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ABSTRACT: This comprehensive molecular dynamics (MD)
simulation and experimental study investigates the lipid bilayer
interactions of dye D112 for potential photodynamic therapy
(PDT) applications. PDT involves formation of a reactive oxidant
species in the presence of a light sensitive molecule and light,
interrupting cellular functions. D112 was developed as a
photographic emulsifier, and we hypothesized that its combined
cationic and lipophilic nature can render a superior photosensitiz-
ing property−crucial in various light therapies. The focus of this
study is to elucidate the binding and insertion mechanisms of
D112 with mixed lipid bilayers of anionic dipalmitoyl-phosphati-
dylserine (DPPS) and zwitterionic dipalmitoyl-phosphatidylcho-
line (DPPC) lipids to resemble cancer cell membranes. Our studies confirm initial electrostatic binding between the positively
charged moieties of D112 and negatively charged lipid headgroups. Additionally, MD simulations combined with differential
scanning calorimetry (DSC) studies confirm that D112-lipid interactions are governed by enthalpy-driven nonclassical hydrophobic
effects in the membrane interior. It was further noted that despite the electrostatic preference of D112 toward the anionic lipids,
D112 molecules colocalized on DPPC-rich domains after insertion. Atomistic level MD studies point toward two possible insertion
mechanisms for D112: harpoon and flip. Further insights from the simulation showcase the interactions of low and high aggregates
of D112 with the bilayer as the concentration of D112 increases in solution. The size of aggregates modulates the orientation and
degree of insertion, providing important information for future studies on membrane permeation mechanisms.

1. INTRODUCTION
Since the beginning of ancient civilizations, light has been used
for the treatment of various diseases.1 In the modern age, the
efficacy of light treatment is enhanced using chemical agents,
particularly in the treatment of skin cancer, vitiligo, psoriasis,
acne vulgaris, and rosacea.2−11 One such treatment is photo-
dynamic therapy (PDT) which is currently being used as an
alternative treatment for the control of malignant diseases. PDT
involves a photosensitizer molecule which, upon being excited
by light of respective wavelength, reacts with oxygen in the cells
to generate reactive oxidant species (ROS) in target tissues
causing cell death.12−14 Therefore, the overall efficacy of PDT is
dependent on the photochemical and cellular uptake properties
of the photosensitizer molecule.15−17

The degree of the membrane disruption by the photo-
sensitizer is of particular importance to optimize the cytotoxicity
in the PDT process and has triggered the search for new
photosensitizers.15−21 Hydrophobic photosensitizer molecules
are known to insert and diffuse across the membranes; while
they bind efficiently onto the surface of the membrane, their
uptake occurs via assisted delivery or endocytosis.22,23

Porphyrins represent first-generation water-soluble photo-
sensitizer molecules discovered in the 1970s that were further
mixed with dimers and oligomers to improve their selectivity

and photosensitizing potential. However, their applications were
limited by their lower chemical purity and poor cell
penetration.24,25 This led to the discovery of the second
generation of photosensitizers in the 1980s that involved
porphyrin derivatives including benzoporphyrin, texaphyrins,
and synthetic photosensitizers such as bacteriochlorin analogues
and phthalocyanine, thiopurine derivatives, and chlorin.26−29

The current third generation of photosensitizers is being
developed to improve their bioavailability and selectivity
through conjugation with biomolecules such as nucleic acids
and proteins and their precise delivery through nanomateri-
als.30−33 Most photosensitizer molecules are hydrophobic in
nature with the tendency to aggregate in an aqueous
environment that limits their PDT efficiency.34−36

We previously investigated the development and investigation
of third-generation PSs by two strategies, one by designing a
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lipid-based nanocarrier and another through modification of the
first- and second-generation photosensitizer molecules.37−41We
studied the dipalmitoylphosphatidylcholine (DPPC)/cholester-
ol (90/10) liposomal encapsulation of riboflavin that yielded a
cell inhibition of 78% cell inhibition in the presence of blue light
at a low encapsulation efficiency of 24%.37 Another study
involved encapsulation of the choline-based hydrophobic 2-[1-
hexyloxyethyl]-2-devinyl pyropheophorbide-alpha (HPPH)
photosensitizer in liposomes comprised of photopolymerizable
diacetylene phosphatidylcholine lipids/polyethylene glycol
(PEG) liposomes. Different molecular weights of PEG were
tested at various concentrations with the lipids. In vivo studies
demonstrated high serum stability and superior PDT efficacy
with animal survival with no tumor recurrence up to 100 days.38

We also investigated newly synthesized amphiphilic coumarin
comprising of aminomethylcoumarin (AMC) conjugated with
alkyl chains comprising of 5, 9, and 12 carbon atoms from AMC-
Cn. Our results showed the highest uptake with AMC-C12 due to
electrostatic binding between AMC and lipid headgroups
followed by insertion of C12 chains in the lipid bilayer.40

Herein, we present the mechanism of interaction of cyanine-
D112 with a DPPC/DPPS (85/15 by mol %) lipid mixture for
the potential applications in PDT. D112 belongs to a class of
delocalized hydrophobic cations and was developed for its use in
photographic emulsions; it has further been shown to have
anticancer cell activity in vitro.42 Since the key property of the
neoplastic cells is the changes in their lipid metabolism leading
to abnormal cell membrane composition, this work primarily
focuses on the interaction of D112 with the phospholipid
membrane. DPPC and DPPS were chosen based on several
reports43−46 that suggest that the phosphatidylcholine lipids
govern the proliferation rate and phosphatidylserine undergoes
prominent changes to an extent that they could potentially be
considered as cancer biomarkers.47−49 Since phosphatidylserine
lipids are anionic in nature, it is hypothesized that D112 will
strongly bind to these lipid headgroups, and its lipophilicity will
drive its insertion and lateral diffusion in the lipid bilayer. We
performed zetapotential measurements to confirm the strong
electrostatic binding between the D112 molecules and
negatively charged phosphatidylserine headgroups. Addition-
ally, since phosphatidylcholine is a zwitterionic lipid, it is
postulated that the negatively charged moieties also participate
in the electrostatic binding with cationic D112.

The initial electrostatic binding of the D112 molecules on the
lipid bilayer surface followed by the formation of lipid-D112
aggregates was confirmed by changes in hydrodynamic size, zeta
potential, and polydispersity index. Furthermore, the insertion
and aggregation of D112 molecules in the lipid bilayer were
investigated and validated using molecular dynamics (MD)
simulation and differential scanning calorimetry (DSC) studies.
MD simulations identified two insertion modes, harpoon and
f lip, depending on the portion of the D112 molecule to first
interact with the DPPC/DPPS lipid bilayer. Additionally, the
following features are noted on the interaction between D112
and mixed bilayer lipids from simulation: a) D112 resides
vertically inside the leaflet, with its lipophilic region always
pointing toward the bilayer center and the positively charged
region next to the lipid headgroups in the binding leaflet, and b)
D112 molecules prefer to localize to regions rich in neutral lipid
headgroups once inside themembrane, like phosphatidylcholine
(PC). This observation is in alignment with the phase separation
observed in DSC studies that was employed to determine the
bilayer order and packing, fluidity, phase transition behavior,
and the location of D112 in the bilayer. Additionally, preliminary
insights on the role of unsaturated lipids on their interactions
with D112 were investigated using bilayers comprised of
unsaturated dioleoyl lipids DOPC and DOPS. These later
simulations demonstrate the presence of double bonds in the
lipid tails, or unsaturation degree of the membrane core, has a
limited effect on the binding and insertion mechanisms of D112.
There is an evident need to shorten the time to repurpose and

reposition drugs with known pharmacokinetics and antimicro-
bial properties to mitigate current and future global disease
outbreaks. This work represents a novel and alternative pathway
to exploit pigments and dyes used for photographic emulsions as
potential photosensitizers for various light therapies. The
combined experimental and simulation approaches presented
in this work can be leveraged to characterize mechanisms of
binding, insertion, and translocation of photosensitive mole-
cules. Such an integrated approach can be employed toward a
cost-effective and systematic discovery of photosensitizers for
photodynamic cancer therapy.

2. RESULTS AND DISCUSSION

2.1.Molecular Structure Analysis of D112.The chemical
structure of D112 is shown in Figure 1a along with its
corresponding charge map in Figure 1b; positively and

Figure 1. a)Molecular structure of cyanine dye-D112, b) D112 surface charge map, and c) D112 intramolecular kink angle distribution in water and in
membrane bilayers.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07378
ACS Omega 2022, 7, 9765−9774

9766

https://pubs.acs.org/doi/10.1021/acsomega.1c07378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07378?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


negatively charged regions are represented in blue and red,
respectively. D112 is a polar molecule due to its delocalized
lipophilic cations and the cyanine backbone; it was hypothesized
that the asymmetry plays a key role in its interaction with mixed
lipid bilayers. Figure 1c shows the distribution of the
intramolecular kink angle, defined as shown in the inset of the
plot. The sharp peak represents the rigidity of D112, which
remains unchanged whether the molecule is in water or
interacting with lipid bilayers around 155° (or a cosine of
−0.49). The root mean square deviation (RMSD) and root
mean square fluctuation (RMSF) analyses in Figure S1 show
fluctuations of the heavy atoms in D112. The molecule is not
flexible and retains its spatial configuration even during
insertion; as expected, the methyl carbons fluctuate more.
2.2. Electrostatic Binding and Insertion Mechanisms.

A Zetasizer Nano was used to examine the changes in the size
and zeta potential of the 10 mM DPPC/DPPS liposomes upon
addition of D112 molecules at 0.5 mM and 2.5 mM
concentrations at gel phase (298.15 K) and fluid phase
(317.15 K) temperatures50 as summarized in Figure 2a. The
zeta potential of just DPPC liposomes was measured to be 0.78
± 0.50 mV,51 which increased to 1.02± 0.23 mV in the presence
of D112. The zeta potential of DPPC/DPPS liposomes in the
absence of D112 was recorded as −11 mV40 and as 35 mV for
the D112 molecules suspended in lactic acid. Upon addition of
D112 at 0.5 mM and 2.5 mM concentrations, the zeta potential
of DPPC/DPPS liposomes increased to 0.739 ± 0.57 mV and
1.32 ± 0.95 mV, respectively. This transition in the zeta
potential is a consequence of electrostatic binding between the
negatively charged serine headgroup of DPPS40,51 and the
cyanine group in D112 molecules as depicted in Figure 2b along
with a probable minor contribution from electrostatic binding
with the negative phosphate moieties of DPPC.
The physical stability of liposomes is dependent on their lipid

composition.52−54 DPPC zwitterionic liposomes tend to
aggregate; however, the presence of charged lipids such as
DPPS impedes the aggregation through electrostatic repulsion.
The measured hydrodynamic diameters of DPPC liposomes
were approximately 150 nm and 125 nm for DPPC/DPPS
liposomes with a low PDI of 0.21 obtained over 4 weeks.
Electrostatic binding of D112molecules on the liposome surface

resulted in the formation of D112-liposome aggregates shown
schematically in Figure 2a. This aggregation is also represented
by the large hydrodynamic diameters obtained for DPPC/DPPS
liposomes in the presence of 0.5 mM and 2.5 mM
concentrations of D112 measured in the fluid phase. D112
binding to liposomes is predominantly driven by the enthalpy
change, and this nonclassical hydrophobic effect is the
consequence of the differences between the bulk water and
the hydrophobic lipid bilayer core.
The electrostatic binding was also confirmed in simulation

trajectories. D112 molecules initially bind to the lipid bilayer via
electrostatic interactions between the positively charged region
of D112 and the negatively charged headgroups of DPPS. This is
observed in all the replicas performed in this study for both
systems with a single D112 or multiple molecules. Upon binding
the membrane surface, D112-lipid interactions are modulated
by hydrophobic interactions, which result in the insertion of
D112 into the bilayer core. From our simulations, we
characterized two insertion modes: harpoon and flip insertion.
Table S1 lists the insertion mode and duration for all the replicas
with a single D112 molecule; the harpoon insertion mode is
significantly shorter than the flip insertion mode. Despite their
different mechanisms, both result in the same and final
orientation of D112 molecules in the hydrophobic core of the
bilayer as discussed below. Figure 3a contains snapshots of
sample systems showing the sequence of motions during each
insertion mode, and Figure S2 shows the time series of insertion
and final tilt angles of D112 for all the replicas with a single
molecule. Movies 1 and 2 in the Supporting Information
showcase these mechanisms for a single D112 molecule from its
first contact with the bilayer and subsequent insertion.
The harpoon insertion mechanism, shown in Figure 3a, is a

rapid process that involves vertical insertion of D112 in the lipid
bilayer with its neutral tail pointing downward and into the
binding leaflet. The positively charged end remains near the
membrane surface, as it prefers to interact with the phosphate
region of lipids as well as polar water molecules near the
membrane interface. On the other hand, the flip insertion,
shown in Figure 3b, is more complex and takes between four and
five times longer to complete than the harpoon mechanism.
Electrostatic interactions still drive the initial contact between

Figure 2. a) Comparison of changes in the zeta potential, hydrodynamic diameter, and polydispersity index (PDI) of DPPC/DPPS liposomes upon
electrostatic binding with D112 at 317.15 K. Also shown schematically are the aggregation of DPPC/DPPS-D112 and b) schematic representation of
D112 electrostatic interactions with the two lipid species.
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D112 and the lipid headgroups, yet the positively charged end of
the D112 molecules enters first into the hydrophobic core and
returns to the bilayer surface following a U-shaped trajectory
inside the binding leaflet, effectively flipping its orientation from
the center of the bilayer back to the surface. Table S1
summarizes the insertion mode and duration time frame for
each replica of the systems with a single D112 molecule. The
harpoon and flip insertion mechanisms were further differ-
entiated by examining the tilt angle of D112 molecules during
and at the end of the process, as shown in Figure 3c. The
harpoon insertion lasts between 3 and 5 ns, while the flip
insertion occurs past the initial 100 ns and takes nearly 20 ns to
complete, as shown in highlighted regions in Figures 3d and 3e,
respectively.

2.3. Insights on Low and High Order D112 Aggregates
in Mixed Bilayers. Based on MD simulation studies involving
multiple D112 molecules, monomers and their aggregates insert
into the bilayer differently. Formation of low and high order
D112 aggregates was observed in the water as well as inside the
lipid bilayer. Table S2 summarizes the D112 aggregates formed
in the different replicas. For instance, within the first 10−20 ns of
the simulations, D112 formed dimers in the water phase. In
accordance with the relative distance between the positively
charged N atoms in each monomer, the dimers were classified as
parallel or antiparallel as shown in Figure 4a. In antiparallel
dimers, the positively charged end, shown in blue, is on opposite
ends of the dimer; while in a parallel dimer, the positively charge
ends are on the same side of the dimer. This is also evident from

Figure 3.D112 insertion mechanisms observed in MD simulations. (a) Harpoon mechanism, showing rapid anchoring in the vertical orientation, and
(b) flip mechanism, following a slower U-shape trajectory. Blue spheres in the red D112 molecules represent positively charged nitrogen atoms, and
orange spheres represent phosphorus atoms in the membrane lipids. (c) Schematic of the tilt angle of the ring plane of D112 with respect to the lipid
bilayer normal vector, the z-axis in these simulations. Time series of the tilt angle for the (d) harpoon and (e) flip insertion. The light blue region
indicates the duration of the insertion process.
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the larger N−N distance between D112 monomers in the
antiparallel dimers, as seen in Figure 4b. Movies 3 and 4 in the
Supporting Information illustrate D112 dimer formations in
these two conformations. Parallel and antiparallel dimers
interact with lipids through significantly different mechanisms.
The insertion of parallel dimers occurs within the first 30−40 ns
of the trajectory, with the center of mass of the molecule 10 Å
below the phosphate region of the membrane lipids at the end of
the simulation, whereas antiparallel dimers do not fully embed
into the lipid bilayer but interact with the lipid phosphate groups
horizontally at the membrane interface.
In the simulations with 15 D112 molecules, monomers and

parallel and antiparallel dimers were found inside the bilayer
(refer to Figure S3). Parallel dimers enter bilayers only via flip
insertion as described in Figure 3b. None of the parallel dimers
exhibited the harpoon insertion mechanism across the multiple
simulation replicas, potentially due to its larger surface area and
the absence of large-enough lipid packing defects on the
membrane surface. Upon insertion, parallel dimers remained in
the vertical position and well embedded in the hydrophobic core
of the bilayer. In contrast, antiparallel dimers remained right
below the phosphate layer of the membrane lipids in a nearly
horizontal orientation as shown in Figure 4c. This was also
confirmed by the tilt angle distribution of the main axis of D112
dimers with respect to the bilayer normal. Parallel dimers
displayed a narrow peak for a very small angle with respect to the
bilayer, that is, a vertical orientation inside the membrane core.
Conversely, the antiparallel dimers revealed a broad distribution
corresponding to a rather flat orientation, parallel to the
membrane surface (refer to Figure S4).

Our simulation studies provide insights on aggregate
conformations; their location and orientation in the bilayer
when D112 is present in higher concentrations are in agreement
with the trends with DSC experiments. Among the higher order
D112 aggregates, only trimers and tetramers penetrated past the
phosphate headgroup region of the lipids into the hydrophobic
core of the bilayer as depicted in Figure 4d. Heptamers cannot
insert into the bilayer due to their large size and hydrophilic
character and spatial arrangement. This behavior has also been
reported for other small amphiphilic molecules and their
interactions with bilayers, such as statins.

2.4. Preferred Localization of D112 in Mixed Lipid
Bilayers. DSC was used to study the changes in melting
behavior, phase transitions, and domain formations in DPPC/
DPPS (85/15 mol %) mixed bilayers in the presence of D112 at
varying concentrations. The melting temperatures of pure
DPPC and DPPS are reported to be 315.15 and 328.15 K,
respectively. Additionally, the effects of annealing on the bilayer
phase behavior in the presence of D112 were investigated by
subjecting the samples to five subsequent heating and cooling
cycles. Annealing was performed to study the thermal stresses
induced in the bilayer and the effects on the insertion degree of
D112. The phase transition temperatures examined in this study
were used as references to determine the temperatures for the
simulation. The simulated systems were also checked to ensure
the bilayer remained in the fluid phase throughout the
simulation, especially for the DPPC/DPPS system. All the
simulations were carried out at temperatures above the
transition temperature observed from DSC studies.
Upon addition of 0.5 mM D112, the heat capacity associated

with the melting peak of the DPPC/DPPS mixture increased,

Figure 4.D112 aggregates. Dimers (a) in the antiparallel and parallel conformations. Blue spheres indicate the positively charged atom in themolecule.
(b) Time series of the distance between the positively charged N atoms in D112 showing dimer formation. (c) Insertion of a parallel dimer (top) and
an antiparallel dimer (bottom) into a bilayer. (d) High order D112 aggregates and their location with respect to the bilayer.
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and the peak sharpened during the first heating cycle as shown in
Figure 5a. The smaller peaks seen around 319.15 K and 330.15 K
correspond to the melting peaks of pure DPPC and DPPS,
respectively. These smaller peaks indicate a phase separation
between the lipids due to the presence of D112 molecules in the
outer leaflet, shown schematically. Five subsequent heating
cycles exhibited no significant changes in the transition
temperature other than broadening of the melting peaks with
a minor shoulder on the right, suggesting deeper insertion of
D112 into the lipid alkyl tails causing further phase separation.
In contrast, addition of 2.5 mMD112 led to a shift of themelting
peak from 315.25 K to 316.75 K, as seen in Figure 5b. This peak
was also accompanied by smaller peaks at higher temperatures,
representing the melting peaks of pure DPPC and DPPS lipids
because of phase separation. A distinct pattern was observed
during the fifth heating cycle in this case, suggesting phase
domain formations in the bilayer due to deeper penetration of

D112 by virtue of its hydrophobicity. This is attributed to a large
number of D112 molecules accumulating in the lipid bilayer
core due to subsequent heating cycles that influenced the fluidity
of the bilayer.
While a single D112 preferred to colocalize in the PC-rich

region in the bilayer upon insertion, simulations with multiple
D112 molecules demonstrated aggregation patterns corre-
sponding to the experimental observations. Figure 5c−e shows
the lipid density maps of the membrane models: DPPC/DPPS,
DOPC/DPPS, and DPPC/DOPS, respectively. The dark blue
regions indicate the average position of PS lipids during the last
50 ns of the respective trajectory, while the red contour maps
show the relative location of the 15 D112 molecules inserted
into different membranemodels. Under each lateral density map
are the corresponding time series for contacts between D112
and each lipid species. D112 lipid contacts were determined by
counting the number of lipids of a given species within 5 Å from

Figure 5. (a,b) DSC plots of DPPC/DPPS liposomes in the presence of D112molecules at different concentrations. Heating cycles 1 and 5 are colored
in red and blue, respectively. The second rows show the density maps for phosphatidylserine lipids (15% mol) in the lipid mixture models, a
representation of the lateral distribution of lipids in each membrane during the last 50 ns of simulation of the systems with 15 D112 molecules for the
(c)DPPC/DPPS, (d) DOPC/DPPS, and (e)DPPC/DOPSmodels. Each densitymap has the corresponding time series of D112-lipid contacts below
(f−h); a contact was determined by counting the number of lipids of a given species within 0.5 nm of D112 molecules. The black line in the contact
plots indicates the time where all D112 molecules were inserted in the bilayer core.
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the heavy atoms of D112. Most D112 molecules ultimately
localize into the PC-rich regions after their preliminary insertion
into the bilayer; insertion usually takes places near the interface
between the PC-rich and PS-rich regions. These observations
are consistent with the two melting peaks corresponding to pure
DPPC and DPPS shown in Figures 5a and 5b.
It is important to note this study considered symmetric

membrane bilayers containing only two lipid species. Though
this is an oversimplification of the complex lipid landscape in cell
membranes, it is the first step to systematically characterize the
role of the lipid chemical structure on the interactions of small
molecules with the bilayer. Due to the nature of the simulations
that were set up to run with periodic boundary conditions, this
study did not examine the effect of accumulation of D112
molecules in a single leaflet, which would correspond to the
outer leaflet of the liposomes considered in the experimental
setting; this process warrants future studies. In this work, we
provide a pathway to explore existing dyes and pigments for their
therapeutic applications. The current study provides a
comprehensive investigation of the binding and interaction
mechanisms of D112molecules with model lipid membranes via
experiment and simulation.

3. CONCLUSION

This preliminary work investigated the interaction of the
hydrophobic D112 photoemulsifier with lipid bilayers by
applying computational and experimental approaches. Contrary
to hydrophilic photosensitizers that are dependent on assisted
delivery or endocytosis for their internalization, it has been
demonstrated that the degree of insertion of hydrophobic
photosensitizer molecules is of great significance to optimize
their performance in light therapies. In the context of PDT, it is
postulated that at the onset of administration, D112 aggregates
can form ROS with the phospholipids in the plasma membrane
even before they enter the cytosol, which may reduce the overall
duration of the PDT. Our zeta potential measurements
confirmed the expected electrostatic interaction between the
negatively charged phosphatidylserine headgroups and D112
molecules. Similarly, MD simulations further provided insights
on D112 aggregation and insertion into mixed lipid bilayers
including saturated and unsaturated PC and PS lipids.
All-atom MD simulations found two interaction mechanisms

with the bilayer core, namely harpoon or f lip insertion. However,
irrespective of the insertion method, the positively charged end
of D112 molecules was found to be localized near the bilayer
interface, while the lipophilic region remained embedded in the
hydrophobic core of the membrane. DSC further confirmed the
insertion of D112 at varying concentrations in DPPC/DPPS
lipid bilayers through the formation of multiple phase-separated
peaks during various heating cycles. Multiple D112 molecules

were further examined via simulations to mimic higher
concentrations used in the DSC experiments. Throughout the
multiple simulation replicas, low and high order D112
aggregates form and bind to the bilayer primarily through
electrostatics. However, the degree and mode of insertion into
the bilayer varies depending on the size of the aggregate.
The combined experimental and simulation approaches

presented in this work can be adopted as a rapid-vetting strategy
in the repurposing of dyes and pigments as photosensitizers for
various light therapies. Future studies are required to fully
investigate the binding behavior and aggregation patterns of
D112 with complex lipid bilayers. Additionally, the accumu-
lation of D112 in the outer leaflet and its effect on lateral sorting
of lipids and domain formation remain to be studied.
Elucidation of membrane permeation mechanisms in the
context of PDT and drug delivery as well as in vivo and in vitro
studies will certainly provide much needed knowledge to fully
realize the applications of D112 in light therapy.

4. EXPERIMENTAL AND COMPUTATIONAL METHODS

4.1. Molecular Dynamics Simulations. Table 1 summa-
rizes the lipid mixtures of DPPC/DPPS, DOPC/DPPS, and
DPPC/DOPS that were built for the all-atom MD studies using
CHARMM-GUI Membrane builder and Solution builder.55−59

The additional lipid mixtures used in our simulation studies
were selected to examine the effect of lipid tail unsaturation and
headgroup charge on binding and insertion of D112.
Coordinates for a single D112 molecule were built using
ChemDraw 19.0 860 and then solvated in CHARMM-GUI,
which provides parameters from CHARMM General Force
Field (CGenFF) for the molecule.61−63 This system was
equilibrated for 50 ns in water to allow the D112 molecule to
stabilize. The membrane models were relaxed following the
CHARMM-GUI 6-step protocol and further equilibrated for 50
ns before positioning D112 molecules in the solvent. The
number of D112 molecules in the aqueous phase was varied to
examine dynamics with increasing concentration. One, five, and
15 D112 molecules were positioned between 10 and 20 Å away
from the membrane interface and performed in triplicate for 200
ns (refer to Figure S5). The ratios between zwitterionic and
anionic lipids were maintained at 85/15 mol %, varying the
percentage of double bonds in the lipid tails in the different
models. For the simulations with one and five D112 molecules,
the membrane bilayers contain 300 lipids per leaflet; whereas for
the systems with 15 D112 molecules, the bilayers are comprised
of 600 lipids per leaflet to allow sufficient surface area for D112
molecules to diffuse freely and allow bulk membrane regions.
All systems were rendered neutral using K+ ions, and

simulations were run using the GROMACS simulation package,
CHARMM36m force field parameters,63−65 and periodic

Table 1. Summary of Various Systems Used in MD Simulation Studies

lipid mixture system no. of atoms no. of D112 no. of lipid molecules no. of water molecules temp (K) counter ions # K+

DPPC/DPPS (85/15 mol %)
172678 1 300 31717 335 89
173675 5 300 31960 335 85
313236 15 600 52437 335 165

DOPC/DPPS (85/15 mol %)
165775 1 300 28056 310 89
165683 5 300 27936 310 85
370113 15 600 68676 310 165

DPPC/DOPS (85/15 mol %)
159526 1 300 27093 315 89
159461 5 300 26982 315 85
352572 15 600 65069 315 165
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boundary conditions. NPT dynamics was run with a time step of
2 fs, temperature was kept constant with the Berendsen
thermostat at 310 K or 335 K to ensure the bilayer remained
in the fluid phase, and pressure was set at 1 bar and barostat,
respectively.66 Nonbonded interactions were modeled using a
Lennard-Jones potential with a force-switching function
between 10 and 12 Å, and long-range electrostatics were
evaluated using Particle Mesh Ewald.67 The LINCS algorithm
was used to constrain bonds with hydrogen atoms in
GROMACS.68 Snapshots included in this work were generated
using the Visual Molecular Dynamics (VMD) package,69 and
internal GROMACS modules, MDAnalysis,70 and MDTraj71

were used for analysis. All trajectories were computed with
resources available at the Center for Computational Research
(CCR) at the University at Buffalo.72

4.2. Reagents and Liposome Preparation. Cyanine-
D112 was a gift sample from Dr. Kenneth Reed, Visiting
Research Scientist, Rochester Institute of Technology. Lactic
acid (≥98% purity) was purchased from Sigma-Aldrich. DPPC
and DPPS lipids at >99% purity were supplied by Avanti Polar
Lipids (Alabaster, AL). DPPC/DPPS liposomes of ratio 85/15
mol % were prepared at 1 mM concentration using the thin film
hydration method followed by extrusion through polycarbonate
membranes of pore sizes approximately 100 nm as described
previously.51 The cyanine-D112 solution was made in lactic acid
at concentrations of 0.5 mM and 2.5 mM. The D112 solution
was added to the preformed DPPC/DPPS liposomes.
4.3. Light Scattering Measurements. Dynamic light

scattering (DLS) and zeta potential experiments were recorded
using a Malvern Nano-ZS instrument. The measurements were
made at a 173° backscatter angle in a SARSTEDT polystyrene
cuvette in triplicate. The zeta potential measurements were done
using a DTS1070 folded capillary cell. The zeta potential of the
liposomes was measured before and after adding D112. The size
and zeta potential measurements were performed at gel phase
(298.15 K) and fluid phase (317.15 K) temperatures.
4.4. Differential Scanning Calorimetry.Nano differential

scanning calorimetry (DSC) experiments were performed by
adding D112 to 1 mM DPPC/DPPS liposomes at 0.5 mM and
2.5 mM concentrations in a 300 μL cell volume. The samples
were annealed with five alternating heating and cooling cycles in
the range of 298.15−343.15 K at a rate of 1 K/min.
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VMD Visual Molecular Dynamics
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Lipid Composition of the Cancer Cell Membrane. J. Bioenerg.
Biomembr. 2020, 52 (5), 321−342.
(49) Bandu, R.; Mok, H. J.; Kim, K. P. Phospholipids as Cancer
Biomarkers: Mass Spectrometry-Based Analysis. Mass Spectrom. Rev.
2018, 37 (2), 107−138.
(50) Gupta, A.; Mandal, D.; Ahmadibeni, Y.; Parang, K.; Bothun, G.
Hydrophobicity Drives the Cellular Uptake of Short Cationic Peptide
Ligands. Eur. Biophys. J. EBJ. 2011, 40 (6), 727−736.
(51) Gupta, A. Investigation of Interaction of Cationic Amphiphiles with
Model Membranes and Their Application in Drug Delivery. Diss. Masters
Theses Campus Access, 2011, pp 1−198.
(52) Zheng, T.; Chen, Y.; Shi, Y.; Feng, H. High Efficiency Liposome
Fusion Induced by Reducing Undesired Membrane Peptides
Interaction. Open Chem. 2019, 17 (1), 31−42.
(53) Nakhaei, P.; Margiana, R.; Bokov, D. O.; Abdelbasset, W. K.;
Jadidi Kouhbanani, M. A.; Varma, R. S.; Marofi, F.; Jarahian, M.;
Beheshtkhoo, N. Liposomes: Structure, Biomedical Applications, and
Stability Parameters With Emphasis on Cholesterol. Front. Bioeng.
Biotechnol. 2021, 9, 705886.
(54) Anderson, M.; Omri, A. The Effect of Different Lipid
Components on the In Vitro Stability and Release Kinetics of
Liposome Formulations. Drug Deliv 2004, 11 (1), 33−39.
(55) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: A Web-
Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008,
29 (11), 1859−1865.
(56) Wu, E. L.; Cheng, X.; Jo, S.; Rui, H.; Song, K. C.; Dávila-
Contreras, E. M.; Qi, Y.; Lee, J.; Monje-Galvan, V.; Venable, R. M.;
Klauda, J. B.; Im, W. CHARMM-GUI Membrane Builder toward
Realistic Biological Membrane Simulations. J. Comput. Chem. 2014, 35
(27), 1997−2004.
(57) Jo, S.; Lim, J. B.; Klauda, J. B.; Im, W. CHARMM-GUI
Membrane Builder for Mixed Bilayers and Its Application to Yeast
Membranes. Biophys. J. 2009, 97 (1), 50−58.
(58) Lee, J.; Patel, D. S.; Widmalm, G.; Im, W. CHARMM-GUI
Membrane Builder for Complex Biological Membrane Simulations
with Glycolipids and Lipoglycans. J. Chem. Theory Comput. 2019, 15
(1), 775.
(59) Jo, S.; Kim, T.; Im, W. Automated Builder and Database of
Protein/Membrane Complexes for Molecular Dynamics Simulations.
PLoS One 2007, 2 (9), No. e880.
(60) Cousins, K. R. Computer Review of ChemDrawUltra 12.0. J. Am.
Chem. Soc. 2011, 133 (21), 8388.
(61) Lee, J.; Cheng, X.; Swails, J. M.; Yeom, M. S.; Eastman, P. K.;
Lemkul, J. A.; Wei, S.; Buckner, J.; Jeong, J. C.; Qi, Y.; Jo, S.; Pande, V.
S.; Case, D. A.; Brooks, C. L.; MacKerell, A. D.; Klauda, J. B.; Im, W.

CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER,
OpenMM, and CHARMM/OpenMM Simulations Using the
CHARMM36 Additive Force Field. J. Chem. Theory Comput. 2016,
12 (1), 405−413.
(62) Vanommeslaeghe, K.; Raman, E. P.; MacKerell, A. D.
Automation of the CHARMM General Force Field (CGenFF) II:
Assignment of Bonded Parameters and Partial Atomic Charges. J.
Chem. Inf. Model. 2012, 52 (12), 3155−3168.
(63) Vanommeslaeghe, K.; MacKerell, A. D. Automation of the
CHARMM General Force Field (CGenFF) I: Bond Perception and
Atom Typing. J. Chem. Inf. Model. 2012, 52 (12), 3144−3154.
(64) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de
Groot, B. L.; Grubmüller, H.; MacKerell, A. D. CHARMM36m: An
Improved Force Field for Folded and Intrinsically Disordered Proteins.
Nat. Methods 2017, 14 (1), 71−73.
(65) Klauda, J. B.; Venable, R. M.; Vorobyov, I.; MacKerrell, A. D.;
Pastor, R. W. Update of the CHARMM All-Atom Additive Force Field
for Lipids: Validation on Six Lipid Types. J. Phys. Chem. B 2010, 114
(23), 7830.
(66) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular Dynamics with Coupling to an
External Bath. J. Chem. Phys. 1984, 81 (8), 3684−3690.
(67) Darden, T. Particle mesh Ewald: An N·log(N) method for Ewald
sums in large systems. J. Chem. Phys. 2021, 98, 10089.
(68) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M.
LINCS: A Linear Constraint Solver for Molecular Simulations. J.
Comput. Chem. 1997, 18 (12), 1463−1472.
(69) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graph. 1996, 14 (1), 33−38.
(70) Michaud-Agrawal, N.; Denning, E. J.; Woolf, T. B.; Beckstein, O.
MDAnalysis: A Toolkit for the Analysis of Molecular Dynamics
Simulations. J. Comput. Chem. 2011, 32 (10), 2319−2327.
(71) McGibbon, R. T.; Beauchamp, K. A.; Harrigan, M. P.; Klein, C.;
Swails, J. M.; Hernández, C. X.; Schwantes, C. R.; Wang, L.-P.; Lane, T.
J.; Pande, V. S. MDTraj: A Modern Open Library for the Analysis of
Molecular Dynamics Trajectories. Biophys. J. 2015, 109 (8), 1528−
1532.
(72) Research (CCR), C. for C. Center for Computational Research
Facility Description; 2019.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07378
ACS Omega 2022, 7, 9765−9774

9774

https://doi.org/10.1038/cddis.2017.19
https://doi.org/10.1038/cddis.2017.19
https://doi.org/10.1016/0005-2736(91)90008-V
https://doi.org/10.1016/0005-2736(91)90008-V
https://doi.org/10.1016/j.chemphyslip.2009.01.004
https://doi.org/10.1016/j.chemphyslip.2009.01.004
https://doi.org/10.1016/j.jphotobiol.2018.11.019
https://doi.org/10.1016/j.jphotobiol.2018.11.019
https://doi.org/10.1016/j.jphotobiol.2018.11.019
https://doi.org/10.2478/v10214-011-0002-5
https://doi.org/10.2478/v10214-011-0002-5
https://doi.org/10.1016/j.jchromb.2009.06.015
https://doi.org/10.1016/j.jchromb.2009.06.015
https://doi.org/10.1007/s10863-020-09846-4
https://doi.org/10.1002/mas.21510
https://doi.org/10.1002/mas.21510
https://doi.org/10.1007/s00249-011-0685-4
https://doi.org/10.1007/s00249-011-0685-4
https://doi.org/10.1515/chem-2019-0004
https://doi.org/10.1515/chem-2019-0004
https://doi.org/10.1515/chem-2019-0004
https://doi.org/10.3389/fbioe.2021.705886
https://doi.org/10.3389/fbioe.2021.705886
https://doi.org/10.1080/10717540490265243
https://doi.org/10.1080/10717540490265243
https://doi.org/10.1080/10717540490265243
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.23702
https://doi.org/10.1002/jcc.23702
https://doi.org/10.1016/j.bpj.2009.04.013
https://doi.org/10.1016/j.bpj.2009.04.013
https://doi.org/10.1016/j.bpj.2009.04.013
https://doi.org/10.1021/acs.jctc.8b01066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0000880
https://doi.org/10.1371/journal.pone.0000880
https://doi.org/10.1021/ja204075s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci3003649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci3003649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci300363c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci300363c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci300363c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1021/jp101759q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101759q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/jcc.21787
https://doi.org/10.1002/jcc.21787
https://doi.org/10.1016/j.bpj.2015.08.015
https://doi.org/10.1016/j.bpj.2015.08.015
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

