to limited selectivity, leading to
adverse secondary effects also caused by poor metabolism and
metal accumulation in the body.12 Furthermore, efficient PS
should absorb in the red or near infrared region of the electro-
magnetic spectrum, in particular covering the therapeutic
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windows, to assure the maximum wavelength penetration in the
tissues.10,13 While active research lines are operative to decorate
PS with peripheral groups specifically recognizing receptors over-
expressed in cancer cells to maximize accumulation,14 drug
delivering strategies may also be pursued to counteract the usual
poor solubility of PDT agents,15–18 which may lead to a globally
poor bioavailability. Furthermore, PDT is relying on the activation
of molecular oxygen and thus its efficiency is strongly limited in
the case of solid tumors under hypoxia.19–21 Therefore, alternative
cancer treatments need to be explored. In this context light-
activated chemotherapy (LAC) is a promising approach,22,23 as it
is oxygen-independent while maintaining the activation of the
drugs by a luminous stimulus. Different strategies for LAC have
been reported, for instance the light-activated release of ROS by
organometallic,24,25 usually Ru-based, compounds have been
proposed recently.26,27 A slightly different strategy, which we have
also explored in the past, relies in the use of molecular photo-
switches, such as E/Z isomerizable molecules.23,28–30 Indeed, upon
exposure to light of a specific wavelength, the PS may undergo
photoisomerization leading to a significant change in its geome-
try. If the PS is at the same time interacting with a biological
macromolecule, the light-induced large structural change may
lead to its perturbation and change its properties, eventually
triggering apoptotic signals. For instance, if a photoswitch is
interacting with a lipid bilayer, its isomerization may drastically
change the membrane properties, causing its permeabilization
and rupture, eventually followed by the cell death, without the
mediation of singlet oxygen.31 As a matter of fact, the photo-
isomerization strategy offers several advantages in light-activated
chemotherapy, including reduced toxicity and improved efficacy
also reducing the risk of adverse effects by limiting the activation
of the photosensitizer to specific regions or types of cells.
Furthermore, by modifying the structure of photosensitizers,
it is possible to change their absorption properties and tune the
illumination wavelength required to activate them. Globally,
photoswitches comprise several classes of molecules as
azobenzenes,32 spiropyrans,33,34 diarylethenes,33 in which light is
used to convert the double carbon bond from E- to Z-conformation
or to perform photocyclization reactions where the closed-ring
specie converts to the open-ring isomer causing changes in the
mechanical properties of its environment. The use of non-toxic,
natural available, or bio-analogues switches is also particularly
attractive to limit general toxicity and side-effects.31,35,36

Turmeric extracts have been often employed for a number
of therapeutic objectives including treating allergy and facil-
itate healing.37 The pharmacological properties of turmeric
extracts have been further supported by modern scientific
study, with a focus on its antibacterial, antioxidant, and anti-
inflammatory activities.38 The main component of turmeric,
i.e. curcumin, has revealed excellent ADMET (Absorption, Dis-
tribution, Metabolism, Excretion, and Toxicity) properties and
a high degree of bioavailability,39 it is metabolized primarily
in the liver and excreted via the biliary route. Importantly,
curcumin demonstrates a favorable toxicity profile, with low
levels of toxicity observed across various studies. A secondary
component of turmeric, cyclocurcumin, may also present a

favourable pharmacological potential, yet its characterization
is much scarcer.

In our previous work31,40,41 we described, thanks to a combi-
nation of experimental and molecular modeling tools, the potenti-
ality of a biomimetic cyclocurcumin derivative (CCBu) for use in
light-activated chemotherapy (Fig. 1(a)). Indeed, upon light-
absorption, CCBu undergoes a structural change from the more
stable E-configuration to the bulkier Z-conformation.42 In particu-
lar we have shown that our biomimetic analogues present superior
properties over the natural cyclocurcumin, both in term of iso-
merization quantum yield and interaction with a model lipid
membrane, the experimental results having been rationalized via
multiscale molecular modeling and simulation.35,42 However, both
the experiments and modeling were conducted considering a
DPPC lipid bilayer membrane only,31,40 which is a widely used
model to study lipid bilayer interactions. Notably, we have ratio-
nalized both the interactions between CCBu and the lipid bilayer,
as well as the effects of E/Z-photoisomerization and different CCBu
concentrations on these interactions.40 Specifically, we have shown
that CCBu may penetrate the lipid bilayer and remain inside the
membrane near the lipid’s polar groups stabilized by hydrogen
bond mediated interactions. We have also shown that the isomer-
ization of CCBu is indeed altering the membrane properties, three
different phases, characterized by different order parameters may
be observed depending on the PS concentration.40

In the present work, we aimed to go a step further and
investigate the interactions of CCBu in its E/Z-conformations with a
more complex and flexible membrane, which closely mimics the
composition of eukaryotic outer membranes.43,44 To achieve this,
we used a mixed membrane containing three different types of
lipids: DPPC, DOPC, and cholesterol, which were chosen due to
their abundance and importance in mamalian cell membranes.
Indeed, while saturated fatty acids like DPPC are widely recognized
for their stiff and well-ordered packing in membranes, DOPC, an
unsaturated fatty acid, is in a liquide disordered phase and leads to
more fluid membranes. Finally, steroid such as cholesterol have a
crucial role in cell membranes especially for preserving their shape
and functionality, controlling the fluidity and permeability of the
membrane and assuming a role in cell signaling.45

As it will be highlited in the following, we show that the
interaction of CCBu strongly depends on the membrane

Fig. 1 Schematic representation of the initial systems used to build the
initial membrane model. (a) CCBu in E- and Z-conformations (b) DOPC,
DPPC and cholesterol (C) Full system including the lipid bilayer, water,
NaCl ions and CCBu.
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composition, and even more stringently, the magnitude
of the light-induced perturbation may vary from the model
membrane system to the more biological relevant systems.

Computational methodology
Equilibrium all-atom molecular dynamics

The initial model systems consisting of lipid bilayer, water, and
physiological NaCl concentration were generated using the
CHARMM-GUI software.46–48 The simulation box contained a
lipid bilayer consisting of 3 different types of lipids, namely
DOPC, DPPC, and cholesterol (with a molar fraction ratio of
75%, 20%, and 5%, respectively). A total of 200 lipids for each
leaflet have been considered and the bilayer is surrounded by a
water buffer of 40 Å (81 water molecules per each lipid)
including Na+ and Cl� ions at a concentration of 0.15 M to
properly model membrane cell. CCBu was also inserted in the
water bulk and the total size of the final system amounted to
115 Å � 115 Å � 120 Å (Fig. 1).

All the MD simulations were performed using NAMD
code49,50 and analyzed and visualized with VMD software.51

The lipids were modeled with the Amber14 lipid force field,52

water was modeled with TIP3P.53 CCBu was modeled using the
general AMBER force field (GAFF)54 and atomic point charges
were acquired through the restricted electrostatic potential fitting
procedure, coherently with the protocol used in our previous
contributions.31,40,41 Hydrogen mass repartitions55 has been con-
sistently used, allowing, in combination with Rattle and Shake,56

to use a time step of 4.0 fs to integrate the Newton equations of
motion and propagate the MD simulation. Prior to production all
the systems have been submitted to minimization followed by
thermalization and equilibration progressively removing posi-
tional constraints on non-water heavy atoms for a total of 6 ns.
The initial temperature was set at 300 K and held constant
throughout the entire MD simulation time, assuring a liquid
phase for the membrane system. Equilibration was carried on
in the isothermal and isobaric (NPT) ensemble to assure the
adjustment of the density. Conversely, production was performed
in the isothermal NVT ensemble. Conservation of temperature
and pression was enforce using Langevin thermostat57 and
barostat,58 respectively. Three initial model lipid bilayer systems
have been constructed: one system, i.e. the control, involved no
CCBu sensitizers, in the second system one CCBu molecule in E-
configuration was added in the water bulk, and finally in the third
system the Z-isomer of CCBu was added to the bulk. Equilibrium
MD simulations reaching the 660–1000 ns time scale was per-
formed, and the stability of the aggregates was checked through
the root-mean-square deviation (RMSD) analysis.

To study the effect of CCBu concentrations on the model
membranes, systems involving 5, 10, 15, 20, 30, 40 and 50 CCBu
in E-conformation have been constructed. Afterwards, steered
MD (SMD)59 was performed to pull all molecules separately
inside the lipid bilayer from the water bulk by applying a
harmonic force of 10 kcal mol�1 over 200 000 steps with time-
step of 4 fs. The center of mass of each CCBu molecule and the

center of the membrane were used as collective variables. We
note that each molecule has reached the lipid core without
causing the rupture of the membrane. After SDM, uncon-
strained equilibrium MD simulations (650–1200 ns) has been
run to assure the equilibration of the whole system.

Free energy profile

In order to comprehend and quantify the process of CCBu
internalizing into the membrane, enhanced sampling methods
allowing the calculation of the related free energy profiles has
been performed. In particular, and coherently with the strategy
previously used we relied to the combination of extended
adaptive biased force (eABF)60 with metadynamics61 leading
to the meta-eABF strategy62,63 which allows an efficient and
faster exploration of complex and rough free energy potentials.
As a collective variable (CV) we chose, for the system comprising
only one CCBu unit, the distance along the Z-axis between the
centers of mass of the CCBu and the lipid bilayer as our CV. The
highest boundary of the system (55.0 Å on Oz axis) and the center of
the lipid bilayer (0.0 Å on Oz axis) were used as limits for the meta-
eABF procedure. The meta-eABF was propagated for 660 ns to
ensure proper sampling of the conformational space and obtain a
well-converged potential of mean force, also checking that the full
collective variable has been explored. Free energy calculations have
been performed using NAMD and the Colvar module.64

Simulation of E/Z-photoisomerization

Additionally, SMD was used to enforce the effects of the E/Z-
photoisomerization of CCBu. This was done considering the
equilibrated systems involving 5, 10, 15, 20, 30, 40, and 50
CCBu in E-conformation embedded in the lipid bilayer. Such
number of chromophores correspond to a CCBu/lipids molar
ratio of 1.25, 2.5, 3.75, 5, 7.5, 10, 12.5%, respectively. Addition-
ally, the CCBu molar concentrations can be estimated to 0.5 �
10�4, 1.1 � 10�4, 1.7 � 10�4, 2.3 � 10�4, 3.4 � 10�4, 4.6 � 10�4,
5.7 � 10�4 M.

To enforce the isomerization a 5 kcal mol�1 harmonic
potential was applied to change the dihedral angle around the
isomerizable carbon–carbon double bond from 1791 (E-isomer) to
7.91 (Z-isomer). The harmonic potential was applied for 100 000
steps using a time step of 0.5 fs to avoid numerical instabilities.
After the dihedral angle change, the force fields of CCBu was
switched to the one describing its Z-conformation and uncon-
strained equilibrium MD simulation performed for 1130 ns.

Analysis of membrane properties

To study the effects of different concentrations of CCBu (i.e.
different numbers of CCBu molecules in the lipid bilayer) and
the effects of the forced E/Z-isomerization on the lipid bilayer
properties, we have explicitly calculated membrane structural
parameters such as area per lipid chain metric. The deuterium
order parameter (-Scd) and the membrane thickness have also
been obtained and are reported in ESI.† Membrane structural
parameters have been obtained by using the MEMBPLUGIN
tool65 extension of VMD. Notably, in this work we have calcu-
lated the averaged values of the area per lipid chain for each
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lipid in the system (DPPC, DOPC) along the equilibrated MD
trajectories.

Results and discussion

In our previous work, we simulated the behaviour of CCBu with a
pure DPPC lipid bilayer. More specifically, the free energy profiles
(FEP) for CCBu in both E- and Z-configuration were calculated and
it was found that only the E-conformer presented an absolute
minimum inside the membrane and close to the lipid polar head
groups. On the contrary, the Z-isomer only presented a metastable
state when internalized in the membrane, and a free energy
barrier needed to be overcome to allow the interaction with the
polar heads. Coherently with those results during the equilibrium
MD simulations only spontaneous penetration of the E-isomer
was observed.31

Conversely, in the present case (see ESI†) we observe spon-
taneous penetration of both isomers inside the mixed
membrane and their positioning in the vicinity of the polar
head region. Furthermore, meta-eABF was used to calculate the
FEP for one CCBu molecule in both E- and Z-configurations
penetrating inside a complex membrane composed of DPPC,
DOPC and cholesterol and it was observed that both isomers
can enter the mixed lipid bilayer unimpeded (Fig. 2). Further-
more, both isomers present a global free energy minimum at
the interface between polar heads and lipid tails, as can also be
appreciated by the snapshots reported in Fig. 2. Interestingly, a
free energy gain of about 6 kcal mol�1 can be appreciated for
both isomers, compared to the situation in which CCBu is in
the water bulk, and at the global minimum CCBu is interacting
with the polar groups of the DPPC and DOPC lipids. This
situation represents a first very crucial difference experienced
by the more complex membrane under study here. The easiness
of penetration of CCBu may be ascribed to the membrane
higher fluidity and flexibility, which most notably enables even
the sterically bulkier Z-isomer to penetrate the membrane,
while the more rigid DPPC-only membrane made penetration
of Z-CCBu impossible and energetically unfavorable due to the
larger energetic barrier.

We have also identified the main interactions stabilizing
CCBu inside the lipid membrane. Our findings reveal that
hydrogen bonds (HBs) between CCBu and the lipid polar heads
play the most important role. Specifically, we found that HBs
involving either the hydroxyl group of the phenyl ring and the
carbonyl oxygen of the pyron ring (CQO) are the most impor-
tant occurrences and takes place with both DPPC and DOPC
polar moieities, as shown in Fig. 3. Interestingly, by analysing
the MD trajectories we evidenced that distances shorter than
3 Å between CCBU and the polar heads occurred for 6% of the
whole simulation span while distances shorter than 4 Å were
populated for 59% of the simulation span. Furthermore, we
also observed for 58% of the MDs trajectory the establishment
of HBs (with a distance of 3 Å) between CCBu and water
molecules (Fig. 3(c)). We also evidenced that weak hydrophobic
interactions between the hydrophobic tail of DPPC and DOPC
lipids and the butyl chain of CCBu contribute to the overall
stability of the membrane aggregate.

We also considered the effects of CCBu orientation inside the
lipid membrane. To accomplish this, we constructed two extreme
configurations obtained after full equilibration of CCBu in
E-conformation and situated within the lipid bilayer. In the first
system, CCBu is positioned perpendicular to the lipid’s hydro-
phobic chains, i.e. the membrane axis, while in the second
system, it is oriented parallel to them. To investigate the effects
of these orientations, we conducted MD simulations for a total of
100 ns for both systems. We observed that for the first system
CCBu remains in a perpendicular orientation for the whole
duration of the simulation, the average angle between the
membrane Oz axis and the CCBu main axis stabilizing at 1201.
Conversely, in the second system CCBu rapidly reorients to a more
perpendicular arrangement after 50 ns. Thus, it appears that the
slightly perpendicular orientation is the most favourable arrange-
ment, at least when considering only one ligand. This result is not
unexpected, since this conformation allows to maximize at the
same time HBs with the polar head and hydrophobic interactions
with the lateral chains.

Having assessed that both isomers are indeed penetrating
inside the lipid membrane, we then turn to consider the
impact of various concentrations of E- and Z-conformers on
the membrane structural properties. It is important to note
that in this work we investigate the concomitant isomerization
of the whole ensemble of chromophores in the lipid bilayer.

Fig. 2 Free energy profile for the penetration of CCBu in the lipid bilayer
for the E and Z conformation. The collective variable is taken as the
distance between the center of mass of CCBu and the lipid bilayer
projected on the main membrane axis (Oz). A representative snapshots
extracted at the equilibrium region is also provided.

Fig. 3 Representation of the hydrogen bonds (HB) stabilizing CCBu at the
polar head/water interface.
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The study of partially isomerized systems would be much more
expensive and would require a large number of initial struc-
tures leading to a combinatorial complexity. Nevertheless, we
have previously assessed the partial isomerization of CCBu in a
single-lipid membrane environment. A strong correlation
between the membrane perturbation observed for fully and
partial isomerized systems justify the choice done here to
consider only the full isomerization. Furthermore, having
simulated the isomerization by Steered MD only, all the fast
or ultrafast (ps-scale) details are clearly not well described.
However, the full study of photoisolerization would require
exploring the excited state potential energy surface with high-
level quantum chemistry approaches which would dramatically
limit the accessible time-scales. Indeed, in this contribution, we
focus more on the non-equilibrium response of the membrane
to the isomerization which requires sampling longer time-scales.

Because of the more complex composition of the membrane,
we computed the average area per lipid chain separately for each
lipid in the system and the results are presented in Fig. 4. Once
again, we may observe a striking difference with the situation
observed for the pure DPPC membrane,40 which was showing the
coexistence of three different phases, characterized by different
ordered and disordered arrangement of CCBu. As reported in
Fig. 4, in the case of the mixed membrane studied here we may
observe an almost perfectly linear increase of the area per lipid as
a function of the concentration, whatever the isomer considered.

Interestingly, the same global behavior is maintained for the
two amphiphilic lipids, i.e. DPPC and DOPC, while cholesterol
presents a more intricate behavior as shown in ESI.† Interestingly,
the constant increase of the area per lipid leads to a grow of area
per lipid chain of about 4% for DPPC and 7% for DOPC for 50
CCBu molecules.

Unsurprisingly, we also observe a globally stronger perturba-
tion induced by the bulkier and more compact Z-isomer,
indeed the average area per lipid chain after the forced E/Z
isomerization and ensuing equilibration are systematically

higher than in the case of the E-isomer. Although, the perturbation
appears relatively small, the observed differences are statistically
significant, and thus indicative of an effective perturbation.
Nevertheless, it is also important to note that the difference
appears slightly lower than the one observed for concentrations
compatible with the ordered phases in the case of the pure
membrane. This difference can again be ascribed to the higher
flexibility of the mixed membrane, which is thus, more efficient
in accommodating the structural perturbations brought by the
isomerization. Yet, as we already observed, it appears that the
inclusion of bulkier peripheral substituents could be beneficial
to maximize the membrane perturbation.

Similar results can also be appreciated for the evolution of
membrane interdigitation and the deuterium order parameters
which are shown in ESI.†

The evolution of the membrane structural properties with
the concentration shows no discontinuity and thus points to
the absence of specific phase transitions and concentration
dependent specific arrangements. This can also be pictorially
appreciated by the representative snapshots reported in Fig. 5
for the E- and Z-isomer, respectively. The transbilayer density
profiles of CCBu in both E- and Z-conformations have been
obtained and are reported in ESI.† CCBU predominantly
resides within the lipid bilayer in the vicinity of the polar
heads. Notably, the density profile of CCBu remains unaffected
after the photoisomerization. Furthermore, the increase in the
concentration of CCBU is not altering its equilibrium position
which remains close to the polar heads. Indeed, a globally
disordered arrangement is always and consistently observed,
without the propensity of the CCBu moieties to orient parallelly
to each other as it was observed for the pure membrane system.
Interestingly, the same disordered pattern is observed for the
planar E- and the more globular Z-isomer, coherently with the
linear behavior of the area per lipid evolution as reported in
Fig. 4. Furthermore, and even at slightly high concentration we
may notice the absence of clustering of CCBu suggesting that

Fig. 4 The average values for area per lipid chain for (A) DPPC and (B) DOPC as a function of varying concentrations of CCBu in both E and Z
conformation.
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the hydrophobic interactions developed at the interface with
the lipid tails are actually preventing aggregation, which is
instead highly favorable in aqueous environment.

Next, we analysed the orientation of CCBu within the lipid
bilayer with respect to the membrane axis. We observed that
CCBu in the E-conformation orient at angles of 501 and 1301
relative to the Oz axis, i.e. the membrane axis, whatever the
concentration (Fig. 6). This observation is also in agreement with
the results previously discussed and obtained for a single ligand
embedded in the membrane. Upon photoisomerization, we
observed that the Z-CCBu retains the same global behavior, with
however a slightly more perpendicular orientation the angle peak-
ing, at 601. Interestingly, for both isomers, the distributions are
quite large and the orientation spans a wide allowed region. Once
again, this observation is coherent with the more fluid nature of
the mixed membrane, as compared to the simple model.

Conclusions

We have performed a long-time scale MD simulation to unravel
the behavior of a cyclocurcumin derivative, CCBu, interacting with
a model lipid bilayer, whose composition mimics a eukaryotic
membrane. Equilibrium MD simulation achieving the 660–
1200 ns time-range and free energy methods have been consid-
ered throughout. We have evidenced some specific differences in

the behavior of the mixed membrane compared to a simpler
DPPC model. In particular, we found that in the case of the more
flexible mixed membrane penetration of CCBu is more favorable
and stable states in which the sensitizers are placed at the polar
head/lipid tail interface exist for both isomers. Furthermore, and
differently from the rigid DPPC model,31,40 we also found that no
concentration dependent phase transition can be observed.
Instead, CCBu always assumes a disordered arrangement inside
the lipid bilayers, whatever the concentration, a situation which
translates in a linear dependence of the average area per lipid
metric with the CCBu concentration.

The use of CCBu for LAC purposes relies on its capacity to
induce membrane perturbations upon photoisomerization.
Indeed, we have shown that the bulkier Z-isomer consistently
leads to larger values of the area per lipid, which represent a
statistically significant trend. Yet, the perturbation induced are
relatively small, and are even less important than those
observed in the case of the more rigid DPPC membrane.
Therefore, we confirm that the inclusion of bulky and rigid
peripheral substituents could represent a most valuable strat-
egy to increase the ability of CCBu to perturb lipid bilayers.

In the future, we plan to extend the work presented here
considering on the one side the use of longer peripheral chains
which should favor even more the penetration inside the membrane
of CCBu and the perturbation induced by the photoisomerization.
Furthermore, the effects of partial isomerization will also be taken
into account to propose an even more complete model.
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Fig. 5 Representative snapshots extracted from MD simulations of the
lipid bilayer containing 5 (A), 20 (B), and 50 (C) CCBu in E-(first column) and
Z-(second column) conformations integrated into the membrane.

Fig. 6 Distribution of the orientation of the CCBu molecules with respect
to the Oz axis, i.e. the membrane axis.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/2
/2

02
4 

11
:3

0:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp02955g


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 20567–20574 |  20573

Notes and references

1 R. L. Yanovsky, D. W. Bartenstein, G. S. Rogers, S. J. Isakoff
and S. T. Chen, Photodermatol., Photoimmunol. Photomed.,
2019, 35, 295–303.

2 J. F. Algorri, M. Ochoa, P. Roldán-Varona, L. Rodrı́guez-
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