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Alkylammonium Modified Photosensitizers Achieve
Lysosome-Precision Photodynamic Therapy: Implications from

Molecular Dynamics Simulations

Xi He

Abstract

Photodynamic therapy (PDT) is one of the developing treatment modalities that has been
clinically approved for cancer treatment. It uses an organic photosensitizer that harnesses the
light energy and converts intracellular oxygens to reactive cytotoxic species. The resulting
chemicals can then damage cells and lead to cancer cell death. However, the existing
photosensitizers do not show cancel cell or organelle specificity, which lowers their treatment
outcomes. In this project, we used molecular dynamic simulations to demonstrate that a
straightforward alkylammonium modification on photosensitizers is able to endow
conventional photosensitizers with the ability to target and accumulate in lysosomes. This
acquired lysosome specificity may achieve the lysosome-precision PDT experimentally,
which is expected to enhance the PDT outcomes. More importantly, such organelle-precision
modifications have the potential to be extended beyond PDT treatment and make contribution
to drug discovery and eventually cancer treatment.

Keywords: Cancer treatment, organelle-precision, photodynamic therapy, molecular
dynamics simulations
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1 Introduction

Cancer is the second leading cause of death worldwide and remains a major threat to
public health1. Conventional therapies including surgery, radiotherapy, and
chemotherapy have been playing an important role in cancer treatment2,3. However,
they demonstrate significant side effects, particularly the widespread damage to
healthy cells4. To alleviate these side effects, new treatment modalities have been
developed over the past decades. PDT is a minimally invasive safe therapy that
focuses on local treatment with minimal side effects5. PDT includes 3 components :
visible light, intracellular oxygen and photosensitizer. Common photosensitizers
include porphyrin and its derivatives, phthalocyanine, BODIPY6. After accumulating
photosensitizers in target cells, a specific wavelength is applied locally to activate the
photosensitizer, which converts molecular oxygen to reactive oxygen species (ROS),
causing damage to cancer cells (Figure 1). The generated ROS have a short life span
(0.03–0.18 ms) and limited diffusion range (0.01–0.02 μm) in biological systems7.
PDT, as a result, is usually limited by the spatiotemporal selectivity, and the
subcellular location of the PSs may determine the therapeutic outcomes of PDT.

Figure 1. Mechanism of PDT treatment. After light irradiation, the ground state (S0) photosensitizers

would absorb the photo energy and be excited to S1 state. During this state, it has chance to transfer to a

triplet state (T1), under which the photosensitizer may transfer energy to triplet oxygen (O23) to singlet

oxygen (O21) or other reactive oxygen species to induce cell death.

Cellular organelles, such as endo/lysosome, endoplasmic reticulum, or mitochondrion,
are cornerstones of cells and play vital roles in regulating and maintaining cell
functions8. PDT damage to these organelles induces membrane permeabilization and
expression of proapoptotic factors that subsequently initiate cell apoptosis. Thus,
organelle precision theories are introduced for the sake of improved efficacy and
reduced side effects. Previous organelle targeting strategies include mitochondrial
targeting sequence, antibody-based targeting and peptide-based targeting9. With the
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target modifications, treatment agents can then be brought approximal to the
organelles and exert photo-damages, which would lead to more detrimental effects in
cells as compared with random photo-damage10. In particular, lysosomes serve as the
first machinery that processes exogenous materials or drugs after cellular
internalization11. The proteases and hydrolases in the lysosomes, once released to the
cytosol by damage, could initiate cancer cell death. Therefore, targeting lysosomes
have been now considered as a new and popular strategy to achieve organelle
precision therapies.

The majority of existing photosensitizers do not possess targeting abilities to
organelles. Studies have shown that amine drugs are more likely to accumulate in
lysosomes as a result of protonation on the amine group12. This phenomenon inspired
us to use alkylammonium modification to improve the lysosome-targeting ability of
photosensitizers. We hypothesize that such modification on photosensitizers will alter
the kinetics and thermodynamics of the photosensitizers, which may allow the
accumulation and prolong the retention of photosensitizers in the lysosomes during
the treatment window. To study this, we seek to use molecular dynamics simulations
as it could provide the thermodynamics and kinetic behaviors of the photosensitizers
on the atomic level.

We designed two photosensitizers as shown in Figure 2. Both photosensitizers
consisted of a cholesterol (CHL) moiety and a BODIPY (BOD) with biphenyl rings.
The purpose of cholesterol moiety was to enhance the stability of photosensitizers in
membrane structures while the BOD was the light sensitive part that can harvest the
energy from irradiation to generate ROS. The only difference between the two
photosensitizers was the tetramethyl ammonium modification on the biphenyl groups.
The unmodified photosensitizer was termed as CHLBOD while the other one was
N-CHLBOD. From MD simulations, we demonstrated that such simple modification
was able to increase the retention of the N-CHLBOD in lysosomes and increase the
energy barrier of crossing the lysosome membrane. Such chemical modifications are
applicable in other areas such as small molecule drugs or biologics and drug design,
which are important to further experimental tests.
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2 Method

2.1 Photosensitizer Parameterization

To simulate the lipid bilayers, the SLipids force field is chosen as it is optimized and
benchmarked for a number of lipids13. It is considered one of the best force field to
represent lipids above their melting points. However, the force field does not include
parameters for organic small molecules. Thus, we need to parameterize the
photosensitizers separately. The general Amber force field (GAFF) was used for this
purpose as it is commonly used to parameterize small organic molecules and has been
tested as compatible to be compatible with SLipids force field14,15.

We firstly used Chemdraw 16 to design the structures of two photosensitizers, the
CHLBOD and N-CHLBOD (Figure 2). After cleaning up the structures, the
simplified molecular-input line-entry system (SMILES), a string representation of
molecules, was used to generate Gaussian input files with openbabel16. The structures
of the photosensitizers were optimized by DFT calculations in Gaussian 16 using the
B3LYP functional17. The Lanl2 basis set was used for iodine while 6-31G** was used
for all other atoms18. The iodine atoms were treated with pseudopotential Lanl2 to
facilitate the calculation. After optimization, the restricted electrostatic potential
(RESP) charges were derived using the CHelpG library. The optimized structures
were then converted to mol2 files using Gaussview, and the RESP charges were
added manually. Initial topologies of PS were then generated by Acpype topology
generator14. The additional nonbonded parameters and atom types from GAFF were
added to the SLipids force field.
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Figure 2. Initial chemical structures and DFT optimized topologies of (a) CHLBOD and (b)

N-CHLBOD.

2.2 Membrane Model Construction

For the molecular dynamic simulations, a slice of lysosome phospholipid bilayer
membrane was designed because simulating a whole lysosome would be intractable in
all atom molecular dynamic simulations19. To mimic the behaviors of lysosomes, the
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid was chosen as it is the
most abundant phospholipid. In addition, we added 38% cholesterols into the system
to improve the stability and rigidity of the model20. Since the cutoff for pairwise
interactions is 12 Å, the box size was set to be larger than 24 Å to obey the
minimum image convention. Additionally, to allow the photosensitizers to be in a
non-interacting state, the water phase has to be thick enough for subsequent
simulations. The thickness of the water layer on each side has to be at least 2.5 nm
from the lipid head, which led to a length of 9.2 nm on the z axis. Thus, the
simulated box was set to 4 × 4 × 9.2 nm3. To calculate the numbers of each
component, each lipid head was assumed as 0.65 nm2, which led to the estimation that
for a plane of 4 × 4 nm2, 25 lipids were needed for each layer. Accordingly, 19
cholesterol molecules were added into the membrane. The composition of each
component is shown in the table in Figure 3. Then, the lipid bilayer was constructed
using packmol21.The lipids are properly oriented. After assembling the lipid bilayer
with cholesterols, water molecules were added beyond the lipid bilayer to reach a
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density of 1 g/cm3. The lysosomal membrane lipid bilayer model and its compositions
are shown in Figure 3 with periodic boundaries.

Figure 3. Snapshot and compositions of the lysosomal bilayer membrane model. The cholesterol is

shown in orange and water is shown in cyan. The gray, pink, blue and white represent the carbon,

oxygen, nitrogen and hydrogen atoms. The red dashed lines show the periodic boundaries of the

simulation box.

2.3 Membrane Equilibration

Gromacs 2023.1 package was used to implement all molecular dynamics
simulations22. TIP3P water model was used23. Prior to equilibration, an energy
minimization was conducted using the steepest descent algorithm to eliminate the
unreasonable initial atom positions. All simulations were performed in NPT
conditions with a constant pressure of 1 bar and a temperature of 310 K maintained by
c-rescale24 barostat and v-rescale25 thermostat, respectively. The equilibration was
completed after 25 ns with a time step of 1 fs. The output energies and trajectories
were saved every 5 ps. The thermodynamic quantities including density, potential
energy, and temperature were extracted from the trajectories to examine the
equilibration. In addition, the density distribution of each component was plotted to
show the symmetric structure of the equilibrated system. Snapshots of configurations
were created by visual molecular dynamics (VMD) software26.
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2.4 Photosensitizer Partitioning into Membrane and Steered MD

simulations

After equilibrating the membrane model, we then inserted each photosensitizer to the
upper water phase to generate two model systems. The upper water phase was
considered as the intra-lysosome compartment while the lower half as extra-lysosome
compartment. To examine the partition of the photosensitizers into the membrane, we
carried out long unbiased MD simulations until the photosensitizers stably
translocated into the membrane. The z position and the partial densities of the
photosensitizers were then extracted from the trajectories to examine the different
location and orientation of the photosensitizers.

To mimic the cross-membrane behavior of each photosensitizer, using unbiased
method would be intractable because it is impossible to sample the low-probability
phase space. Thus, we performed steered MD simulations to allow the systems to
sample the whole cross-membrane pathway. We used umbrella sampling to pull the
photosensitizers out of the membrane with a harmonic potential of 500 kJ/mol/nm2.
The pulling rate was optimized to 0.001 nm/ps to maintain the equilibrium as much as
possible. Sampling windows were selected by a distance interval of 0.25 nm along the
Z axis to ensure the overlap of the phase space between each adjacent window27. Each
window was sampled for 30 ns and the last 10 ns were used for statistical analysis.
The potential of mean force profiles was then calculated by the weighted histogram
analysis method (wham) algorithm28.

3 Results

3.1 Membrane Equilibration

Prior to modeling the photosensitizers, it is essential to obtain a uniform and
well-equilibrated membrane structure. We first equilibrated the membrane with the
NPT ensemble to produce reasonable bulk quantities. To check whether the
membrane had been equilibrated, thermodynamic quantities including potential
energy, density and temperature were extracted and plotted against simulation time.
As shown in Figure 4a-c, potential energy, density and temperature had converged
within the simulation period, indicating that the membrane had been equilibrated. In
addition, we investigated the partial density of each component to ensure that the
model was equilibrated on the atomic level. Figure 4d displays the distribution of
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each component along the Z axis. The equilibrated structure is imposed for better
visualization. By looking at the graph of partial density, we can see the partial
overlapping of DMPC heads and water phase, indicating that the membrane was well
solvated by the water. In addition, the cholesterol molecules were well-distributed
inside DMPC layer. The overall density distribution of the model was symmetric in
accordance with biological systems. Overall, the structure of the constructed
membrane was reasonable and applicable to subsequent modeling and simulations.

Figure 4. Equilibration of the lipid bilayer model. The convergence of the (a) potential energy, (b)

density, and (c) temperature of the system. (d) The density plot of each component in the final 5 ns

equilibration along the z coordinate.

3.2 Translocation of Photosensitizers into Membrane

We then inserted the two photosensitizers into the water phase respectively to
generate two individual models, which were used to study the behavior of
photosensitizers escaping the lysosomes. The photosensitizers’ escaping the
lysosomes was simplified as a two-step simulations. The first involved the free
diffusion and partition of photosensitizers into the membrane and the second involved
the cross-membrane behaviors. In this section, we discuss the varied kinetics of
photosensitizers after alkylammonium modification.
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The first metric we investigated was the simulation time taken for the photosensitizers
to insert into the membrane. The distance between the photosensitizer and the center
of the DMPC lipid layer was plotted against simulation time as shown in Figure 5a.
A decrease of the Z distances indicated the insertion of photosensitizers into the
membrane. The unmodified CHLBOD partitioned into the membrane in a short time
around 45 ns. In contrast, the N-CHLBOD started to interact with the membrane after
150 ns. This implied that N-CHLBOD was more likely to retain in the lysosomes,
while CHLBOD could easily translocate into membrane, after which the
cross-membrane process may occur.

Furthermore, we investigated the partial density of the membrane after inserting
CHLBOD and N-CHLBOD. It can be seen in Figure 5b that N-CHLBOD stayed
closer to the surface of the DMPC membrane while CHLBOD was further inside the
DMPC membrane. To verify this, we visualized configuration of each model as
shown in Figure 5c-d.

Consistent with Figure 5b, N-CHLBOD showed a specific orientation with the
positively-charged alkylammonium interacting with the negatively-charged phosphate
group and water phase. However, CHLBOD fully partitioned into membrane. In
conclusion, the unbiased simulation suggested that N-CHLBOD possessed longer
lysosome time retention than CHLBOD. The oriented N-CHLBOD may also strongly
interact with phospholipid head groups, which may slow down the photosensitizers
crossing the lipid membrane.
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Figure 5. Photosensitizers partitioning into the bilayer membrane. (a) The center of mass position Z of

photosensitizers relative to the center of box. (b) Partial density of each photosensitizer against the lipid

DMPC along the z coordinate in the final 10 ns. Partitioned photosensitizers (c) CHLBOD and (d)

N-CHLBOD in the membrane with different locations and orientations. The bulk water, the cholesterol

and DMPC lipids are represented as cyan, orange and gray, respectively. The P and N atoms of the

DMPC lipids head group are shown in blue and brown spheres. The photosensitizers are shown in the

vdw model.

3.3 Cross-membrane free energy profiles

Based on this observation, we further hypothesized that the strong interaction between
the alkylammonium group with the phospholipid head may also prevent N-CHLBOD
diffusing out of lysosomes as more energy would be required to break the interactions.
We then set out to simulate the cross-membrane process and calculate the
corresponding free energy surface. For such a complicated system, unbiased MD will
not be approachable within our computation capacity. Therefore, enhanced sampling
was introduced to analyze the free energy when the photosensitizers crossed the
membrane. In this case, we introduced a reaction coordinate Q (Figure 6a), which
represented the diffusion progress across the membrane along the reaction pathway.
Then we used umbrella sampling to compute the potential mean force (PME) profiles.

To calculate the PMF accurately, the phase space of selected adjacent windows along
the coordinate Q should sufficiently overlap. This led to a total number of 24 and 25
windows for CHLBOD and N-CHLBOD, respectively. In Figure 6b-c, the
histograms of each simulation window were plotted and showed reasonable counts
and proper overlapping. Finally, in Figure 6d, it could be inferred that N-CHLBOD
required significantly more energy (313 kJ/mol) than CHLBOD (137 kJ/mol) to move
out of the membrane. This free energy difference roughly suggested that CHLBOD
could diffuse out of the lysosome 4.54 × 1029 times faster than N-CHLBOD. All these
results corroborated our hypothesis that N-CHLBOD would stay within the lysosomes
for a longer time and cannot escape the membrane readily.
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Figure 6. (a) Example on N-CHLBOD of the selected initial configurations from steered MD

simulations. Only 6 snapshots were shown for clarity. The arrows indicate the pulling trajectories. In

total, 25 windows were selected for N-CHLBOD and 24 for CHLBOD. The histogram of (b) CHLBOD

and (c) N-CHLBOD shows the sufficient overlap of adjacent windows. (d) PMF profiles of CHLBOD

and N-CHLBOD. (e) Schematic illustration of the probability of each photosensitizer’s crossing the

membrane.

4 Discussion

Designing agents that can target specific subcellular compartments, such as pivotal
organelles, exhibits promise in cancer therapy10,29,30. The agents could accumulate in
target organelles and perturb their functions in a more intensive and detrimental
manner. There are several advantages associated with such strategy. First, it can lower
the dose of the anticancer agents and thus may reduce the side effects from the
treatment. Secondly, as the agents can target and retain in the organelles, the treatment
window can then be prolonged for better treatment schedule. In addition, such
strategies can be readily coupled with other targeting techniques such as cancer cell
specific targeting moieties31. This precision medicine strategy could further improve
the anticancer efficacy.

In this project, we showcased that the simple and straightforward alkylammonium
modification could endow the photosensitizers the ability to retain and accumulate in
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lysosomes. The modeling and MD simulations have shown that the modified
photosensitizer, N-CHLBOD, could be trapped in lysosomes. It also has a much
higher free energy barrier than the unmodified photosensitizer CHLBOD to cross the
lysosome membrane. As shown in Figure 6e, after cellular uptake of the
photosensitizers, the N-CHLBOD has a lower probability to cross the lysosome
membrane as compared with CHLBOD. These results indicate that the modified
photosensitizers have the potential to achieve lysosome-precision PDT and eventually
enhance the treatment outcomes.

In future studies, this mechanism of action from alkylammonium modification could
be extended to other areas such as drug delivery and fluorescence imaging of
lysosomes32. Although out of the scope of this project, experimental testing could be
conducted to illustrate and confirm the expected results. It would be straightforward
to use confocal imaging to show the colocalization of lysosomes with modified
photosensitizers. In addition, one can use cell viability assays to compare the PDT
efficacy of the two photosensitizers on cancer cells. In addition, this free energy
calculation workflow is applicable in other organelle targeting systems. For instance,
one use the umbrella sampling method to screen various small molecules that can
target specific proteins on the organelle membranes. The candidates can thus be tested
in experiments to examine their ability to carry cargos to the target organelles.
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