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Computational tools have been used to study the photophysical and photochemical features of photosensitizers in

photodynamic therapy (PDT) —a minimally invasive, less aggressive alternative for cancer treatment. PDT is mainly based on

the activation of molecular oxygen through the action of a photoexcited sensitizer (photosensitizer). Temoporfin, widely

known as mTHPC, is a second-generation photosensitizer, which produces the cytotoxic singlet oxygen when irradiated with

visible light and hence destroys tumor cells. However, the bioavailability of the mostly hydrophobic photosensitizer, and

hence its incorporation into cells, is fundamental to achieve the desired effect on malignant tissues via PDT. In this study,

we focus on the optical properties of the temoporfin chromophore in different environments —in vacuo, in solution,

encapsulated in drug delivery agents, namely cyclodextrin, and interacting with a lipid bilayer.

Introduction

The exploitation of light as a therapeutic agent for the
treatment of diverse and problematic diseases has gained large
popularity in the last decades,! paving the way to the definition
of novel and less invasive, yet efficient, therapeutic strategies.2
This has most notably involved the treatment of bacterial and
viral diseases,3* as well as more debilitating conditions such as
some type of cancers.>7 However, the use of light for
therapeutic purposes may be traced back to Ancient Greece,
where exposure to sunlight, termed heliotherapy, was
commonly used to treat a variety of conditions, including
muscular weakness and skin diseases.”8 The importance of such
practices is also reflected in the fact that the god Apollon was
associated with both medicine and the sun.

Today the therapeutic use of light has evolved considerably,
particularly owing to the milestone discovery and application of
photodynamic therapy (PDT).%19 |n this context, a drug that is
inert in the dark is administered to a patient, either topically or
systemically, and the region in which the lesion is localized is
then irradiated, usually with visible or infrared light.11 The
absorption of light by the drug —the photosensitizer— triggers
photophysical pathways leading to the disruption of biological
macromolecules (nucleic acids, proteins, or lipid membranes)
and, consequently, to cell death, and ultimately to the
eradication of the lesion.12

Figure 1. Representative structures of mTHPC used in this study: a) 2D
representation b) 3D representation, ¢) mTHPC in water, d) mTHPC:TM-B-
cyclodextrin complex in water, and e) mTHPC interacting with a lipid bilayer
surrounded by water.

Although  photophysical or photochemical pathways
subsequent to light absorption may be diverse, two main

families of events can be underlined: Type | reactions involve
either hydrogen abstraction or electron transfer from the
excited photosensitizer (PS) to a substrate molecule to produce
free radicals or radical ions.13 Type |l reactions transfer energy
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to molecular oxygen to produce singlet oxygen (10;).14 In
particular, Type |l pathways usually proceed through
intersystem crossing (ISC) populating the photosensitizer’s
triplet state manifold allowing the activation of the molecular
oxygen from its triplet (30;) to singlet (10;) state.ls
Subsequently, the action of 10, will induce the oxidative stress
responsible for cell death.’® PDT has proven efficient in the
treatment of a variety of diseases, including psoriasisl’ as well
as certain types of cancer,18 such as esophageal® and cervical,2°
greatly limiting the side-effect of conventional therapy due to
the spatial-selectivity of irradiation.21.22

There are several requirements that should be met by PDT
agents to increase their efficiency and guarantee their

therapeutic effects.2> These include: facile ISC, high quantum
yield for the production of 10,,2* absorption in the red or
infrared portion of the electromagnetic spectrum to cover the
therapeutic window for which penetration into tissues is
maximal,2> as well as enhanced selectivity towards bacterial2®




or cancer cells.2” However, the need for oxygen activation in
PDT may present an obstacle for the treatment of hypoxic solid
tumors.28 Hence, the exploitation of different photochemical
pathways, such as photodissociation, have been proposed
under the general name of light-assisted chemotherapy
(LAC).2°-32 The displacement of the absorption spectrum
towards the red is also pursued via different chemical
strategies, including the use of organometallic complexes,33:34
or enlarging the conjugation pattern of the sensitizers.3> More
recently, the exploitation of non-linear optics, two-photon
absorption (TPA)36-39 in particular, has been suggested.
Although various agents have been proposed for PDT and LAC,
nowadays, the quasi-totality of clinically approved agents are
based on porphyrins,4041 phthalocyanines,*2 or chlorins.43-46
These classes of molecules display red-shifted absorption,
which may be further modulated by the inclusion of metal in the
coordination sphere,*247.48 relatively good ISC quantum yields
as well as versatile and economic synthetic viability. On the
other hand, their efficacy is somewhat limited by solubility
issues? and by aggregation phenomena>° that severely limit
their bioavailability and lead to excited-state deactivation
channels hampering the triplet population.

One of the most efficient PDT drugs on the market nowadays,
yet still plagued by aggregations,>! is the so-called temoporfin
(5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin — mTHPC, Figure
1a and 1b). Marketed in the EU under the brand name Foscan,52
mTHPC is a synthetic tetrapyrrole, a partially hydrogenated
porphyrin derivative, known as chlorin (Figure 1a). Temoporfin
is a second-generation photosensitizer, which has higher skin
penetration, deeper light penetration, and lower biotoxicity,
and moreover, it requires shorter treatment time as well as a
lower light dosage to achieve the desired PDT response
compared with other clinically approved photosensitizers, such
as hematoporphyrin derivatives and photofirin.52 Indeed,
mTHPC possesses appropriate photophysical properties:
excitation to the first excited singlet state by red light (630-680
nm),%3 and efficient ISC to a longer-lived excited triplet state,
which has recently been rationalized by molecular modeling.54
The latter triplet state may produce cytotoxic species by either
a Type | or Type Il reaction typical of photosensitizer agents
used in photodynamic therapy.>>

As mentioned, the most serious drawback of mTHPC, and many
other organic sensitizers, is their hydrophobic nature, which
severely limits their transportation in the bloodstream and
causes aggregation-induced quenching (ACQ) in biological
environments,*® hence resulting in weak emissions and
inadequate generation of reactive oxygen species (ROS).>” To
overcome the mTHPC aggregation issue, specific drug delivery
strategies are currently being pursued,® in particular, the use
of molecular hosts based on beta-cyclodextrin (B-CD) has been
proposed.>260  The incorporation of mTHPC into beta-
cyclodextrin®® (Figure 1d) and its release in model lipid
membranes®263  (Figure 1e) and cells®465 have been
experimentally assessed by monitoring
quenching. Most notably, the encapsulation of mTHPC in
trimethyl-B-cyclodextrin (TM-B-CD) also produces a strong
enhancement of the fluorescence quantum yield that is almost

its fluorescence

totally quenched in solution, hence allowing for the possibility
to efficiently follow drug delivery by optical spectroscopy.

A clear rationalization of the different aspects of PDT at the
atomistic and electronic levels represents a challenge, since it
requires multiscale modelling that is able to deal with both the
treatment of excited states and the sampling of complex
environments. In this respect, the development of PDT drug
delivery systems represents a most paradigmatic case, since it
requires the proper exploration of the conformational space of
complex systems in complex environments, and at the same
time, the need to provide a balanced description of physical and
chemical phenomena taking place in both the ground and
excited state manifolds.5¢ In particular, the complex systems
involved in drug delivery and their interactions with biological
structures requires the use of dynamic simulations using force
field-based descriptions, also due to the key temporal spans
that need to be covered. However, the sensitivity of excited
state properties to even the slightest structural modifications
also requires careful parameterization of the force fields.67-6°
In this study, we report the optical and photophysical properties
of mTHPC employing molecular simulations in different
environments: a) in vacuo, b) in solution, c) in solution
encapsulated within TM-B-cyclodextrin (mTHPC:TM-B-CD
complex), and d) in interaction with a lipid bilayer mimicking a
biological membrane. Herein, we provide a clear rationalization
of the optical properties of the most relevant PDT drug; the
coupling between its critical structural parameters, the degrees
of freedom of different molecular environments, such as drug
delivery systems or cellular compartments, and the effects of
heterogeneous environments on its photophysical properties.
The interactions of mTHPC with a model biological membrane
will also help rationalize its efficiency as a PDT agent.

Methodology
Computational Approach

Structural and optical properties of mTHPC were investigated
with quantum mechanical/molecular dynamics (QM/MD) and
classical MD simulations in different environments, namely in
vacuum, in water, in complex with the TM-B-CD, and in contact
with a model lipid bilayer composed of 1-palmitolyl-2-oleyl-sn-
glycero-3-phosphocholine (POPC).

Classical Molecular Dynamics and Force Field Parameterization
Classical MD simulations were conducted using the NAMD
program package.’® All simulations were carried out in the
constant pressure and temperature ensemble (NPT)71 at 1 atm
and 300.0K, a time step of 2.0 fs was used to integrate Newton’s
equations of motion. A production run of 100 ns was performed
after equilibration and thermalization, temperature and
pressure were controlled by Langevin thermostat’2 and Nosé-
Hoover Langevin barostat,’374 respectively. Periodic boundary
conditions (PBC) were used and the Particle Mesh Ewald (PME)
expansion’s> was applied to calculate long-range electrostatics
contributions with a 9 A cutoff distance.

The force field for mTHPC was parametrized with Generalized
Amber Force Field (GAFF),”® while point charges were obtained



by fitting to the restricted electrostatic potential (RESP) using
the Antechamber program.’”? GLYCAMO0678 was used for the
parametrization of TM-B-CD. mTHPC was solvated by a cubic
water box of 50.0x50.0x50.0 A3, while the mTHPC:TM-B-CD
complex was prepared considering a 1:2 stoichiometry (Figure
1d) as suggested by previous work®! and solvated in a water box
(90.0x85.0x85.0 A3).

Lipid14 General Amber Force Field’® was used to represent the
POPC unit, while the lipid bilayer was set up with the CHARMM -
GUI Membrane interface.80.81 100 POPC units were used in each
membrane leaflet, the bilayer was fully hydrated with 37551
water molecules and was neutralized by 104 K* and Cl- ions, the
total simulation box size is 81.0x81.0x138.0 A3. POPC is the most
widely used lipid model to simulate biological membranes.
Indeed, a single lipid membrane model is an oversimplification
of a biological environment, since the structural properties of
the membrane may also be affected by the presence of other
fatty acids or cholesterol. However, the use of a single lipid,
greatly reduces the degrees of freedom, while still providing a
realistic amphiphilic model that discriminates between the
polar head and the lipid core region.82-84

The TIP3P water model®> was consistently used in all the
simulated systems. MD simulations were visualized and
analyzed via the VMD code;86 the most relevant non-covalent
interactions (NCI) throughout the MD trajectories were
analyzed and depicted with NCIPlot code.8” The study of the
gradient of the electronic density clearly differentiates NCls in
terms of steric clashes, dispersion, and hydrogen bonding.
Quantum Mechanics Molecular Dynamics

Hybrid quantum mechanics/molecular mechanics molecular
dynamic simulations8® (QM/MM MD) were performed to
sample the ground state conformational space by the
Terachem/Amber8® and NAMD/Terachem interface.®® mTHPC
was included in the QM partition and described by the B3LYP91
density functional and 6-31G basis set. Water and TM-B-CD
were treated at the MM level of theory, with the force field
parameterization previously described. For details of the
QM/MM simulations, see ESI (Table S1).

Electronic Structure Calculations

Single point energy calculations and geometry optimizations
were performed using the Gaussian 09 program package?? with
Density Functional Theory (DFT) at B3LYP?! and 6-31G(d) basis
set level of theory. The potential energy surface scan to
parameterize the mTHPC force field and the conformational
analysis were performed with the same level of theory, the
energies along the scan have also been estimated using the
second order Moller-Plesset perturbation theory (MP2).

To simulate the absorption spectra, vertical electronic
excitations from the ground state were obtained via time-
dependent DFT?3 (TD-DFT). The choice of the exchange-
correlation functional and basis set were further justified by a
benchmark on the calculation of the vertical excitation energies
from the ground state equilibrium geometry reported in ESI.
While the influence of the basis set on the excitation energies
appears to be negligible, the functional has a more pronounced
effect. More specifically, ®B97X-D and MO06-2X provide the
correct separation of the Qx and Q, bands, in the red

wavelengths domain, while B3LYP only yields an unresolved
broad band. Hence, ®B97XD/6-31G(d) clearly represents the
best compromise between computational cost and accuracy,
and was chosen to further take into account the dynamical and
vibrational effects. To this end, all UV-vis absorption spectra
were generated from the convolution of vertical excitations
from 100 snapshots randomly extracted from the MD
trajectories. The convolution of the vertical excitation energies
and oscillator strengths was performed using Gaussian
functions of full width at half-length (FWHL) of 0.15 eV.

Experimental Procedures

Materials

The photosensitizer, mTHPC, was kindly provided by Biolitec
research GmbH (Jena, Germany) with purity > 99 %. TM-B-CD
(purity > 98 %, M.W. 1430 Da) was purchased from AraChem
(Tilburg, the Netherlands). B-CDs in the powder were weighed
and then dissolved in Dulbecco's phosphate-buffered saline
(DPBS) (pH 7.4) at 4°C at the final concentration of 10 mM using
molar weight provided by the supplier. mTHPC stock solution (2
mM) was prepared in absolute ethanol (99.6 %) and was kept at
4°C in the dark. mTHPC concentration in the solution was
estimated by means of a spectrophotometric method using
molar extinction coefficient of 30,000 M-1 cm-! at 650 nm in
ethanol.?*

Inclusion complexes between B-CDs and mTHPC were formed
using the co-precipitation method.? Briefly, the stock ethanol
solution of mMTHPC (2 mM) was added to TM-B-CDs dissolved in
DPBS (pH 7.4) at 4°C and 1 mM. The final content of ethanol in
the mTHPC/B-CD solutions did not exceed 0.5 %. The solution
was thoroughly mixed for 15 min under magnetic stirring.
Spectroscopic measurements

Absorption spectra were recorded using a Lambda 35
spectrophotometer (Perkin EImer, USA) using 1 cm optical path
quartz cuvettes. All spectroscopic measurements were carried
out in triplicate at room temperature (23-25 °C). The optical
density of all samples did not exceed 0.3 a.u.

Results and Discussion

In the following section, we report the structural and optical
properties of mTHPC in molecular environments of increasing
complexity. Using molecular simulations, the interaction of
Temoporfin with water, TM-B-CD and a lipid bilayer is modelled,
and subsequently compared with the corresponding
experimental data, when available. For this purpose, different
levels of theory are employed, the evolution of critical structural
parameters along with photophysical properties are assessed,
and the effect of the molecular environment is comparatively
discussed.



mTHPC is composed of four functionalized phenols that adorn
the core chlorin ring. The phenol rings constitute one of the
leading factors potentially inducing specific intermolecular
interactions with the environment, such as hydrogen bonds,
while the chlorin core will be the most crucial unit dictating the
optical properties of the chromophore. In addition, the
inclusion of mMTHPC in the TM-B-CD complex will also determine
the orientation of the peripheral substituents and will, in turn,
modify their flexibility. Hence, a proper parameterization of the
force field to catch all these subtle phenomena, and in
particular, the rotational flexibility of the phenol substituents
with respect to the chlorin core is crucial.
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Figure 2. (a) 2D structure of TM-B-CD (b) Temoporfin- &/clodextrin complex
(mTHPC: TM-B-CD) showing 1:2 stoichiometric ratio and two non-identical
dihedrals; intra (in oran%e) and inter (in yellow). Dihedral angles defining the
rotation of the peripheral phenolic groups of mTHPC (c) intra (C19-C20-C21-C22)
dihedral an%]e distribution histogram (d) inter (C4-C5-C39-C40) dihedral angle
distribution histogram from QM/MM MD calculations.

Dihedral angles defining the rotation of the peripheral phenolic
groups of mTHPC are depicted in Figure 2. While full rotations
are not expected to take place due to clashes between the
phenyl hydrogens and the porphyrin core; phenolic moieties are
expected to span a much wider range in gas phase and in
solution. However, this may change considerably in the
cyclodextrin complex due to much larger steric hindrance. As
previously demonstrated, the mTHPC:TM-B-CD complex has a
1:2 stoichiometry®! (Figure 1d) and is held together by
dispersion interactions between the two TM-B-CD that globally
shelter the hydrophobic mTHPC from the water environment.

A gas-phase QM scan of Temoporfin’s peripheral dihedral angle,
performed both at DFT and MP2 level of theory (Figure S2-S3),
confirms a large degree of freedom of the phenolic group as
seen by the nearly flat potential energy curve in the +60-120°
region. The sharp increase in the potential energy around 0° and
+180° is due to steric repulsion with the core and is indicative of
the emergence of two distinct conformers. Hence, to properly
represent this situation a free rotation of the phenol ring was
implemented in the classical force field for mTHPC by setting
the force constant to zero, the results for the distribution of the
dihedral angles in the different environments obtained with the
classical force field match remarkably the ones of the QM or
QM/MM MD. Note that the mTHPC FF was parametrized to
better represent the PS in confined environments, hence, it is

somewhat expected that its performance will be less adequate
in vacuo and in solution where the rotational flexibility is larger.
In addition to the globally reduced flexibility, two different
situations occur in the Temoporfin-cyclodextrin complex
(mMTHPC:TM-B-CD complex), potentially presenting differences
in steric hindrance due to the specific complexation pattern. As
seen in Figure 2b, two of the phenolic groups of Temoporfin are
located inside the cyclodextrin pockets (intra), while the other
two reside in the hydrophobic region between the two
cyclodextrins (inter). In addition to the reduced mobility
evidenced by the sharper distribution reported in Figure 2, as
compared to the water case (Figures S10-S12), subtle
differences also emerge between the intra and
distributions, where the intra-phenol appears to experience a
slightly more impeded rotation than the inter (Figures 2c-d).
This is probably due to the highly constrained interior of the
cyclodextrin core that is explored by the intra-phenol moeity.
The reduced mobility of the phenol rings in the macromolecular
complex as opposed to the gas phase or solution may also offer
an additional reason for the enhancement of fluorescence
observed in the host complex. The free rotation of the
peripheral moieties would offer a further non-radiative decay
pathway that will lead to the deactivation of the excited state.
Indeed, the restricted intramolecular rotation has been
recognized as a cause of the fluorescence enhancement in
different organic luminophores.?6.97 As it is the case for diverse
fluorophores,?8-100 the aggregation of chromophores, and
hence the formation of dark excitonic states, could also be
considered as a supplementary phenomenon leading to
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Figure 3. Experimental and computational absorption spectrum in different

environments (@) mTHPC in vacuum, (b) mTHPC in water, (c) mTHPC:TM-B-CD in
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ata

The experimental absorption spectra of mTHPC are reported in
Figure 3, and unsurprisingly present all the features of chlorin-
based chromophores. In particular, the absorption bands in the
500-680 nm region, corresponding to the Q-bands, as well as
the more intense Soret bands in the blue region. It is evident
from the analysis of the QM based MD simulation of mTHPC in



the gas phase (Figure S6), as well as the QM/MM MD simulation
of mTHPC in solution (Figure $10) that two low-energy large-
amplitude degrees of freedom dominate the conformational
space: the out-of-plane deformation of the conjugated ring
system and the rotation of the peripheral phenolic units. These
degrees of freedom are critical in describing the global vibration
of the drug and may have an influence on the observed optical
properties. The out-of-plane normal modes may be responsible
for the red-shift of the absorption spectra with respect to
vertical transitions calculated from the ground state geometry
only (Figure 3 and SI) due to the significant destabilization of the
ground state rather than the excited state, as is common for
similar m-conjugated systems.42:44.101-103 Although the influence
of the rotation of the peripheral substituents on the absorption
spectral maxima is expected to be marginal, it may,
nonetheless, induce a broadening of the absorption and
emission bands, and more notably, may have a key role in
inducing thermal quenching of the luminescence. While the
possibility to take into account the out-of-plane deformation
effects via a reasonable sampling of the conformational space is
well established and has been thoroughly demonstrated in
similar systems,36:42,66,101 the effects of the peripheral dihedral
rotations require much deeper attention, due to their strong
non-harmonic behaviour. In addition, the effect of the
molecular surrounding, and in particular of the embedding in
confined environments, such as cyclodextrin, should be
properly taken into account.

In Figure 3, we also report the comparison between the
absorption spectra calculated as the convolution of vertical
transitions from a series of snapshots obtained by sampling
MTHPC’s conformational space with either a QM/MM
approach, in which the whole chromophore is treated quantum
mechanically, or a MM approach, in which the dynamics of the
chromophore is described by a force field. The agreement
between the different levels of the theory is good, confirming
the validity of the chosen approach, the only difference being
the slightly more red shifted Q-band obtained with the
QM/MM. Interestingly, the Q-band region also appears more
sensitive to the specific chemical environment, in particular for
the absorption spectrum of the mTHPC:TM-B-CD. Indeed, in this
case, the inversion of the intensity between the Qx and Qy Soret
bands observed experimentally, constituting one of the
spectroscopic signatures of complex formation, is clearly
identified and nicely reproduced by the full classic and the
hybrid sampling protocol.

The reasonable agreement the
spectroscopic properties also constitutes a further validation of
the novel force field, with an obvious improvement over the
parametrization used in our previous work.61 Note that
experimental results have been conducted in ethanol instead of
water,104105 phecause of the global low solubility of the
sensitizers. In the simulations, we decided to use water as a
solvent to mimic the most biologically relevant solvent.
Moreover, the protic nature of ethanol solvent should lead to a

similar solvatochromic effect as water.

Figure 4. Density Profile along the membrane axis and a representative snapshot
showing mTHPC embedded in a POPC lipid bilayer.
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Having established the robustness and precision of our force
field parameterization that has been validated by means of
different levels of theory and proven to reproduce both the
structural parameters and the optical properties of mTHPC in
different environments, we move to examine the interaction,
between the chromophore and a lipid bilayer. Indeed, the mode
of action as a PDT drug should involve the disruption of the cell
membrane induced by the activated 10, following the
absorption of light. The results of the MD simulation are
reported in Figure 4 in the form of the density profile along the
membrane axis for the main functional group and pictorially
using a representative snapshot. At the beginning of the
simulation the photosensitizer is placed in bulk water and
unsurprisingly, due to its hydrophobic nature, mTHPC develops
favorable interactions with the lipid membrane with a
persistence time exceeding hundreds of ns.

In the obtained most stable configuration, mTHPC is positioned
around the polar head regions, and more precisely, at the
interface between the phosphate and the fatty acid
hydrophobic core. Indeed, mTHPC is more exposed to the lipid
environment than to the water bulk. This behaviour is not
totally unexpected and can be traced back to the concomitant
presence of a hydrophobic core and phenol groups that may
develop specific non-covalent interactions with the polar head
regions. However, the position of mTHPC is most favorable for
PDT purposes. Indeed, while O, will permeate the membrane
due to its hydrophobic nature as also revealed by MD
simulations,1% it will also have a non-negligible concentration in
the region occupied by the photosensitizer. In addition, our
density profile also shows that mTHPC partially overlaps with
the position of the lipid carbon-carbon double bond. This fact
indicates that 10, will be produced in close proximity to its
reactive target, hence minimizing the quenching probability. It
has also been reported that photosensitizers, also porphyrin-
based, may exert photopermeabilization of the lipid membrane
via an alternative contact dependent mechanism, that involves
electron abstraction from solvent or lipids.197.108 Although
further studies, including in the modelling of additional
membrane components, such as cholesterol, should be needed
to confirm this scenario, our density profile, and the partial
overlap identified, claims in favour of the possibility of this



photophysical route, concerning the chromophore positioning

and the key geometrical factors.

Figure 5. Radial Distribution Functions and NClplots for (a) hydrogen bonding (b)
cation-Tt interactions between mTHPC and the lipid bilayer. (c) 2D structure of
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To better characterize the factors influencing the stability of the
persistent aggregate evidenced in the MD trajectory, we
performed a detailed analysis of the specific interactions taking
place between mTHPC and the lipid constituents. As reported in
Figure 5, in addition to dispersion interactions typical of
hydrophobic compounds, the formation of specific interactions
mainly involving hydrogen-bonding between the phenol groups
and the negatively charged phosphates, contributes to locking
the chromophore at the interface region.

This interaction, as well as its persistence, is confirmed by the
structure of the radial distribution function presented in Figure
5a, for the involved phenolic hydroxyl and the phosphate
oxygen groups. The sharp peak at around 1.6 A is very indicative
of a typical and persistent hydrogen bond. The same
conclusions can be drawn from the NCI plots for some
representative snapshots. The features of a hydrogen bond
formation,
around the phosphate and phenol group, are indeed clearly
evident in the zoom of Figure 5a. Although the hydrogen
bonding pattern was somewhat expected, other non-covalent
interactions are also pertinent, namely, the cation-nt
interactions between the aromatic mTHPC core and the
positively charged choline in the lipid head groups are clearly
evidenced both by the radial distribution function and by the
NClI plot (Figure 5b). In addition, as evidenced in the SI, the more
structured and viscous environment offered by the lipid bilayer
induces a partial rigidification of mTHPC, and hence a more
impeded rotation around the phenol rings. However, this
situation is much weaker than the one observed in the case of
the cyclodextrin complex, the enhancement of fluorescence
observed when mTHPC is in the presence of biological

represented by the concentrated green circle

membranes should, hence, be mainly ascribed to the absence

of m-stacking (aggregation).6263,109
Figure 6. Absorption Spectra of mTHPC embedded in POPC lipid bilayer.
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The absorption spectrum calculated in the POPC interface is also
reported in Figure 6 and shows that most of the characteristic
spectral features are maintained. Indeed, both the Q and the Soret
bands are clearly distinguishable, and interestingly, in contrast
with what was observed in the case of the mTHPC:TM-B-CD
complex, no inversion between the Qx and Qy band is observed.
However, the energy differences between the two bands are
underestimated by our computational approach, as compared to
experiment. This difference could mostly be ascribed to the
neglect of purely quantum vibronic coupling through the explicit
calculation of Franck-Condon parameters.!10-111 However, such
an approach, despite some interesting recent developments, is
still far from being standardized.!!?

Conclusions

In this contribution, we report the detailed analysis of the
structural and optical properties of a known photosensitizer,
mTHPC, clinically used for PDT purposes in different complex
environments, including a cyclodextrin-based encapsulating
drug delivery agent, and a model lipid bilayer. Our results show
that the confined environment of the cyclodextrin induces a
strong reduction of the mobility of the peripheral phenol rings.
Furthermore, clear differences in the mobility degree appear for
intra and inter substituents. The strong reduction of the phenyl
ring rotation is also correlating well with the observed
enhancement of the fluorescence quantum yield upon
encapsulation. Our results have also highlighted the formation
of persistent aggregates between mTHPC and lipid membranes,
with the sensitizer residing preferentially in the interface
between the polar heads and the lipid core. This situation is
favoured by interactions, such as the formation of hydrogen
bonds and cation-mt interactions with the polar heads that
counterbalances the hydrophobic dispersion interactions
developed with the lipid core. Interestingly, the position of the
sensitizer represents one of the most ideal ones for PDT
purposes, since it encompasses both the area of maximum
oxygen concentration and a partial overlap with the position of
the oxidizable lipid double-bond. In addition, the optical



properties have been determined, including the sampling of the
conformational space of the ground state, highlighting a rather
marginal, but non-innocent, effect of the environment and the
necessity to carefully parameterize the crucial force-field
parameters.

In the future, we plan to pursue the study of mTHPC interactions
with cyclodextrins and lipid membranes in a two-fold
perspective. From the one side, the release from the
encapsulating complex and the subsequent insertion in the lipid
membrane will be studied by using enhanced sampling
techniques. In addition, the intersystem crossing, and hence the
population of the triplet state manifold, for mTHPC in different
environments will be studied including the possibility to
perform  QM/MM based non-adiabatic dynamics to
guantitatively assess the quantum yield and timescales of the
first event of the photosensitization chain.
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