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Abstract

Lipid-based drug delivery systems hold immense promise in addressing critical medical
needs, from cancer and neurodegenerative diseases to infectious diseases. By encapsulating
active pharmaceutical ingredients — ranging from small molecule drugs to proteins and nucleic
acids — these nanocarriers enhance treatment efficacy and safety. However, their commercial
success faces hurdles, such as the lack of a systematic design approach and the issues

related to scalability and reproducibility.

This work aims to provide insights into the drug-phospholipid interaction by combining
molecular dynamic simulations and thermodynamic modelling techniques. In particular, we
have made a connection between the structural properties of the drug-phospholipid system
and the physicochemical performance of the drug-loaded liposomal nanoformulations. We
have considered two prototypical drugs, felodipine (FEL) and naproxen (NPX), and one model
hydrogenated soy phosphatidylcholine (HSPC) bilayer membrane. Molecular dynamic
simulations revealed which regions within the phospholipid bilayers are most and least
favoured by the drug molecules. NPX tends to reside at the water-phospholipid interface and
is characterized by a lower free energy barrier for bilayer membrane permeation. Meanwhile,
FEL prefers to sit within the hydrophobic tails of the phospholipids and is characterized by a
higher free energy barrier for membrane permeation. Flory-Huggins thermodynamic
modelling, small angle X-ray scattering, dynamic light scattering, TEM, and drug release
studies of these liposomal nanoformulations confirmed this drug-phospholipid structural
difference. The naproxen-phospholipid system has a lower free energy barrier for permeation,
higher drug miscibility with the bilayer, larger liposomal nanoparticle size, and faster drug
release in the aqueous medium than felodipine. We suggest that this combination of molecular
dynamics and thermodynamics approach may offer a new tool for designing and developing

lipid-based nanocarriers for unmet medical applications.



1. Introduction

Phospholipids, ubiquitously in nature, are amphiphilic molecules consisting of a polar,
hydrophilic group and two apolar, hydrophobic fatty acid side chains. In the presence of
aqueous solutions, phospholipids spontaneously form micelles or bilayer membranes to
minimize the interactions between hydrophobic groups, leading to the self-assembly of lipid-
based nanoparticles (LNP) or liposomes (Beltran-Gracia et al., 2019; Peer et al., 2007; Xing
et al., 2016). These nanocarriers with a size range between 20 to 200 nm can offer unique
chemical and biological features for diagnosing, monitoring, preventing, and treating unmet
clinical conditions (Farokhzad and Langer, 2009). As one of the most promising strategies for
nanoparticle drug delivery, liposomes have been continuously researched for encapsulating a
wide range of active pharmaceutical ingredients (APIs), including small molecules, proteins,
peptides, and peptide nucleic acids, to tumours or sites of inflammation (Kluzek et al., 2022;
Shi et al., 2017). Other modifications for LNPs were also developed to enable different delivery
mechanisms, such as passive targeted delivery (Pereira et al., 2022), PEGylated long-
circulating stealth system, and chemical responsive drug release (Barenholz, 2012). Specific
efforts have focused on drugs that are difficult to deliver due to low water solubility and high
toxicity (Bakshi et al., 2018; Giardiello et al., 2016). Therapeutics and diagnostics in cancer
(Barenholz, 2012; Janssen products, 2013), neurodegenerative diseases (Kabanov, A V;
Gendelman, 2007), diabetes (Tromans et al., 2018; Veiseh et al., 2016), infectious diseases
(Bern et al., 2006; Meyerhoff, 1999), and inflammation (Schiener et al., 2014) have already
benefited from nanotechnology. Recent successful clinical delivery of the COVID-19 vaccine
and short interfering RNA (siRNA) are the two landmarks for LNP drug delivery systems (Akinc
etal., 2019; Hou et al., 2021; Kisby et al., 2021). Encapsulation of APIs in an LNP or liposome
can dramatically alter the distribution by controlling the release to normal tissue while
facilitating the accumulation at the desired targets. In the systemic circulation and distribution
to tissue/organ, the release kinetics of the encapsulated payloads are often critical to the
safety and efficacy of the treatment (Tang et al., 2019). An adequately designed liposomal
bilayer can offer suitable API retention and stability for therapeutic purposes. While significant
progress has been made to foster such a drug delivery system, the lack of a systematic
approach to the entire design space of liposomes has partly hindered the wide clinical
applications. Heavily researched lipid-based nanoformulation designs inherited from
previously marketed products or drug delivery experts often rely on only a few design
principles. Subsequently, many mimicking nanoformulations were utilized for new APlIs, often
in vain at the clinical trial stage (Park, 2016, 2013). The structural-response relationships in
the initial nanocarrier design space, the interactions with the payload, and the critical quality

attributes of the finished nanoformations are poorly understood. Limited research, often based



on simple and/or empirical experiment approaches, has resulted in negligible outcomes in
improving the final clinical efficacy of nanomedicines. For example, the variables of the
nanocarrier, e.g., phospholipid type, composition, size, and ionic strength, and the complexity
and heterogeneity of the microenvironment at the target still present significant challenges and
opportunities in this field (Bonnans et al., 2014; Shi et al., 2017). To provide a detailed
understanding of both structural and physicochemical drug-phospholipid interactions, several
biophysical techniques have been developed through membrane models at the air-liquid and
solid-liquid interfaces (Clifton et al., 2020). Many advanced characterization techniques can
assist such understanding of the drug, lipid-based nanocarriers, and their interfaces, such as
nuclear magnetic resonance, small angle x-ray/neutron scattering, and cryo-EM or liquid-EM
(Jabbari et al., 2023; Yao et al., 2020). A recent development in x-ray/neutron scattering and
surface-sensitive imaging techniques can provide visualized understanding with incredibly

high resolutions (Paracini et al., 2023).

From a computational standpoint, molecular dynamics (MD) simulations can provide a
mechanistic understanding of the interactions between the drug and the lipid-based
nanocarriers. In recent years, coarse-grained (CG) MD has often been used to build and
characterize model phospholipid systems (Bunker et al., 2016). In contrast to fully atomistic
MD, CG-MD allows access to longer/larger time-/length-scales, as it clusters groups of atoms
into so-called "beads", significantly reducing the computational costs of these simulations.
Unsurprisingly, however, this approach comes at the expense of sacrificing accuracy to some
extent. Representative examples of CG-MD would include the model of Parchekani et al. to
investigate the structural and dynamical properties of liposomes coated with polyethene glycol
(PEG), their sensitivity to pH, and the impact of external stimulations (e.g. ultrasound or heat)
on the release of drug molecules in liposomes (Parchekani et al., 2022). MD studies simulating
the actual drug release mechanism are also beginning to emerge in recent literature. For
instance, Marcos et al. studied the incorporation of N-(2-hydroxyphenyl)-2-propylpentanamide
in dimyristoyl-phosphatidylcholine (DMPC) liposomes in the presence or absence of
cholesterol (CHOL) (Marcos et al., 2022); Siani et al. investigated the penetration of
doxorubicin in liposome membranes modelled as phosphatidylcholine (PC)/sphingomyelin
(SM)/CHOL lipid bilayers (Siani et al., 2022) and Jambeck et al. simulated the release of
hypericin from a liposome model (Jambeck et al., 2014). A notable example of Monte Carlo
simulations was also used to understand the drug release through liposomal pores (Dan,
2015). It is clear that the combination of MD simulations with advanced characterization
techniques can improve our understanding of the drug-phospholipid interface and represents

a new systemic tool for designing and developing new lipid-based drug delivery vesicles.



This study combined fully atomistic MD simulations with thermodynamic modelling and
experimental characterization to provide a comprehensive picture of the drug-phospholipid
interactions, including the drug encapsulation and release from the liposomal nanocarriers.
Specifically, the molecular-level details of the drug-phospholipid interactions are investigated
via enhanced sampling simulations based on MD, whilst the phase behaviours of the drug-
phospholipid binary mixtures are explored via Flory-Huggins based thermodynamic modelling.
Furthermore, the importance of drug encapsulation and phase behaviours obtained from the
modelling were highlighted in relation to the physicochemical performance of the
manufactured drug-encapsulating liposomal nanocarriers. Thus, this work lays the
foundations for a rational approach to designing, developing, and realizing lipid-based
nanocarriers, which would directly impact the nanoformulation of small molecule drugs within

the early discovery phase.

2. Materials and Methods
2.1 Material

Hydrogenated soybean phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were purchased from Lipoid Ltd.
(Germany). Cholesterol, a-tocopherol, xylitol and disodium ethylenediaminetetraacetate
(EDTA) were purchased from Sigma Aldrich (UK). Methanol, dimethyl sulfoxide (DMSO),
trifluoroacetic acid (TFA), chloroform, acetonitrile, and tetrahydrofuran (THF) at analytical
grade were purchased from Sigma Aldrich (Gillingham, UK) and used as received. Naproxen
(purity > 98%) was purchased from Kemprotec (Cumbria, UK), and felodipine was acquired

from Molekula (purity > 99%, Darlington, UK)
2.2Methods
2.2.1 Molecular dynamics simulations

Molecular dynamics simulations were performed via the MD package GROMACS (Abraham
et al., 2015; Pronk et al., 2013). The force field used to model the lipids and drug molecules
was CHARMMS36 (Soteras Gutiérrez et al., 2016; Vanommeslaeghe et al., 2010), whilst the
TIP4P/Ice model was used to represent the water molecules (Abascal et al., 2005a). It is worth
mentioning that CHARMMS36 was parameterized initially to be utilized with the TIP3P water
model; however, the combination of CHARMMS36 and TIP4P/Ilce has been extensively
validated, particularly in the context of reproducing the properties of liquid water at the
interface with complex biological systems in recent studies (Abascal et al., 2005b; MacKerell
et al., 1998; Midya and Bandyopadhyay, 2014; Nutt and Smith, 2007). CHARMM-GUI and

CGenFF were used to craft topologies and initial configurations of the lipid belayers and the
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drug molecules, respectively (Brooks et al., 2009; Jo et al., 2009, 2008; Lee et al., 2016). The
SETTLE and LINCS algorithms were used to constrain the geometry of the water molecules
and the bond lengths of covalent bonds involving the H atom (high-frequency vibrational
motion) (Hess et al., 1997; Miyamoto and Kollman, 1992). An initial energy minimization was
carried out, bringing the maximum force acting on a given atom below 100 kJ mol' nm-'.
Three-dimensional periodic boundary conditions (PBCs) were used. Subsequently, an initial
equilibration run (20 ns) was conducted at 328.15 K, sampling the canonical (NVT) ensemble.
A leap-frog integrator with a timestep of 2 fs was used to integrate the equations of motion.
The Bussi-Donadio-Parrinello thermostat and the Berendsen barostat were used, enforcing a
surface tension coupling where relevant (Berendsen et al., 1984; Bussi et al., 2007). The cutoff
for the van der Waals and electrostatic interactions was set to 12 A. The van der Waals

interactions were switched to zero between 10 and 12 A.

Following this initial equilibration MD run, the simulation box was elongated in the z-direction
up to 270 A | creating water-vacuum interfaces to avoid artefacts caused by the slab geometry
of the system — following the well-known approach of Yeh and Berkowitz (Yeh and Berkowitz,
1999). An equilibration run of 20 ns, sampling the (NVT) ensemble at 328.15 K, was then
carried out. Following the NVT run, a longer NPT run of 200 ns was carried out to equilibrate
the system. In these simulations, the X and Y (in-plane) box dimensions were coupled and
allowed to change to accommodate the natural pressure fluctuations of the system, whilst the
Z box dimension was fixed (semi-isotopic pressure coupling). As lipid bilayers can expand and
contract significantly under pressure, we have imposed a constant surface tension of yg = 120
mdJ m-2, according to our previous work (Miles et al., 2022). Note that at 328.15 K, the bilayer
is in a liquid crystalline phase. Following this equilibration, the systems were quenched from
328.15 K to 300 K at a rate of 2.25 K ns™ 1 under constant (ambient) pressure and imposed
surface tension (120 mJ m_2). The systems were subsequently equilibrated at 300 K, where
the bilayer is in the gel phase, via a 20 ns run. Once equilibrated at 300 K, extended MD runs
of 3 us were performed in the NVT ensemble, where the volume was chosen as the

equilibrated average volume from the previous NPT simulations.
2.2.2 Thermogravimetric analysis

The raw materials' thermal stability and suitability for use in the twin-screw extrusion process
were measured using a TGA (TA instruments, Leatherhead, UK) and analyzed using a TA
instrument universal analysis 2000 software. Decomposition was deemed significant if weight
loss over 5% occurred, where the onset of decomposition was determined using extrapolated

tangents of slopes before and after degradation began. Thermal scans were performed from
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0 — 400°C at 20°C/min, with the remaining weight plotted as a temperature function (n=3).
Nitrogen was used as a purge gas throughout (flow rate sample: 60 mL/min, flow rate balance:

40 mL/min). All measurements were carried out in triplicates.
2.2.3 Melting point depression studies

Melting point depression studies were conducted on binary physical mixtures in a DSC 8000
differential scanning calorimeter (Perkin-Elmer, Windsor, Berkshire, UK). In a typical binary
physical mixture preparation, approximately 500 mg samples were prepared at a 70% w/w
drug loading before milling them for 8 min at 20 Hz in a ball mill (MM200, Copley Scientific
Limited, Nottingham, UK). The DSC instrument was calibrated at the respective heat rates
with indium and zinc for both melting point and heat of fusion. Nitrogen was used as a purge
gas (flow rate: 40 mL/min) to maintain an inert atmosphere. 5 — 10 mg of sample was
accurately weighed into aluminium pans and crimped using an aluminium pan lid. The pan
was then subject to a thermal ramp at 5°C/min from 0 to 170°C. Plots of heat flow versus
temperature were recorded and analyzed using Pyris software. The melting endpoint (Teng)
was calculated at the intersection of the falling edge of the melting endotherms and the post-
melting baseline. The peak maximum was taken to detect the lipid transition temperature. All

measurements were carried out in triplicates.
2.2.4 Flory-Huggins thermodynamic modelling

Calculation of drug-lipid phase diagrams was performed using DSC analysis. Melting point
depression studies across a range of drug loadings (90 to 50% w/w) for each drug (NPX and
FEL) in a physical mixture with HSPC were carried out, and the end melting point was recorded
as representing the complete melting of all crystalline drug within the sample. The melting
depression data were then fitted by Flory-Huggins modelling, as previously established in our
group (Tian et al., 2013). Drug lipid mixtures were prepared and measured using DSC, as
described above. The fractions of molecular volume for drug-phospholipid systems were

calculated from the ratios of the drug (NPX or FEL) over the selected phospholipids.
2.2.5 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) was used to examine the degree of crystallinity in raw
materials, physical mixtures, and melts to allow the evaluation of phase diagrams and the
system's stability. Samples were analyzed at room temperature using a MiniFlex Il Desktop
Powder X-ray Diffractometer (Rigaku Corporation, Kent, England) equipped with Cu Kf3
radiation, at a voltage of 30 kV and a current of 15 mA. Samples were placed onto a glass to-

loading sample holder with 0.2 mm depression. All samples were scanned from 3 — 90 20 in



continuous mode with a sample width of 0.03° and a scan speed of 2.0 °/min. Diffraction

patterns were analyzed using PDXL software.

2.2.6 Preparation of felodipine and naproxen loaded liposomes

The twin-screw extrusion (TSE) method prepared drug-loaded and blank liposomal
nanoparticles using optimized processes previously published (Andrews et al., 2023; Jacobs
et al., 2022). Briefly, FEL, NPX, HSPC, and cholesterol at the relevant ratios were first ground
by mortar and pestle and then mixed with xylitol as a hydrophilic carrier at a drug-phospholipid
to xylitol ratio of 1:9 w/w. The premixture was fed into the TSE (Rondol Technology Ltd.,
France) and processed between 50 to 105°C. The screw configuration was composed of
90°/60° kneading and conveying elements for breaking down the particle size and dispersing
liposomal nanoparticles. All the samples produced in this study were carried out in multiple

repeats (= 3).
2.2.7 Lipid/liposome structural information

Small-angle X-ray scattering (SAXS) experiments were carried out using a Ganesha 300XL
system (Xenocs, France). The instrument is automated with a movable detector inside the
vacuum chamber and configured as a two-pinhole system with a high-brilliance micro-focus
Copper source. The scattered X-ray photons were collected by a Pilatus 300K Solid-State
Photon-Counting Detector with a pixel size of 172 um. The scattering data obtained were
radially averaged and normalized to the exposure time using SAXSGUI software. The
obtained 1D spectra were processed as a function of the scattering vector q = 41sin(0)/A,
where 20 is the scattering angle, and A is the wavelength of Cu Ka = 0.154 nm. Silver behenate
was used to validate the q calibration. The powder samples were loaded into 1.5 mm diameter
borosilicate glass capillaries and sealed by a glue gun before the data collection at 30°C with

an exposure time of 180 seconds. Multiple runs were carried out for each formulation.
2.2.8 Transmission light microscopy

Transmission electron microscopy (TEM, JEOL JEM-1400 series, Massachusetts, USA) and
Cryogenic transmission electron microscopy (Cryo-TEM, FEI, Thermo Fisher Scientific,
Eindhoven, The Netherlands) were both used to characterize the nanoparticles within the solid
matrix and after reconstitution in water. For assessing the liposomal nanoparticle suspension
within the solid polyol, the sample was slightly softened in a temperature-controlled oven
(MN305, Genlab, Widnes, UK), a carbon-coated Copper grid (200 mesh, Agar Scientific,
Stansted Essex, United Kingdom) was placed in the molten sample, followed by the sandwich
of two glass coverslips. Once it was cold, the glass coverslips were separated and left with
the solid sample on the copper grid. For assessing the liposome nanoparticles within the

aqueous medium, the solid extrudates were dispersed within deionized (DI) water, then 3 pL
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of the diluted sample was pipetted onto a previously glow discharged, lacey carbon film EM
grid, blotted for 1.2 s and plunge frozen into liquid ethane using a Leica GP plunge freezer
(Leica Microsystems, Wetzlar, Germany). The sample was kept at liquid nitrogen temperature
while transferred to a Gatan 626 Cryotransfer holder (Gatan, Pleasanton, CA, USA) and
imaged using TEM. Using low-dose acquisition software, images were acquired on a CETA
camera (FEI, Thermo Fisher Scientific, Eindhoven, The Netherlands). A minimum of five

microphotographs were collected from each sample.
2.2.9 Dynamic light scattering

Liposome particle size and size distribution were measured (in triplicate at 25°C) using a
Nanobrook Omni (Brookhaven Instruments, USA). Samples were reconstituted and diluted to
an HSPC concentration of 20 pug/mL using ultra-purified water, and the mean effective

diameter (nm) and polydispersity were reported.
2.2.10 UV-Visible light spectroscopy

NPX was quantified using an ultraviolet/visible light (UV/vis) spectrometer (Cary 50, Agilent
Technologies, California, US). The standards were prepared using 90% methanol and 10%
water between the concentration range of 0.5 — 2.5 ug/mL for NPX and 2.5 — 20 ug/mL for

FEL. All the standards were prepared in triplicate.
2.2.8 High-performance liquid chromatography

Quantification of FEL was carried out using an Agilent (California, US) 1260 infinity Quaternary
system HPLC with a Kinetex 5u C18 100A, 150 x 4.6 mm column (Phenomenex, California,
US) at 25°C. UV detection was used with a mobile phase of 10% water with 0.1%
trifluoroacetic acid (TFA) and 90% methanol. The injection volume was set to 20 uL and a flow
rate of 1 mL/min was used. A standard calibration was then prepared between the 0.5 — 100

(g/mL concentration range, allowing the drug concentration to be determined.

Quantification of HSPC was carried out using an Agilent (California, US) 1260 infinity
Quaternary system HPLC with a Kinetex 5u C18 100A, 150 x 4.6 mm column (Phenomenex,
California, US) at 45°C. A 1260 infinity Il evaporative light scattering detector (ELSD) was
equipped with a mobile phase of 5% water with 0.1% TFA and 95% methanol with 0.1% TFA.
The injection volume was set to 20 yL, and a 2 mL/min flow rate was used. A standard
calibration was prepared between the 30 - 100 (pg/mL concentration range) for HSPC
quantifications. The limit of detection and quantification were calculated to be 17.4 and 52.7

pg/mL, respectively. The accuracy and precision of the method are summarised in Table S2.

2.2.9 Encapsulation Efficiency (EE)



The EE was determined using centrifugal filters (Merck, Millipore, USA) with a 10 kD filter to
separate the free and encapsulated drugs. Formulations were dispersed in Millipore water to
produce a stock with a 10 ug/mL drug concentration. 500 yL aliquots of the stock were
transferred to each centrifuge filter tube and spun for 20 min at 10,000 rpm at 4°C. This
ensured adequate supernatant recovery without the risk of liposome rupture. The supernatant
was then diluted to an acceptable concentration. The solution was analyzed using a Cary 60
UV/vis spectrometer (Agilent Technologies, USA) at 232 nm for free drug content, compared
to the calibration curve as described. The total drug concentration was found by diluting 1 mL
of stock solution to 10 mL with methanol and sonicating for 30 min. The solution was then
analyzed by UV-vis to determine the total drug content. The EE could then be calculated based
on the free drug content over the total drug content of the liposomal nanoformulations after

reconstitution in agueous media.

To validate the method, the entrapped drug contents in select formulations were also
measured following the centrifugation, as described above. The filter insert was removed and
inserted upside down into a clean Eppendorf tube before being centrifuged for 4 mins at
10,000 rpm to extract the liposomes from the filter. The liposome was redispersed in the PBS
buffer, aliquoted, and dissolved in methanol to an appropriate concentration for quantification.
The total drug content of the processed formulation was also quantified by dissolving the entire
formulation within an organic solvent. Similar procedures were employed for FEL formulations
except a 0.5% sodium laureth sulphate (SLS) in the aqueous medium to solubilize the FEL for

complete detection.
2.2.10 Drug release

Membrane dialysis was used to determine the release profile of drugs from the liposomal
formulations. The solid formulations were dispersed to a suitable volume of medium, ensuring
the maximum theoretical concentration was reached, 5 ug/mL for NPX (in PBS pH=7) and 20
pug/mL for FEL (PBS pH 7 and 0.5% SLS in PBS pH=7). 5 mL of the liposomal suspension
was immediately pipetted into a dialysis tubing cellulose membrane (molecular weight cutoff
14K, Sigma-Aldrich, Gillingham, UK) and pre-soaked in the release media overnight. The
dialysis bag was sealed with clips before being placed into 50 mL of the release media at
37°C. This was then placed into an incubator shaker at 37°C and 40 rpm for the experiment.
At designated time points, a 2 mL aliquot was withdrawn and replaced with a release medium.
At the end of the experiment, the bag was burst into the media, and the final total drug
concentration was quantified. As a comparison, the centrifugation-based drug release method
was employed. The liposomal formulations were dispersed as previously described, divided

equally into several small vials, and placed in an incubator shaker at 37°C and 40 rpm. At the
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designated time points, the small vials were centrifuged at 10,000 rpm for 20 min at 4°C. The

supernatant was then collected for drug quantification.
2.2.11 Statistical Analysis

All data were examined with a significance level of p < 0.05. The effects of ball millings on the
Teng Of the drug's melting points and the dissolution data were further analyzed using a one-
way ANOVA using crystalline NPX as the control to determine significant differences between
various liposomal formulations, as well as using a post-hoc test to compare with each

formulation to determine the effect of altering factors.

3. Results and Discussion

3.1 Atomistic understanding of the FEL/NPX - HSPC bilayer interactions
3.1.1 Computational setup

A pure 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) lipid bilayer system was
constructed using CHARMM-GUI, with 30 lipids per leaflet (60 per system). Six DSPC
molecules were manually edited, removing two carbon atoms from the primary lipid tail to
create HSPC lipids (the relevant force field parameters have also been modified accordingly).
Initial equilibration MD runs were carried out at 328.15 K. Following equilibration in the liquid
crystalline phase, the system was quenched to 300 K and equilibrated within the gel phase.
Once equilibrated and quenched, the simulation box's in-plane dimensions were 3.89 x 3.89
nm. The details of this computational approach can be found in the Methods section. NPX and
FEL molecules (one molecule of either species per simulation box) were initially solvated in
TIP4P/Ice water within a 3.2 nm cubic box. In these simulations, NPX was simulated in its de-
protonated form (the pKa of NPXis ~ 4.15, which means that its carboxylic group will be mostly
de-protonated at physiological pH) (Li and Cooper, 2012). These systems were then merged
with the equilibrated HSPC systems. A representative snapshot of the whole computational
setup, containing the HSPC bilayer and one FEL molecule, is shown in Figure 1. We remark
that whilst the actual liposome nanoparticles are curved objects, a ~4 nm section (such as the

one we considered in our MD simulations) of these systems can be considered entirely flat.
3.1.2 Umbrella sampling

To investigate the energetics of the insertion/release of either FEL or NPX molecules in/from
HSPC bilayers, we have utilized the umbrella sampling (US) enhanced sampling method
(Torrie and Valleau, 1977, 1974). US is a computational technique employed to estimate the
free energy landscape of a system/process. It involves performing simulations at various
points along a "collective variable" (CV), i.e., a mathematical object that allows us to

distinguish the system's different states and obtain a free energy profile relative to the process
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we are interested in (Bhakat, 2022). In this case, we have selected as our collective variable
the z-component of the distance d between the centre of mass (COM) of the drug molecule

and the centre of mass of the HSPC bilayer:
d, = COM(drug), - COM(bilayer),. Equation 1

We perform restrained MD simulations for different points along this CV using a biased
potential, or "umbrella," to enhance sampling (particularly in energetically unfavourable
regions). Each umbrella typically consists of a harmonic potential characterized by a spring
constant, k, which quantifies the strength of the bias applied to keep the system around a
given CV value. The spring constant is crucial for controlling the extent of fluctuations around

this point, affecting both the efficiency and accuracy of the sampling.

By combining data from these biased simulations through a reweighting process, such as the
weighted histogram analysis method (WHAM), it is possible to reconstruct the unbiased free
energy profile along the reaction coordinate (Hub et al., 2010). Umbrella sampling is
particularly useful for studying processes with high (i.e., higher than the thermal energy at the
temperature of interest) energy barriers that are difficult to sample adequately through
straightforward molecular dynamics simulations. US is a free energy-based enhanced
sampling method that is especially suited to the problem at hand, given that we know the initial
and final states of the process we are interested in. Specifically, our initial state corresponds
to the situation where the FEL or NPX molecule is in the water phase above the HSPC bilayer,
and our final state corresponds to the situation where the FEL or NPX molecule is in the water
phase below the HSPC bilayer. Thus, we aim to determine the free energy changes

associated with the drug molecules percolating through the HSPC bilayer.

An initial simulation was run with the location of the bias moving along the selected CV by 1
A every 10-50 ns (depending on the drug molecule and its position relative to the lipid bilayer);
i.e. a 10-50 ns run with the bias centred at d, = +40 A, a 5 ns run with the bias centred at d, =
+39 A and so on up until d, = -40 A. The bias applied was a harmonic potential, with a spring
constant of k = 2000 kJ mol'. This choice in terms of the spring constant allowed us to
overcome the relevant free energy barriers whilst still resulting in a substantial overlap
between the different umbrellas (see the top two panels of Figures 2a and 2b). "Walls" (i.e.
additional potentials aimed at preventing the molecules from crossing specific boundaries
within the system) at d, = +45 A were introduced to keep the FEL/NPX molecule in the relevant
region of the system. The WHAM code written by Grossfield was used to compute the free
energy landscapes with respect to the CV d, (Grossfield, 2022), with a bin width of 0.2 A. The

results of the US simulations for both NPX and FEL are summarised in Figure 2.
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Figure 1. Schematics of the computational setup. A felodipine molecule is driven (by means of
enhanced sampling simulations) from the water phase (~ 3 nm thick) into the HSPC bilayer. The
simulation box is depicted in purple. Note that the vacuum regions (only partially included in the Figure)
extend for roughly three times the size of the system along the vertical (z) axis. The in-plane dimensions
of the system are ~ 4 nm.
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Figure 2. Results from umbrella sampling simulations of FEL-HSPC (a) and NPX-HSPC (b) bilayer
systems. The top panel shows the histograms of the z-distribution of the drug molecule (with respect to
the bilayer centre, as shown in Figure 1) for each simulation. The bins used for the histograms were
equal to 0.2 °A width, from -45 °A to 45 °A. The second panel shows the sum of these histograms. The
third panel shows the estimate for the free energy computed by the WHAM software. The fourth panel
shows the bilayer and water density profiles to reference the other panels. The x-scale is the same for
all panels.

The density profiles reported in the bottom panels of Figure 2a and Figure 2b indicate that the
hydrated region extends up to 10 A into the HSPC lipid bilayer. In the case of FEL, we argue

that the drug molecule tends to sit within the HSPC bilayer, given the two local free energy
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minima observed in correspondence with the HSPC hydrophobic lipid tails (d, ~ +/- 10 A).
Note that these two minima are energetically favourable (by ~5-10 kJ/mol) with respect to the
rather shallow energy minima observed for FEL at the water-lipid interface (d, ~ +/- 30 A). The
percolation of the molecule through the hydrophilic headgroup region of the HSPC lipid bilayer
(-25 A <d, < 10 A) does require a substantial free energy barrier (~25 kJ/mol) to be overcome.
Moreover, crossing the bilayer centre (d, = 0 A) requires an even higher free energy cost of
~35 kJd/mol.

Interestingly, compared to FEL, lower free energy barriers were observed for the NPX
molecule as it crosses the HSPC bilayer — albeit we remark that the free energy profile we
have obtained for this molecular species is not perfectly symmetric, which suggests some
inhomogeneities within the HSPC bilayer. Nevertheless, NPX's local free energy minima at
the interface between the bilayer and water (d, ~ +/- 30 A) are more energetically favoured
than the local free energy minima for NPX observed in correspondence of the HSPC
hydrophobic lipid tails (d, ~ +/- 10 A). This suggests that, in stark contrast with FEL, NPX tends
to sit at the water-bilayer. As NPX moves towards the centre of the HSPC bilayer, a bi-modal
free energy landscape was observed, suggesting that different molecular conformations are
needed for NPX to cross specific regions of the HSPC bilayer. However, the average values
of the free energy barrier are consistently lower than the FEL-HSPC system, suggesting better
miscibility for the NPX-HSPC system, which is consistent with previous experimental evidence
(Go and Ngiam, 1997). The relatively higher free energy barrier between FEL and HSPC
suggests possibly limited miscibility of the drug-phospholipid combination in comparison with
the NPX-HSPC system; if encapsulated within, a slow drug release of FEL out of the HSPC
liposomal bilayers is expected. Thus, we argue that the atomistic understanding of the
interactions between small molecule drugs and lipid bilayers could be of great interest to the
nanocarrier design concerning the critical quality attributes of the final liposomal drug delivery
system, such as the drug loading capacity, stability, and drug release kinetics (Barenholz,
2012; Rivnay et al., 2019; Stone et al., 2016).

3.2 Thermodynamic modelling of NPX and FEL with phospholipids

While the MD and US can provide atomistic level information for small molecule lipid bilayer
systems, it is also crucial to recognize that only one or two drug molecules were involved in
these simulations (< 1-3% weight ratio). However, a sustained higher drug loading is crucial
for efficiently applying liposomal drug delivery vesicles. Depending on the system's
thermodynamics and self-assembling characteristics, the potential drug loading within the
liposomal vesicle can range from 10% to 30%, w/w (Akbarzadeh et al., 2013). At this scale,
thermodynamic modelling can be instrumental in translating the atomistic findings to the

design and realization of drug-encapsulated liposomal nanoformulations (Fearon and Stokes,
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2017). Thermogravimetric analysis (TGA) was used to confirm that at temperatures lower than

200°C, less than 5% w/w weight loss occurred in any phospholipids (Table S1).
3.2.1 Melting depression studies

Depression in a drug's melting point suggests strong interaction between the components
involved and was therefore used to predict miscibility between the drug and lipid excipients in

this study (Baird and Taylor, 2012). The hypothesis was that increased miscibility, depicted by

a depression in the drug melting point, would correspond to the potential for increased drug
loading in a liposomal bilayer system. DSC was utilized to investigate the lipid candidates and
their degree of interaction with the selected drugs (FEL and NPX). Physical mixtures of drug
and lipid were prepared by ball milling, ensuring the mixtures' homogeneity. It also promoted
interaction between components and converted some drugs to the amorphous form, which
would cause a depression in melting point, not related to the mixing of drug and lipid. It was
thus essential to determine the impact of ball milling time on the melting depression of the
phospholipid-drug mixture. As shown in Figure 3, a milling time of 6 min was deemed optimal.
No statistically significant difference was observed between the T,y after 6 min of milling
according to unpaired t-tests that compared the melting depression after each milling period.
The level of interaction between components and, therefore, the extent of melting point
depression is impacted by several factors. Significantly, the level of homogeneity, particle size,
composition and chemical interaction between the components. By optimizing the ball milling
process, differences in melting point depression were limited to chemical interactions between

components (Koch et al., 1989).
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Figure 3. Impact of increasing milling time on the melting depression of a 70% w/w mixture of drugs
with HSPC, (a) FEL-HSPC and (b) NPX-HSPC. The error bars represent the standard deviation (n =
3); unpaired t-test significance level results are displayed at each point.

As illustrated in Figure 3, milling time initially impacts the level of depression at the melting
point until the homogeneity of the mixture is reached (Meng et al., 2015). After 6 minutes for

FEL and NPX, there were no further significant differences in the melting depression as the
balling milling time increased. The most common lipids used in the formulation of liposomes
are PCs, comprising a hydrophilic phosphate head and a hydrophobic acyl tail with which
lipophilic drugs will interact. The selection of a suitable phospholipid was carried out by
investigating, via melting point depression, the impact of the acyl chain length of various
phospholipids (HSPC (C16-18), DSPC (C18), DPPC (C16) and DMPC (C14)) on the miscibility
with selected drugs (FEL and NPX) at a 70% w/w loading. Figure 4 demonstrates the

difference in transition temperatures of each PC and the influences of the acyl chains. HSPC
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and DSPC have their main transition at approximately 100°C, DPPC was 80 — 100°C and
DMPC 60°C. Figure 2a showed a depression in the T,y of each phospholipid — drug mixture,
indicating that a strong interaction occurred between the phospholipids and the two
hydrophobic drugs. An endothermic peak in the 40 — 100 °C ranges was observed in each
physical mixture, which was attributed to the phospholipid transition temperature (Eze, 1991).

An endothermic peak in the 100 — 160 °C range was accredited to the melting points of the

drug.

For each data set, the melting depressions were interpreted using a one-way ANOVA followed
by a post-hoc Tukey test when significant differences were observed. Regarding FEL,
significant differences between DSPC and DMPC were observed in the levels of melting
depressions. For NPX, significant differences in melting depression were also observed, and
the level of phospholipid — NPX interaction may be ranked as DMPC > DPPC > HSPC and
DSPC. The results demonstrated that the choice of phospholipid impacted the melting
depression and interactions between components. To avoid complications of this initial
screening step, the selection of optimum milling parameters and DSC conditions was
evaluated by a systematic approach using a method previously established (Donnelly et al.,
2014). NPX showed a trend of more interaction with shorter acyl chains, and FEL revealed
the highest melting depressions with DMPC and DSPC. It was reported that increased chain

lengths can lead to improved encapsulation in liposomal formulations (Duangjit et al., 2014;

Mohammed et al., 2004).
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Figure 4 DSC thermograms of pure phosphatidylcholines, 20°C/min heating rate (a), 70% w/w FEL with
various phospholipids, 5°C/min heating rate (b) and 70% w/w NPX with different phospholipids, 5°C/min
heating rate (c)

However, Chang et al. demonstrated an increasing interaction of a hydrophobic drug with
decreasing acyl chain lengths (Chang and Flanagan, 1995). In this experiment, both
phospholipids and drugs were still in the solid state, where the surface interactions between
the two components were the main driving force for melting depression. Indeed, the different
phospholipid transition temperatures were observed when mixed with the two drugs.
Regarding HSPC, the phase transition temperature was reduced from 100°C (pure form) to
80 and 60°C in the presence of FEL and NPX, respectively (Figure 4). It has been reported

that incorporating hydrophobic drugs into the liposome has the impact of lowering the
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transition temperature by disrupting the order of the acyl chains (Chang and Flanagan, 1995;
El Maghraby et al., 2005). It may be postulated that NPX had a stronger interaction with HSPC
than FEL from the solid state.

3.2.2 Flory-Huggins modelling

F-H thermodynamic modelling was used to estimate the level of miscibility between
components over a temperature and composition range for drug-HSPC combinations (FEL
and NPX). While we acknowledge that F-H modelling is limited to the non-specific interaction
between the components, it can still provide a simplified approach to the composition-
dependent miscibility between the drug and HSPC. This study uses this modelling to provide
temperature-composition guidance to the anhydrous twin-screw extrusion process (Jacobs et
al., 2022). In the DSC analysis, for each drug, an apparent depression in the pure drugs
melting endotherm for both FEL and NPX systems was obtained (Figure S1). The data
obtained from the melting depression studies indicate that both FEL and NPX would be
miscible within the phospholipid HSPC at lower concentrations. An interaction plot was
constructed to reveal the interaction between the drug molecules and HSPC where the
system's miscibility at room temperature regions may be extrapolated (Figure 5). The gradient
of the line detailed the nature of the system and the effect on miscibility when temperature is
increased or decreased. The systems of FEL-HSPC displayed a positive gradient, which is
characteristic of upper critical solution temperature (UCST) behaviour where miscibility will
decrease in lower temperature regions. The trend line in the NPX-HSPC system demonstrated
a lower critical solution temperature (LCST) behaviour indicated by a negative gradient,

suggesting better miscibility at all temperatures (Tian et al., 2020).
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Figure 5 Least square regression fit of the calculated Flory-Huggins interaction parameter against 1/T
from the T, for (a) felodipine and (b) naproxen; the outlying points (red) were not included when
performing linear regression.

With the F-H constants derived from linear regression, the phase diagrams for FEL-HSPC and
NPX-HSPC were constructed (Figure 6). A change in the interaction parameter shifts the
liquid-solid boundary of the drug-HSPC binary mixture. The boundary will move towards lower
temperatures and higher weight fractions in more miscible systems. Above this liquid-solid

line, the drug is expected to be fully miscible with the phospholipids. A spinodal line can be
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plotted and depicts the point at which spinodal decomposition will occur; the shape indicates

whether a UCST or LCST system is present (laniro et al., 2019).
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Figure 6 Phase diagram showing complete liquid-metastable-solid phase transitions for (a) FEL-HSPC

with upper critical solution temperature (UCST) and (b) NPX-HSPC with a lower critical solution
temperature (LCST)

Interestingly, the F-H model results show a similar trend to the outcomes obtained using
molecular dynamic simulations, where better miscibility is expected from NPX-HSPC than
from the FEL-HSPC system. From the simplified F-H approach, the maximum miscibility for
NPX and FEL within HSPC is predicted to be approx. 23% v/v and 11% vl/v, respectively

(Niskanen and Tenhu, 2017). The construction of phase diagrams allowed the understanding

of the phase behaviours of the drug-HSPC system based on the estimated miscibility at any
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given temperature, which was used to guide the initial drug to HPSC loading of the
formulations for the TSE process (Mehnert and Maeder, 2012; Shah et al., 2020).

Furthermore, with the F-H constants, the Gibbs free energy of mixing may also be obtained
for the drug—HSPC systems (Figure 7). At the representative temperatures, a negative AG
value indicated the high tendency for the small molecule drugs to be miscible with the
phospholipids, while a positive value would depict a poor mixing capability. The shape of the
Gibbs plot provided insight into the stability of the mixture. A concave shape suggests poor
stability, and the system will be inclined to phase separate spontaneously. A convex shape
indicated good mixing and formation of a stable single phase at the chosen temperature, and
a sigmodal curve would show stability and homogeneity dependent on composition

(Hengsawas Surasarang et al., 2017).
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FEL showed a concave curve shape for temperatures 100°C and above, while it demonstrated
a convex shape below 75 °C. At 75°C, the curve had an intermediate sigmoidal shape. These
results indicate that FEL may have enhanced miscibility with the HSPC when the temperature
was above 100°C. At the same time, a low drug-HPSC loading is required between 75 - 100°C
to ensure maximum miscibility. NPX demonstrated a concave shape throughout the
temperature range investigated, indicating that encapsulation of the NPX within HSPC would
be very likely once the kinetic barrier can be overcome, i.e. the phase transition of the HSPC
(Mantsch and McElhaney, 1991).

3.2.3 Stability studies

PXRD and a polarised light microscope were used to characterize the drug-phospholipid
mixtures and validate the predictions from the phase diagrams at several drug loadings (20,
50 and 80% w/w). A range of temperatures, 110°C to 150°C, representing various
thermodynamic regions of the mixture were used for the sample preparation. The pure form
of each drug showed several sharp diffraction peaks that were used to identify the presence
of crystalline material in the binary mixtures, whilst the absence of these peaks would suggest
the stability of the mixture. The most distinctive peaks were observed at 10° and 19° 20 for
FEL and NPX, respectively. HSPC showed a broad peak at 23° 20 and did not interfere with
the distinctive peaks of the drugs. The FEL-HSPC system closely agreed with the predictions
from the phase diagram, with crystalline peaks in the diffractograms of the sample prepared
with the drug at 80% w/w, 110°C and 130°C and at 50% w/w, 110°C. NPX-HSPC X-ray
diffractograms were again in agreement with the predicted phase diagram, particularly at 20%
w/w drug loading with the absence of crystalline peaks and good miscibility of the system. The
data is summarised in Table 1, where a cross (X) represents the presence of crystalline peaks.
After three months of storage at room temperature, samples were retested to determine if any
change had occurred in the solid state, indicative of instability in the system. No changes were

observed in the samples, indicating stability over the three months.

Most of the predictions from the phase diagram agreed with the validation samples, with the
20% FEL-HSPC (w/w) at 110°C was the only exception. In the phase diagram, it was located
below the liquid-solid line, indicating poor miscibility between the two components during
processing. However, experimentally, it was demonstrated to be amorphous in the
diffractogram regions of the drug, suggesting an underestimation from the phase diagram
prediction. Similar underestimation from the F-H modelling has been widely reported before,
particularly considering the potential kinetic barriers of the phospholipid systems at room

temperatures (Andrews et al., 2010).
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Table 1. Summary of findings from PXRD of binary systems of drug and HSPC over three months,
where X indicates the presence of the crystalline drug and ND noted for not detectable for crystalline
drugs from both PXRD and polarised light microscope.

Drug Felodipine Naproxen

_Fr);fﬁ’s;f:ﬁﬂe cc) MO 130 110 130

Drug loading

% wiw) 20 50 80 20 50 80|20 50 80 20 50 80
Predicted X X X ND ND X |ND X X ND X X
Day 1 ND X X ND ND X |ND X X ND X X
Day 30 ND X X ND ND X |ND X X ND X X
Day 90 ND X X ND ND X |ND X X ND X X

3.3 Preparation of the NPX and FEL liposomal formulations

With the two model drugs, NPX and FEL, solid extrudates containing drug-loaded liposomal
were successfully manufactured via the one-step twin-screw extrusion (TSE) process (Jacobs
et al., 2022). Compared to other scalable methods for producing drug-loaded liposomes, such
as ethanol injection and thin film hydration, the one-step TSE process only uses the hydrophilic
carrier as the process media. Implementing such a processing interface provides a highly
efficient and scalable approach to producing liposomal nanoformulations, where the molten
polyols act as the hydrophilic medium for the hydration and self-assembly of the liposomes
(Dave et al., 2007). Postproduction, the solid sugar alcohol matrix with embedded liposomal
formulations was obtained. Liposomal nanoparticles were obtained immediately after
reconstitution in the aqueous media with structural information characterized using polarised
light microscopy (support information, Figure S4), cryo-EM and SAXS (Figure 8 and Figure
S5). The processing interface and ratios between phospholipids, drugs and cholesterol were
critical to the drug release and stability of the liposomes (Li et al., 2014; Sultana and Sailaja,
2017). Similar to the NPX liposomal formulation, the scalable production method for FEL-
loaded liposomes was also investigated (Boddu et al., 2017; Kassem et al., 2018). Following
liposome production, comprehensive characterizations were carried out on the liposomal
nanoformulation containing NPX and FEL; the results are summarised in Table 2. Examples
of the SAXS profiles from blank liposomes and NPX or FEL-loaded HSPC liposomes in the
sugar alcohol solids are summarised in Figure 8c. A sharp step was recorded for blank HSPC
liposomes at q = 0.072 A" indicating the possible inner lamellar spacing of d = 72 A without
loading any small molecule drugs (Bandara et al., 2020). This d value represents the lipid

bilayer spacing in the nanodomains and is calculated from the scattering vector d = 211/q. After
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loading the NPX and FEL, clear differences were observed between liposomal nanoparticles.
In the NPX HSPC liposomal nanoparticle, a sharp first-order lamellar peak q = 0.08 A~ was
recorded repeatedly, representing an inner lamellar spacing of d = 80 A for NPX liposomal
nanoparticles arrested within the sugar alcohol solid matrix. In addition, the appearance of the
second-order peak L2 suggests a long-range lamellar structure formed within the NPX
samples and many locally ordered structures (liposomal bilayers), which may contribute to the
larger hydrodynamic diameters (Table 2). The interplanar distance of 80 A agrees with the
scale of MD simulations (Figure 2). In comparison, the sharp peak in the FEL HSPC liposomal
nanoparticles was recorded at q = 0.07 A, revealing the closer packing of the bilayer structure
compared to the blank or NPX-loaded liposomes. The SAXS results agree with the thermal
analysis and cryo-EM evaluations, where the mixture of unilamellar and multiplayer structures
are observed for both NPX and FEL liposomal nanoparticles after the TSE process (Figure 2
b&c). The size of the NPX and FEL liposomal nanoparticles calculated from SAXS data is not
performed in this study due to the g-range limitations. The Ginner region must be observed
below the measuring range judging from the size of NPX and FEL liposomes of ~ 200 nm (the

Ginner region for this size is q < 0.002 A").
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Figure 8 The resulting liposome containing sugar alcohol solid matrix (a); the liposomes after
reconstitution in aqueous media and characterized by CryoEM (b) and SEM (d), and small angle X-ray
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scattering of the sugar alcohol solid matrix at room temperature; the scale bars represent 1 um in (b)
and 200 nm in (d).

Corresponding to the SAXS results, uniform liposomal formulations with particle sizes ranging
from 170 to 250 nm were obtained for both NPX and FEL formulations after reconstitution in
aqueous media (DLS). FEL formulations are generally smaller in particle size and higher in
drug encapsulation efficiency than the NPX formulations, irrespective of the HSPC and
cholesterol compositions. The larger particle size of the NPX formulation agrees with
molecular modelling, perhaps due to a small portion of NPX residing at the water-phospholipid
interface rather than the inner space of the liposomal bilayers. As predicted by the MD and
US, the local free energy minima for the NPX-HPSC system were identified at £ 30 °A from
the bilayer centre. In contrast, FEL prefers to be complexed with the hydrophobic tails with

local free energy minima at + 10°A from the bilayer centre (Cardenas et al., 2023).

Further to the investigations, eight liposomal formulations were selected for drug release
studies: NPX1-4 denoted naproxen and FEL1-4 denoted FEL at different compositions. The
final phospholipid concentrations after reconstitution for the selected liposomal formulations
are summarised in Table 2. The responsible molar ratios of HSPC in NPX formulations were
investigated in the range of 53 to 75%, with cholesterol (CHOL) ranging from 7.5 to 30% and
NPX from 12 to 31%. By varying these compositions, the impacts of the HSPC and cholesterol
compositions may be investigated, and these results are used to validate our understanding
of the molecular dynamic and thermodynamic modelling.

Table 2. Summary of characterization results for naproxen and felodipine formulations; results are

presented in average values + standard deviation, n=3); the molar compositions for HSPC, CHOL and
drug in the reconstituted liposomal formulations

Z-average Drug EE HSPC CHOL Drug
NPX Particle Size PDI recovery . molar (M/M) molar (M/M) molar (M/M)
(nm) (%) (%) % % %
NPX1 202.9+4.8 0.34+0.07 99.2+0.6 88.1+0.7 62 18 20
NPX2 203.0+51 0.19+0.03 89.7+0.1 71.3+3.6 56 30 14.1
NPX3 2134+35 0.28+0.02 104+1.3 73.8+0.1 75.7 7.5 16.9
NPX4 229.8+4.2 0.23+0.04 97.110.8 70.0+2.1 56 15.2 28.8
Z-average Drug EE HSPC CHOL Drug
FEL Particle Size PDI recovery . molar (M/M) molar (M/M) molar (M/M)
(nm) (%) (%) % % %
FEL1 175.7x2.7 0.23+0.03 108.3+1.1 96.0£1.6 62 18 20
FEL2 1825%+28 0.25+0.02 98.1+2.8 945150 64.5 19 16.5
FEL3 184.7+9.7 0.21+0.03 95.0+£1.0 96.2 + 3.1 63.2 18.8 18
FEL4 173.2+7.3 0.23x0.02 97.3+0.8 98.3+34 64 26 10
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It has been widely reported that the cholesterol composition and chain length of the HSPC are
significant for the rigidity of the liposomal nanocarriers (Monteiro et al., 2014). As the
concentration of HSPC increases, the drug molecules' slower release is expected if they
reside inside the bilayers rather than on the surface of the liposomes (Chobisa et al., 2018;
Shaker et al., 2017). CHOL is vital in liposomal formulations; it dissolves into the lipid bilayer,
impacting liposome stability, drug retention and particle size. The effects of CHOL on particle

size and drug recovery of reconstituted liposomes are demonstrated in Table 2.

Further increases in CHOL had no significant impact on particle size, whilst the drug recovery
and encapsulation efficiency increased when CHOL was increased from 15 — 25% w/w. A
reduction in particle size upon the inclusion of CHOL has been reported previously and is due
to interaction with the phospholipid bilayer, forming a more compact and rigid structure
(Briuglia et al., 2015; Gangishetty et al., 2015). The results suggested a further increase in
CHOL causes a tight packing of the phospholipid bilayers and more stable liposome
nanoformulations. The final formulation parameter investigated was the concentration of drug
molecules in relation to HSPC. It was seen that an increase in the drug concentration
increased the particle size of the formulations. The particle size increase was significant in
10% to 40% w/w drug-loading liposomal formulations (Maritim et al., 2021). Hydrophobic drugs
are loaded through dissolution into the phospholipid membrane, and as more drugs enter the
bilayer, the particle size increases (Lee, 2020; Najlah et al., 2018). Above a 20% NPX loading,
the size was not seen to increase significantly, which may be due to a maximum loading being
reached with additional NPX dispersed into the hydrophilic carrier during the TSE process.
The maximum drug loading capacity for NPX in HSPC-based liposomes at room temperature
was predicted to be approximately 20%, supporting the findings. The particle size for FEL
formulations showed a similar trend to that of NPX liposomal formulations. An increase in
particle size was seen when the CHOL or HSPC concentration was increased. Unlike the NPX
formulations, no significant changes were observed in particle size when the FEL loading was
increased from 10 — 20% w/w with the HSPC liposomes, implying the maximum loading

capacity of the drug using the TSE platform.

3.4 Drug release kinetics for NPX and FEL encapsulated liposomal nanoparticles

All the drug release studies were carried out over 24 hours under sink conditions. The drug
release rates were compared within each formulation and across various drug loadings (Figure
10). As expected, pure NPX and FEL samples showed a full drug release (100%) over the
test duration, confirming the sink condition of the settings. The physical mixtures of drugs with
HSPC and cholesterol were also tested for NPX1 and FEL1 formulations, which showed
immediate drug release profiles (Fan et al., 2021). A distinctive difference was observed for
NPX and FEL HSPC-based liposomal nanoformulations: the NPX-HPSC system showed
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immediate release kinetics, and the FEL-HPSC system showed slow and sustained release
kinetics. Faster release kinetics and higher percentage release were obtained for NPX-
containing liposomal nanoparticles than the FEL-HSPC systems, generating higher overall
releases and maximum concentrations (Table 2). The maximum drug released in the NPX
formulation was obtained at approximately 92% at 300 mins (NPX3), whilst the FEL
formulation only released 26% of the initial drug content at 1440 mins (FEL1). Alternations of
formulation compositions can lead to desired drug release kinetics within the respective drug-
loaded liposomal nanoformulations. Based on a comparison of the release profiles of NPX3
and NPX4 over 1440 minutes, it appears that modifying the cholesterol and drug content
(where NPX4 has half the amount of cholesterol and double the drug concentration compared
to NPX3) does not have a significant impact on the extent of drug released by the end of the
monitored period. Although NPX4 seems to reach its release plateau more quickly than NPX3,
indicating a possibility of an increase in the initial release rate, the final percentage of drug
released remains comparable between both formulations. This could suggest that the
decrease in CHOL could improve the fluidity of the bilayer, which might help to accelerate the

initial drug release rate (Shaker et al., 2017).

Interestingly, this drug-depended release profile is somehow indicated using the molecular
dynamic and umbrella sampling simulations where a lower free energy barrier was estimated
for the NPX-HSPC than FEL-HSPC. A lower free energy barrier between the drug and the
HSPC bilayer can potentially lead to a high drug release rate, even though the global minimum
is within the centre of the bilayer structure. At sink conditions, the driving force for NPX to
diffuse out of the HSPC membrane is likely to exceed the free energy barrier in the NPX-
HSPC system, hence higher drug release rate and lower drug retention (Svirkin et al., 2022).
When comparing NPX1 and FEL1, which have similar molar ratios of HSPC and cholesterol
to the drug, NPX exhibited a faster rate and greater extent of drug release than FEL. This
difference may be due to the nature of the drug molecules' interaction with and localization
within the liposomal bilayer structure. While NPX is likely to reside on the surface of the
liposomes, FEL is thought to be localized closer to the lipid centre (as indicated by molecular
modelling), suggesting that surface-associated drug molecules dissociate from the liposomal
vesicles more rapidly, thereby providing faster release kinetics and a higher percentage of

drug release.
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Figure 9 The drug release profiles of NPX (a) and FEL (b) HSPC liposomal nanoformulations for 24
hours under sink conditions. The actual % drug release as a function of time was calculated based on
the average drug encapsulations after reconstitution (Table 2)

4. Conclusions

In this study, we have successfully integrated molecular dynamics simulations with
thermodynamic modelling to investigate the interactions and phase behaviour of two drugs,
naproxen and felodipine, with a phospholipid bilayer composed of hydrogenated soy

phosphatidylcholine. This investigation provides a comprehensive understanding of drug
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encapsulation and release mechanisms from liposomal nanocarriers, which are crucial for

developing efficient drug delivery systems.

Specifically, we utilized umbrella sampling to calculate the free energy profiles for drug
insertion and release from the HSPC bilayer. The results revealed distinct energy barriers
associated with the permeation of naproxen and felodipine through the bilayer, indicating stark
differences in their encapsulation efficiency and release kinetics. In particular, naproxen
displayed a lower free energy barrier than felodipine, suggesting a more favourable interaction
with the HSPC bilayer. The thermodynamic modelling, derived from melting point depression
studies, confirmed the miscibility of the drugs with the lipid phase. Both drugs showed good
miscibility with HSPC, with naproxen exhibiting stronger melting point depressions and
stronger interactions with the lipid components. The Flory-Huggins thermodynamic modelling
provided insight into the miscibility of drug-HSPC combinations over a range of temperatures
and compositions. The phase diagrams constructed from these models guided the
understanding of drug-phospholipid systems' behaviour, predicting the likelihood of drug

encapsulation during the manufacturing process.

Moreover, stability studies, including PXRD, PLM, and DSC, validated the predictions from
phase diagrams and confirmed the stability of the drug-phospholipid mixtures at the relevant
drug loadings. Subsequently, we prepared liposomal formulations of naproxen and felodipine
using a one-step twin-screw extrusion process, achieving encapsulation efficiencies and

particle sizes that validate our computational predictions and thermodynamic modelling.

Finally, the release kinetics of naproxen and felodipine from the liposomal formulations were
studied, demonstrating distinct release profiles. Naproxen showed immediate release kinetics,
while felodipine exhibited slower, more sustained release, consistent with the molecular

dynamics and umbrella sampling simulations' predictions.

In summary, this study's integration of computational and experimental approaches provides
a robust framework for understanding and predicting the behaviour of drug-lipid systems in
liposomal nanocarriers. The findings highlight the importance of molecular-level interactions
and thermodynamic stability in the design of efficient drug delivery systems. Future research
can extend these methodologies to other drugs and lipid compositions, enhancing liposomal
nanocarriers' specificity and efficacy for drug delivery. This work contributes to the
fundamental understanding of liposomal drug delivery mechanisms and offers a practical

guide for designing optimized liposomal formulations for various therapeutic applications.
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