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ABSTRACT: Lipid nanoparticles are a generic type of nanomaterial with broad
applicability in medicine as drug delivery vehicles. Liposomes are a subtype of lipid
nanoparticles and, as a therapeutic platform, can be loaded with a genetic material or
pharmaceutical agents for use as drug treatments. An open question for these types of lipid
nanoparticles is what factor(s) affect the long-term stability of the particles. The stability of
the particle is of great interest to understand and predict the effective shelf-life and storage
requirements. In this report, we detail a one-year study of liposome stability as a function of
lipid composition, buffer composition/pH, and storage temperature. This was done in
aqueous solution without freezing. The effect of lipid composition is shown to be a critical
factor when evaluating stability of the measured particle size and number concentration.
Other factors (i.e., storage temperature and buffer pH/composition) were shown to be less
critical but still have some effect. The stability of these particles informs formulation and
optimal storage requirements and assists with future developmental planning of a NIST
liposome-based reference material. This work also highlights the complex nature of long-

(@

term soft particle storage in biopharmaceutical applications.

B INTRODUCTION

Lipid-based nanoparticles of varied types are of great interest
as clinical drug delivery vehicles.'~* Two common types are
liposomes and solid lipid nanoparticles. Liposomes consist of a
lipid bilayer shell encapsulating an internal aqueous compart-
ment, whereas solid lipid nanoparticles consist of a lipid bilayer
encapsulating genetic material complexed with a cationic lipid.
Liposomes are simple vesicles that can be implemented as a
drug delivery vehicle.”~ The ability to temporarily suppress or
facilitate production of an arbitrary protein highlights both the
utility and the broad use of this technological platform in
treatment of disease. To better study lipid-based materials,
there is a documented need for relevant reference materials
that can be used for method development, validation, and
instrument calibration.'” One of the challenges in developing a
reference material to address this gap is ensuring that the
material is sufficiently stable for long-term storage, study, and
use. Only very recently has there been a report from Jukebek et
al. examining the size stability of lipid nanoparticles and
liposomes at —70 and 4 °C for up to 9 months."" A recently
reported body of work by Kirpotin demonstrates the drug
stability of irinotecan contained in liposomes.'” This report
describes and concludes that liposomes stored at low
temperatures (24 °C) and at a basic pH demonstrated better
stability due to decreased phospholipid hydrolysis. This is
different from our work reported here, in that we used only
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empty liposomes as an initial case study for baseline stability
measurements.

As an initial approach to long-term stability studies, we
implemented liposomes as a relevant model particle here due
to their simplicity and ease of preparation. The study of
mechanisms of liposome degradation and stability may also be
relevant for related types of lipid nanoparticle platforms in an
unfrozen state. Liposomes have great utility, yet there are also
many questions about the manufacture and implementation of
these particles. There are open questions concerning inter-
batch variability and the dependence of particle parameters on
the formulation parameters.'”'* Some effort has been
dedicated to understand the relationship between observed
particle parameters such as the size and the formulation
conditions implemented.'> A main approach to preparing these
particles is through microfluidic mixing between aqueous and
alcoholic streams in a controlled flow device.'®"” Particle size
(and its associated homogeneity) are dependent upon the flow
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rate control parameters.
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Another key question is what determines particle stability,
which is a critical requirement for possible reference material
development.”’™** Prior work has examined the effects of
parameters including solution pH, lyophilization, cryoprotec-
tant choice (if frozen), and storage temperature on particle
stability.”>*® However, most of these studies are of limited
scope and/or duration (i.e, <6 months).”>~** To determine
which factors control liposome stability, herein, we report a
controlled systematic study of liposomes over the course of 1
year to assess the particle size and number concentration
stability. Liposomes were prepared via controlled microfluidic
mixing and were characterized orthogonally using asymmetric
flow field flow fractionation with multi-angle light scattering
(AF4-MALS) and particle tracking analysis (PTA), also
referred to as nanoparticle tracking analysis (NTA). AF4-
MALS has found expanding utility in measuring LNP samples
in numerous studies.”” " PTA has also been applied to
characterization of LNPs.**~** PTA measures both the particle
size and number concentration.”

The particle size and particle number concentration of
liposome samples were measured over the course of a 12-
month period at three-month intervals while stored under
selected conditions. In this work, the experimental parameters
of lipid composition (including lipids more resistant to
hydrolysis), buffer formulation/pH, and storage temperature
(in liquid solution) were systematically varied. Frozen storage
was not included here to avoid the complex influence of
freeze—thaw cycles and cryoprotectants on the primary
parameters of interest. At the conclusion of this study, selected
liposome samples were characterized by cryogenic electron
microscopy (cryoEM) and mass spectrometry to measure
structure/size and identify lipid decomposition products,
respectively. In general, lipid composition had the most
significant effect on the particle size and number concentration
over the 12-month course of the study. We also observed a less
clear effect of buffer pH and storage temperature on particle
stability in terms of size and number concentration. Overall,
this study shows an approach to quantitatively assess storage
conditions for these types of soft particles and demonstrates
the critical impact of environmental conditions on liposome

stability.

B MATERIALS AND METHODS

Certain commercial reagents and instrumentation are identified
throughout to describe the experimental procedures with adequate
detail. In no case does such an identification imply an endorsement by
NIST nor does NIST suggest that the materials or equipment so
identified are necessarily the best available for the purposes described
herein.

Microfluidic Device Fabrication. A microfluidic mixer consist-
ing of polydimethylsiloxane (PDMS) channels on a glass substrate
was fabricated using standard microfabrication technology to facilitate
preparation of liposomes. The full detailed procedures for the
fabrication are available in the Supporting Information. Silicon
masters were prepared for casting by heating to 100 °C in a
silanization oven (YES-1224P, Yield Engineering Systems) and then
fluorinated silane (tridecafluro-1, 1, 2, 2-tetrahydrooctyl)-1-trichlor-
osilane, United Chemical Technologies) was introduced in the vapor
phase to form a release-promotion monolayer on the master.
Functionalized masters were then placed into standard plastic Petri
dishes (150 mm) for PDMS casting.

Standard PDMS (Sylgard 184, Dow Corning) was mixed in a 10:1
standard ratio of prepolymer to activator and poured gently over the
master to cover it completely. The PDMS was degassed under partial
vacuum for 1 h. After degassing, the masters covered with PDMS were

transferred into a 60 °C oven for an overnight soft bake. Following
the soft bake, PDMS castings of the device were cut out with a razor
blade. A freshly cleaned glass slide was placed into a PDC-32 Plasma
Cleaner (Harrick Plasma) along with the cast PDMS device and
vacuum was applied. Following complete evacuation of the chamber, a
small amount of air was bled into the chamber and the RF source set
to the medium power setting. Upon visual confirmation of plasma in
the chamber, the plasma treatment was continued for 60 s. Then, the
RF source was switched off and the chamber was immediately
returned to atmospheric pressure. The PDMS casting and the glass
slide were promptly joined together and pressed firmly for 60 s to
promote adhesion to prepare the fabricated devices, which were used
to generate the liposomes as described below.

Liposome Preparation and Formulation. Absolute ethanol
(USP) was stored over 3 A (0.3 nm pore size) molecular sieves for 1
week to ensure sufficient dryness. Small aliquots of ethanol were
removed and filtered through a 0.45 pm filter to remove any
particulates. A lipid mix was prepared gravimetrically consisting of a
main structural choline-type lipid, cholesterol, and a polyethylenegly-
col (PEG)-functionalized lipid for surface and steric stabilization at a
typical molar ratio of 5:4:1, respectively. [Lipids included
diphosphatidylcholine (DPPC) (Cat. No. 850355P, Avanti Polar
Lipids), 18:0 Diether PC (Cat. No. 999991P, Avanti Polar Lipids),
C16 PEG2000 Ceramide (Cat. No. 880180P, Avanti Polar Lipids),
18:0 PEG2000 PE (Cat. No. 880120P, Avanti Polar Lipids), C16
PEG2000 Ceramide (Cat. No. 880180P, Avanti Polar Lipids), and
cholesterol (Sigma-Aldrich)]. The dried, filtered ethanol was added to
the lipids and mixed thoroughly. The vial containing the lipid-ethanol
mixture was placed in a warm water bath to promote dissolution.
Once all the lipids were fully dissolved, they were filtered through a
0.02 um Anotop filter and transferred into a glass-lined 15 mL conical
centrifuge tube. Standard PBS (Sigma Aldrich) containing 3.08
mmol/L NaN; was also filtered through a 0.02 ym anodized
aluminum oxide syringe filter (Anotop) into a 1S mL conical
centrifuge tube.

The solutions were loaded into a pneumatically actuated pump
with an integrated flow controller (PneuWave Pump, CorSolutions).
The fluid flows (75 uL/min aqueous, 25 uL/min alcohol) were
connected to the prepared microfluidic devices, and an optical
microscope was used to visualize the fluid interface. A standard
volumetric flow rate ratio of 75:25 (aqueous:alcohol) was used for all
samples and was held constant. After the alcohol/aqueous interface
was stabilized, the initial 1 to 2 mL was discarded before collecting
each sample. The aqueous and alcoholic solutions were switched out
and purged as needed to prepare all samples using the desired
combinations of lipids/buffers.

Asymmetric-Flow Field Flow Fractionation (AF4). An Eclipse
DualTec AF* separation system (Wyatt Technology, Santa Barbara,
CA) was coupled to a UV/vis diode array detector (Model 1260,
Agilent Technologies, Santa Clara, CA), a HELEOS-II multiangle
light scattering instrument (HELEOS-II, Wyatt Technology), and a
differential refractive index detector (Optilab T-Rex, Wyatt
Technology). The AF4 channel was a vendor-supplied “short”
channel with 250 um thick “wide” Mylar spacer and a 10 kDa
nominal molecular-weight cutoff Ultracel regenerated cellulose
(Millipore, Burlington, MA) ultrafiltration membrane served as the
accumulation wall. Samples were introduced into the AF4 separation
channel via an Agilent 1260 autosampler (Santa Clara, CA) with a
focus position of 12% of the channel length. The focusing was
accomplished by flowing 0.2 mL/min of buffer into the channel inlet
and 1.3 mL/min of buffer through the channel outlet for 5 min. After
the samples were introduced and focused against the ultrafiltration
membrane, they were eluted from the column in a size selective
manner with a channel flow of 1.0 mL/min while the cross flow was
linearly ramped from 3.0 to 0 mL/min over 45 min. Post separation,
the channel was rinsed for S min with 1.0 mL/min channel flow and 0
mL/min cross-flow and the injector “on” to rinse out the sample loop.

Multi-Angle Light Scattering Particle Quantification. The
eluted fractions flowed into the HELEOS detector where the flow cell
was illuminated with a plane-polarized laser (4 = 662 nm) and the
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scattering intensity was measured at 16 different angles simulta-
neously. The scattering data were fit with a coated sphere model
(neglecting second virial coefficient effects), and the inner sphere
refractive index was set to the experimentally measured value of 1.333,
whereas the shell was set to 1.459 following a calculation based on the
molar volumes. The shell thickness was empirically set to 8 nm by
comparing the static light scattering data to the hydrodynamic data
from the in situ dynamic light scattering measurement to define the
optimized value. The model parameters were fit to the scattering
intensity at each angle to derive the particle size. The scattering
intensity at zero angle was extrapolated, and the particle number
concentration was determined according to eq 1:

2
R(0) = %N

Mshell ~ Meore /bulk
0

2
) (‘/core+shell - ‘/core)z
1)

Here, R(0) is the extrapolated scatter intensity at 0° angle, 4, is the
laser wavelength, Vi, is the volume of the particle, N is the particle
number concentration in the slice, gy, #eore/pulc are the refractive
indices of the particle shell and the inner core/bulk fluid medium,
respectively, and V. , gen and Vi, are the volume of the core plus
the shell and the shell alone, respectively. The core and bulk refractive
indices are effectively identical due to how the particles form.
Extrapolation and calculations were done with ASTRA 7.3.2 software.
The reported experimental error for the diameter was obtained by
taking the reported error in the radius as calculated by the ASTRA
software multiplying by a straight factor of exactly 2. The reported
experimental error for the particle number concentration was
obtained by taking the reported particle number concentration error
as calculated by the ASTRA software and propagating the error using
the uncertainty in the injection volume.

Particle Tracking Analysis. Particle tracking analysis (PTA) was
performed using a commercial instrument (ZetaView PMX 110,
Particle Metrix) with 4 = 405 nm laser. Instrument performance
(particle sizing) was verified using a 110 nm polystyrene bead
standard (Microtrac). Particle sizes were calculated as sphere-
equivalent hydrodynamic diameters. Samples were measured in
triplicate at each time point, with the values reported as the mean
of the three measurements +1 standard deviation. In one case (S03,
Day 0), only two replicates were acquired owing to a bubble in the
measurement cell and insufficient material reserved for a repeat. For
the particle size, the median diameter calculated for each replicate was
used to generate the reported mean particle size.

Reported PTA particle number concentrations were corrected for
dilution factors. Temperature of the sample cell during the
measurements was controlled at either 20 or 25 °C. Each sample
was diluted gravimetrically in two steps with the appropriate buffer
(prefiltered through a 0.02 ym anodized aluminum oxide syringe filter
(Anotop)), and three volumes of the diluted sample were measured
and averaged to yield particle size distributions. Dilution factors
ranged from 12,000 to 250,000 for the various liposome samples and
measurement trials. For each measurement, videos of 90 frames were
captured at 11 positions in the sample cell with a frame rate of 30
frames per second, a shutter speed of 50, and a camera sensitivity of
80. Video analysis was performed with the instrument ZetaView
software (version 8.04.02 SP2). All video acquisition and analysis
parameters were fixed based upon the initial measurements made in
November 2019.

Cryogenic Electron Microscopy. A Vitrobot Mark IV system
(Thermo Fisher Scientific) was used to blot and plunge-freeze grids
into liquid ethane. Prior to sample application, the Vitrobot chamber
was pre-equilibrated to 25 °C and 100% relative humidity. Liposome
solution (3 yL) was applied to a grid and incubated for 1 min before
blotting and plunge-freezing. Grids used for imaging were ultrathin
carbon with a lacey carbon support (Ted Pella #01824G) or
Quantifoil R3.5/1 (#N1-C19nCu20-01). Grids were imaged on a
Glacios microscope (Thermo Fisher Scientific) at 200 kV with a K3
detector (Gatan) using parallel illumination. Images were collected as
movies with a pixel size of .2317 nm, total dose of 4610 e /nm? and
92 frames. Movies were then motion-corrected using MotionCor2.*®

Meore /bulk

Data Analysis. Datasets for liposome diameters and particle
number concentrations were organized after the completion of the
study based upon the liposome sample, measurement technique, and
measurement parameter (diameter or particle number concentration).
Analyses on the datasets were carried out in either Igor Pro 9
(Wavemetrics) or in Excel (Microsoft). In all cases, a p < 0.05 was
used to indicate statistical significance.

B RESULTS AND DISCUSSION

Microfluidic Mixer Preparation of Liposome Nano-
particles. Preparation of liposomes via microfluidic mixing is
well-documented in the literature.””*® In this approach, lipids
dissolved in absolute ethanol are brought into contact with an
aqueous solution and controlled perturbations facilitate rapid
diffusion and interfacial mixing. The original design for the
mixer consisted of a long 70 pym tall by 15 ym wide channel,
which was a difficult structure to make from SU-8 as the
curved sections are under stress and break easily during the
PDMS removal. A structure that was wider than it was tall and
having a large surface area in contact with the wafer would be
much stronger and last longer. An ideal solution to this
problem was to use a staggered herringbone mixer, which uses
a wide channel (400 ym) with specially shaped herringbone
grooves on the top.””*” The schematic of the microfluidic
device is shown in Figure 1, which also shows the design and
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Figure 1. Schematic design of a microfluidic mixer device with the
microscope image of the manufactured chevron pattern for perturbed
flow along with schematic of device dimensions (upper left). Imaged
fabricated device of PDMS on glass with inlets and outlet labeled on
the device (lower left). Cryogenic EM image of liposome sample $10
showing mostly spherical particles with some pseudo-cylindrical
particles (upper right). Cryogenic EM image of liposome sample S06
showing mostly spherical particles with a few multilamellar and
elongated cylindrical particles (lower right).

features of the chevron-shaped perturbations fabricated into
the device. In the lower part of Figure 1, the physical device
can be seen with the inflow and outflow channels marked
categorically. The fluid flow rate into the device is controlled
by flow meters which adjust the pneumatic pressure with a
closed-loop feedback strategy to maintain a stable mixing
interface, ensuring more homogeneous particle formation.
Sample Array Preparation and Design of Experiment.
To evaluate liposome stability over long time scales (x12
months) in fluid solution without freezing and/or cryopro-
tectants, a variety of experimental factors were investigated
including buffer composition, lipid composition and storage
conditions. The complete array of factors and the factorial
design are listed below in Table 1, showing sample buffer
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Table 1. Design of Experiment and Prepared Liposome
Samples in Different Storage Conditions, along with
Molecular Structures of the Lipids Used in This Study”

Sample # | Buffer | Buffer | Formulation (x:y:z Mole Ratio) Storage | Cooling
pH Temp | Ramp
Sample 1 | 6.5 MES DPPC:Cholesterol:PEG2000 PE (5:4:1) RT None
Sample 2 | 6.5 MES DPPC:Cholesterol:PEG2000 PE (5:4:1) 4°C Rapid
Sample 3 | 6.5 MES DPPC:Cholesterol:PEG2000 PE (5:4:1) 4°C Slow
Sample 4 | 7.4 PBS DPPC:Cholesterol:PEG2000 PE (5:4:1) RT None
Sample 5 | 7.4 PBS DPPC:Cholesterol:PEG2000 PE (5:4:1) 4°C Rapid
Sample 6 | 7.4 PBS DPPC:Cholesterol:PEG2000 PE (5:4:1) 4°C Slow
Sample 7 | 7.4 PBS DietherPC:Cholesterol:PEG2000 PE RT None
(5:4:1)
Sample 8 | 7.4 PBS DietherPC:Cholesterol:PEG2000 PE 4°C Slow
(5:4:1)
Sample 9 | 7.4 PBS DietherPC:Cholesterol:PEG Ceramide RT None
(5:4:1)
Sample | 7.4 PBS DietherPC:Cholesterol:PEG Ceramide 4°C Slow
10 (5:4:1)
Sample 8.5 TrisHCI | DPPC:Cholesterol:PEG2000 PE (5:4:1) RT None
11
Sample 8.5 TrisHCI | DPPC:Cholesterol:PEG2000 PE (5:4:1) 4°C Rapid
12
Sample 8.5 TrisHCI | DPPC:Cholesterol: PEG2000 PE (5:4:1) 4°C Slow
13
Lipid Name Lipid Structure
1,2-Dipalmitoyl- | _
sn-glycero-3- W o SN
phosphocholine /\<\° ‘ °
(DPPC) VVV\/VV\/\I(
o
Diether PC i |
P. N
o7 SR N
Cholesterol
PEG2000 PE i i i
A/WW\/\/\/U\C/X\/T\B/\nJLﬁ/\/):\
PEG Ceramide H, JOH Q
\/\/W\/\/\Wowﬁ\/\)q/
NN SH “
W\/\/\w [¢]
o

““RT” refers to storage under ambient, room temperature conditions,
generally around 22 °C.

formulation and pH along with lipid composition. Samples
stored in the cold were either transferred directly into the
refrigerator (Rapid) or cooled slowly (Slow) at a rate of
approximately 1 °C/min using a Mr. Frosty device (Thermo-

Fisher Scientific, Catalog No. 5100-0001), a freezing container
used to slowly cool and freeze cell culture preparations.

The sample pH is expected to have an impact due to the
pH-dependence of the hydrolysis reactions that lead to
degradation of the lipids comprising the bilayer of the
liposome. For this reason, we also evaluated formulations
with ether-based rather than ester-based lipids, since the
former would be theoretically less prone to hydrolysis in
aqueous solution.””*" In the same vein, the normal PEGylated
lipid was substituted with a more theoretically stable ceramide-
based lipid for the indicated samples below.

Based on the standard kinetic theory, a higher temperature
should lead to more rapid degradation of the lipids; therefore,
cold storage was explored as part of this work. The final
dimension of exploration was the temperature change rate, as
can be expected from fundamental chemical kinetics
considerations. This was implemented by placing samples
into a controlled-rate cooling container prior to transfer into
the refrigerator, in comparison with an uncontrolled cooling by
directly placing samples into the refrigerator. The samples were
ramped the same way both in and out of cold storage: the
controlled-rate cooling container was used to both cool the
samples in the refrigerator and warm them back to room
temperature before analyzing the samples at all time points
post-initial.

We note that the PTA measurement and analysis parameters
were optimized for initial measurements, and not changed
through the course of the time series measurements. Run-to-
run minor adjustment of the measurement parameters could
introduce additional variability to the measurements, and so
was not implemented. In this approach to monitor changes
from the initial population of liposomes, the hypothesis was
that any changes to the particle population would still yield a
main population observable with the initial settings.

Particle Measurements and Comparisons: Particle
Diameter Quantification. To evaluate stability of the
liposomes over time, orthogonal particle measurements were
made using AF4-MALS and PTA. These optical techniques
effectively measure the same quantities but through different
means. This orthogonal approach was carried out to assess the
level of agreement/disagreement between the techniques as
well as to give an idea of what intrinsic inter-method variation
exists. AF4-MALS was carried out directly on the liposome
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Figure 2. (L): Geometric particle diameter over time as measured by AF4-MALS. (R): Hydrodynamic particle diameter over time as measured by
PTA. The data are color-coded by the approximate date on which they were collected, as referenced to the initial measurement (0 Days). Error bars
represent the calculated experimental error (AF4) or 1 standard deviation (PTA). (Upper): Samples are color coded based on the experimental
design shown in Table 1 to highlight systematic variations in storage temperature and lipid formulation.
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Figure 3. (L): Calculated particle number concentrations (per mL basis) over time as measured by AF4-MALS. (R): Concurrently calculated
particle number concentrations (per mL basis) over time as measured by PTA. The data are color-coded by the approximate date on which they
were collected, as referenced to the initial measurement (0 Days). The ordinate axis is a logarithmic scale on both plots. Error bars represent the
calculated experimental error (AF4) or 1 standard deviation (PTA). The calculated error bars on the AF4 measurements are too small to be seen.

preparations at each of the time points to measure both the
geometric size as well as an overall particle number
concentration. For the PTA instrument, samples were diluted
by a factor of (2 to 9) X 10* to ensure the particle number
concentrations would be within the optimal range. Measure-
ments of the diluted samples were then corrected to give the
original particle number concentration in the PTA measure-
ments for direct comparison to the AF4-MALS data. Samples
were assessed approximately every 90 days for both particle
size and number concentration for 360 days, except for at 180
days due to limited access to the samples from the ongoing
COVID-19 pandemic. The particle size measurements for each
sample over time are plotted with their associated errors in
Figure 2 for both the AF4 and PTA techniques. Note that the
AF4-MALS calculates geometric diameter from the light
scattering, whereas PTA calculates hydrodynamic diameter.
The MALS measurement is based on angular dependence of
the scattering, whereas the PTA measurement is based on
Brownian motion of the particles over time.*> This
fundamental aspect is reflected in the data labels in Figure 2.

While rich in data, the plots in Figure 2 (and Figure 3, see
below) enable assessment of variability and time trends for
individual samples, with quick reference to relevant conditions
(Temperature and Formulation) and other samples. When
examining the trends across the data what is immediately clear
from the AF4 data is that samples using the standard
PEGylated lipid stored at RT are inherently less stable than
those stored at 4 °C. SO1 and S11 both have large variations in
average particle diameter across the time series, as does SOS,
which experienced rapid thermal cycling. The effect of pH
seems to be minimal, at least in terms of this data set. The PTA
data on the particle diameter is not perfectly correlated to the
AF4 data, and samples of differing instability were observed.
Overall, the PTA data show similar levels of variability in the
measured particle diameters across all the samples over time,
although the samples with largest variability vary between the
two techniques. Individual measurements could show greater
measured relative standard deviations (e.g, Day 0 measure-
ments for S07, S08, and S10), but qualitative examination of
the PTA data does not indicate clear sample-dependent
variation as was the case for the AF4-measured samples.
Samples in the pH 6.5 buffer showed low relative standard
deviations across the time series, in general.
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Particle Measurements and Comparisons: Particle
Number Concentration Quantification. Concomitant with
the measured particle diameter, the overall particle number
concentration (PNC) was also monitored and quantitated over
time, as shown in Figure 3 for both AF4 and PTA
measurements. The AF4 data show clear trends in the stability
of the particle number concentrations over time.

(On the logarithmic scale, the same fractional change in
PNC will display as the same vertical distance on the figure,
regardless of the PNC absolute magnitude.) There is a
clustering of samples 7, 8, 9, and 10, which corresponds to the
samples of a different lipid composition/formulation. Con-
current examination of the PTA analysis of the number
concentration shows a very similar trend, although S08 in the
PTA analysis shows more variation than the same sample when
examined via AF4. Interestingly, the samples prepared in a
slightly acidic (pH = 6.5) buffer also demonstrated relative
stability over the time course: no significant monotonic trends
in particle number concentration with relative standard
deviations for each sample across the series <9% and S03
showing no significant differences in the particle number
concentration for any time point. However, this was not
observed by AF4 measurements and so the inference of
stability at a slightly acidic pH cannot be made conclusively.
The observed small error bars on the AF4 measurements
originates as the measurement in the ASTRA software is only a
general statistical measure of the error and does not account
for any systematic error from the input quantities (refractive
index, optical calibration constants, etc.).

Four samples, S07—S10, were observed to have more stable
particle number concentrations by AF4. The PTA results show
generally stable particle number concentrations for S07 and
S09 with relative standard deviations across the time series
<11%. These samples all have swapped out the more common
DPPC lipid for the modified diether phosphatidylcholine. As
this phosphatidylcholine comprises ~50% (by mole fraction)
of the overall lipid composition, it is not unexpected that this
would have a significant effect on stability of the liposomes.
The other main component is cholesterol, which (at ~#40%) is
less susceptible to degradation than the esterified phospholi-
pids like phosphatidylcholine.*> The remaining component of
the lipid mix is a PEGylated phospholipid. As this comprises a
small percentage (on a molar basis) of the overall lipid
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Figure 4. (L): Concordance between AF4 and PTA measured particle diameters, tracked over time. (R): Equivalent concordance data between the
AF4 and PTA calculated particle number concentrations. The diagonal lines correspond to a 1:1 concordance.

composition, its effects on the liposome stability were expected
to be rather minimal.

It is also of interest to note that the same samples discussed
above (S07—S10) show a larger particle size as measured
across these four samples. While it is not clear why these
particles are larger, it does match up quite well with the lower
particle number concentrations observed for these same
samples. As a finite amount of lipid is available for particle
formation, an increase in the particle size will necessitate lower
particle numbers to be formed during the microfluidic mixing,
A fully detailed calculation and analysis is available in the SI to
demonstrate the particle number concentrations expected
based on two different particle diameters (i.e., observed
diameters of 100 and 160 nm). In this calculation, the input of
the lipid mass was adjusted to match the observed particle
number concentrations. The calculated difference in particle
number concentrations is approximately 2.56 times as many
particles for the smaller diameter as for the larger. This
matches up to the measured particle number concentrations
and reinforces the underlying connection between the particle
size and particle number concentration.

Intermeasurement Comparison Analysis. To directly
compare the AF4 and PTA measurements across time, data
from each measurement were plotted against each other, as
seen in Figure 4. As mentioned previously, due to slight
differences in the measured quantities, it was expected that the
PTA particle diameter measurements would be slightly larger
than the AF4 measurements on account of differences between
hydrodynamic and geometric calculations of the relevant
quantities. The expected discrepancy is generally observed in
the plotted data of the two techniques (Figure 4). It was
expected that the hydrodynamic size (as measured by PTA)
would be larger than the geometric size (as measured by AF4).
For some of the measurements seen in Figure 4 though, the
AF4-measured diameters are larger than that of those
measured by PTA. The refractive index of the lipid bilayer is
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highly critical in calculating the particle number concentration
by AF4-MALS, but the size measurement is not as dependent
on knowing the refractive index precisely. It is therefore not
obvious why many of the samples show a larger geometric size
than a hydrodynamic size.

A breakout analysis is also available in the SI (Figure S2/S3),
which breaks the comparison down by each time point. What
was not expected was the way in which samples tended to sort
themselves into apparent clusters in terms of their location in
the graphical data. The cluster space can be defined by time for
a single sample. For example, S04 at 0 days, 90 days, and 270
days shows relatively limited movement for the diameter space
before a larger movement in geometric diameter at 360 days.
This aspect of the clustering phenomenon is apparent in Figure
§2/83 where the individual time point comparisons are
presented across the time series. Clear clustering of groups
of samples is demonstrable as well, even though these clusters
change over time. In particular, the S07—S10 samples are
clustered together in the particle size concordance by AF4 and
PTA measurements (Figure 4/S2) and remain so across time
even as clusters move across the plot over time. It can be
inferred that these samples with a more chemically stable
diether phosphatidylcholine lipid should both be similar in
particle formation chemistry as well as similarly resistant to
chemical degradation as this is the main structural lipid in
these samples. Examining the same samples (S07—S10) in the
particle number concentration concordance data (Figure 4/
S3) is congruent with this explanation as the same clustering
was observed, indicating that the underlying chemistry controls
particle stability.

Time Series Analysis. Material stability can be assessed by
looking at the measured properties as a function of time. As an
initial overview of the data, samples were grouped by each
storage parameter explored: storage temperature, lipid
composition, and buffer. Figure S shows examples for this
approach looking at measured liposome particle diameters. To
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assess the overall trends for the samples based upon storage
conditions, the data from each group were fit with a linear
model and 95% confidence intervals were calculated. The
stability trends within each group were based upon whether
the slope of the linear model was statistically significant. That
is, a significant slope (either positive or negative) for p < 0.05
indicated changes in the samples over the time series, while an
insignificant slope (p > 0.0S) suggested that the group
corresponding to the storage parameter showed no general
instability. The plots in Figure 5 (and Figure 6, see below) are
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Figure 6. Time series analysis of the particle number concentration.
Data are broken down by storage temperature (L), lipid composition
(C), and buffer pH (R). Measurements from AF4 are plotted in the
top row, while measurements from PTA are plotted in the bottom
row. Error bars for each point represent the calculated experimental
error (AF4) or 1 standard deviation (PTA). In some cases, error bars
are smaller than the marker point size. The solid lines show a linear
model fit across all the data points in that group, with the dotted lines
representative of the 95% confidence interval. The * indicates a
statistically significant slope for that factor.

separated by the measurement technique and storage
parameter to provide a quick visual assessment of stability
trends, with any significant slopes noted in the plot legend.
From these broad groupings, some trends are implied,
although strong conclusions cannot be made. For comparison
of storage at either room temperature (RT) or refrigerated,
three of the four groups (treating AF4 and PTA measurements
as separate groups) show significant slopes (significance

indicated by p < 0.0S in all cases) over the time series. Only
the AF4 measurements of the samples stored at 4 °C show
stable diameters (i.e., a nonsignificant slope). Similarly, for the
lipid composition, only the PTA measurements of the ester-
based lipids showed stable diameters. Conversely, for buffer/
pH, only one group (PTA, pH 7.4) showed a significant
change over the time series.

Measurements of PNC were treated similarly as shown for
the three parameters in Figure 6. For PNC, most groups
showed general stability (nonsignificant slopes), with the
exceptions being the ether composition group measured by
AF4 and the pH 8.5 buffer group measured by PTA. Overall,
the broad groups analysis suggests that pH 6.5 may offer a
stable liposome environment as has been reported in the
literature.** For the pH 6.5 samples, no significant slopes were
observed in either diameter or PNC as measured by either AF4
or PTA. Other conditions yielded a mix of trends, indicating
that a more in-depth examination of the individual sample
trends was needed.

To explore the relative changes in individual samples as a
function of elapsed time, two approaches were used. These
analyses are available in the SI. In the first approach (Figure S4,
liposome diameter), the change is calculated on a point-to-
point basis. That is, the change from 0 to 90 days is plotted as
the 90-day time point, and then, the further change from 90 to
270 days is also plotted as the 270-day time point. A way of
setting the initial measurement at 0 days as a pseudo-reference
point and then measuring the change from 0 days is also
possible and was plotted in the SI (Figure SS). Several samples
were highly variable, with changes in the (20 to 40%) range.
The most stable samples of the group had modest percentage
changes of approximately (S to 10%) over the course of one
year. The samples showing stability in diameter for both AF4
and PTA measurements included all samples stored at 4 °C in
pH 6.5 buffer, as well as several of the samples using ether-
based linkages in the lipids that were stored in pH 7.4 buffer.
Sample S09, specifically, was stored at room temperature in pH
7.4 buffer and had <15% change in diameter from Day 0 to
Day 360 as measured by either AF4 or PTA.

As was done with the particle diameter measurements, the
relative change at each measured point in time for the particle
number concentrations is also available in the SI (Figure S6/
S$7). It is curious to note that for AF4, the initial change (from
0 to 90 days) appears overall to be quite large and then tends
to drop off at the following time points. This suggests that the
liposomes undergo an Ostwald-like ripening process where the
liposomes are initially unstable and therefore undergo changes
and shifts initially until they settle into a stable configuration.
These changes appear to be complete after the initial 90-day
period. This can be reasonably expected as these samples were
kept in the liquid state, and it is known that liposomes
exchange lipids with each other throughout the fluid solution
medium. It is reasonable that repeated collisions and exchanges
of the lipids, as documented in the literature, over some period
of weeks to months can change the overall particle size and
number concentration until the samples reach stable
equilibrium states.*”*® Overall, for both AF4 and PTA
measurements, the samples using ether-based linkages showed
relatively minor changes over the time series, with sample S09
showing particularly small changes in PNC (<20% Day 0 to
Day 360). Samples S07 and S10 also seemed to demonstrate
relatively good stability (<41% change in PNC, Day 0 to Day
360).
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Post Time-Series Analysis: Mass Spectrometry and
Cryogenic Electron Microscopy. It was clear from the
particle metrology that the particle samples changed over time.
As a means of assessing liposome quality and degradation,
cryogenic electron microscopy (cryoEM) and lipid mass
spectrometry were used to characterize the particles at the
end point of the study. Liposomes like those used here are
particularly amenable to this type of electron microscopy.”’
The measured diameters as seen in the images were
approximately 100 to 140 nm (Figure 1, right panels), as
expected based on generic size control via microfluidic mixing.
In the EM images shown in Figure 1, most of the particles are
unilamellar approximate spheres. However, some elongated
pseudo-cylinder particles are observable as well as a few
multilamellar particles. This imaging was done approximately
18 months after the initial preparation of the particles.
Therefore, the morphology demonstrated in Figure 1 is a
post-study measurement, carried out approximately 6 months
after the conclusion of the study. It is also key to understand
that the primary measurements carried out in this study are
ensemble average measurements, which provide only an
average size and/or particle number concentration based on
a very large ensemble of particles that are probed in these types
of measurements. All the liposome samples used in this study
were generated via the microfluidic device of PDMS on glass.

One hypothesis of this study was that breakdown/
degradation of the lipids would lead to the observed changes.
To probe this, mass spectrometry of selected samples was used
to characterize possible breakdown products. The samples
were analyzed at the =18 month mark to examine the lipid
composition at that time by using mass spectrometry. The data
are available in the SI where the selected samples were
analyzed, and the mass spectra are presented (Figures S8—
S12). One of the observed molecules was lysophosphatidylcho-
line, which is the known hydrolysis product of DPPC.***” This
arises due to hydrolysis and cleavage of the fatty acid side
chains. This product was expected as the liposomes are
susceptible to hydrolysis in aqueous solution. In general, it is
expected that most of the fatty acid groups are inaccessible to
the solvent as they should be contained within the internal
bilayer. However, published work in the literature has shown
that the lipid bilayer is not static but is instead dynamic.’”>" As
the lipid molecules move around, water molecules would then
be able to react with the ester groups, thus hydrolyzing off the
fatty acid groups and giving the observed lysophosphatidylcho-
line. Another observed product was oleamide. This is the
breakdown product of the hydrolyzed fatty acid side chains.
Oleamide is a C16 molecule that interestingly shows up in
every measured sample. Upon initial examination, this seems
unlikely as several samples contain DPPC as the main
structural lipid, which has C18 side chains. However, these
samples contain a phosphoethanol PEG2000 lipid used for
steric bulk. This lipid does contain C16 alkyl fatty acid groups
and therefore is the likely source of the observed oleamide
breakdown product.

Liposome Stability Factor Analysis. As a means of
developing a rudimentary statistical measure of variation in the
data, analysis of variance (ANOVA) was carried out on the
PTA particle diameter and particle number concentration data.
In this analysis, for each sample, the means of the particle
diameter or particle number concentration at each time point
were compared to assess statistically significant variations.
ANOVA was done for the PTA data but not AF4 data since

the PTA data were collected in triplicate, but the AF4 data
were not. The results of the ANOVA are reported in the SI and
show statistically significant differences among the populations
means for almost all particle diameter measurements (Table
S1) except for sample S09. A similar analysis for the particle
number concentration (Table S2) shows a similar result with
all samples exhibiting statistically significant differences, except
for sample S03. The analysis indicates that most of the samples
show statistically significant variations in the liposome size and
number concentration over the time course of this study. For
the two samples showing relative stability (S09 for diameter,
S03 for particle number concentration), it is unclear why and
difficult to attribute to any particulate study parameter. It is
possible that some complex interaction between lipid
composition, buffer pH, and storage temperature is responsible
for the two noted samples’ apparent stability, but this study
cannot account for it. We note that while the mean diameter or
PNC may show statistically significant differences from time
point to time point, however, all but one of the samples (S10)
showed overall nonsignificant slopes for either diameter or
PNC over the course of the time series. Several of the samples
showed general stability (i.e., insignificant slopes) for both
parameters: SO1, S03, and S09. These correspond to samples
stored in the pH 6.5 buffer and one of the ether-based lipid
samples, which have been noted above as appearing stable.

The factors examined in this study were the lipid
composition, buffer pH, sample storage temperature, and the
temperature ramp (if kept under cold conditions). An overall
look at the particle size and number concentration measure-
ments shows the clearest effect of the lipids used in the
mixture. This is particularly notable when examining
longitudinal plots of the data (available in the SI in Figures
S13 and S14) when looking at trends in the particle number
concentrations specifically. To compare the magnitude of
changes between different lipid composition (ether-linked
lipids: group SO7 to S10) and buffers (groups SO1 to S03, S04
to S06, S11 to S13), the average of the absolute measurement-
to-measurement changes for all samples within each group
were calculated (see also, Figures S4 and S6 for individual
samples). The samples using the ether-based main structural
lipid (group SO7 to S10) were markedly more stable when
measured over the time course of a year in fluid solution.
These samples as a group showed <11% change in PNC on
average from measurement-to-measurement as measured by
AF4-MALS and PTA (excluding SO8 for PTA, which seemed
to be an outlier at ~100% average change). The other
groupings based upon ester-linked lipids in varied buffers
(groups SO1 to S03, S04 to SO7, and S11 to S13) tended to
show higher average measurement-to-measurement variations,
ranging from 43 to 93% for AF4. As noted above, groups SO1
to SO3 appeared relatively stable by PTA (<7% average
change), but the other sample groups showed larger average
changes of 26 and 38%. The diameter measurements were
treated similarly. These measurements generally showed
smaller overall average changes measurement-to-measurement.
For both AF4 and PTA, the average for any group was <10%,
except for group S04 to S06 measured by AF4, which showed
an average change of &17%. As explained above, the apparent
stability of the group SO7 to S10 was expected as the ether
linkages are much less prone to hydrolysis in the aqueous
buffers used here.

Other than the observation above that the samples stored at
pH 6.5 show some general stability, the buffer pH has a less
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clear effect on the observed stability. Looking across the AF4
data for individual samples in terms of particle size and particle
number concentration, there is no obvious trend in the data. In
isolated parts of the data (ex. PTA-measured particle size),
there does appear to be an overall effect, i.e., the samples in
higher pH (~8.5) buffer do show greater instability over the
time series. There seems to be an interaction between storage
temperature and buffer pH that is too complex to be captured
fully by the study reported here, although it is certainly of
interest in future work.

The effect of storage temperature becomes more apparent
when examining the longitudinal data (Figure S13/S14). The
samples stored at room temperature (SO1, S04, S11) can be
observed to show more stochastic variation when examining
both the AF4 and PTA data in terms of particle diameter, but
not particle number concentration. There is thus a general
trend that samples stored at room temperature (~22 °C)
tended to be less stable relative to the cold-storage samples.
This is expected due to increased kinetic rates of hydrolysis at
elevated temperatures. However, the samples with the diether
PC in place of DPPC do not show a clear trend based on the
storage temperature. Therefore, we conclude that while the
lipid composition is of paramount importance and the storage
temperature does seem to matter, the buffer pH is less relevant
(at least for the buffer pH levels tested here). Consideration of
these factors is critical in consideration of solution liposome
stability over a time course of at least a year.

B CONCLUSIONS

This work provides evidence of the impact of various
parameters of interest on the long-term stability of liposome
particles in fluid solution. The findings will guide efforts toward
possible development of a liposome dispersion that has
sufficient stability to serve as a reference material relevant to
nanomedicine. We demonstrate the strong effect that lipid
composition/formulation has on particle stability as measured
over a one-year timeframe. The effects of solution pH/buffer
composition and storage temperature are less conclusive, but
still of note. It is of utility to store such particles at cooler
temperatures, if possible. As a caveat, the samples stored at the
lower temperature (~4 °C) were repeatedly cycled in and out
of the temperature for measurements. This not only allows for
understanding thermal cycling effects but also may complicate
the analysis as an additional variable. Future work should
address and isolate this as a parameter. This work also
demonstrates that orthogonal characterization of these types of
soft biological material is essential for rigorous analysis and
understanding of how material properties vary over time. A
caveat for the conclusions we draw here is that these were
empty liposomes without a payload, and as recent work
highlights, the payload strongly determines the overall
stability.'” The conclusions presented here only apply to this
simplistic case as due to liposome-drug interactions a loaded
molecule or therapeutic will necessarily affect the stability of
the particles. The U.S. Food and Drug Administration (FDA)
has released recommended guidance for characterization of
liposome-based drug products.”” It would be of interest to
incorporate the guidelines laid out by the FDA into further
explorations of liposome stability, particularly as we endeavor
to generate a reference material. This work focused on the
physicochemical attributes of the liposomes—but as the FDA
document delineates—another primary focus should be
structural measurement of the lipid stability over time to
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evaluate degradation. This measurement of the lipids as
components of the liposome with a more direct measurement
should be carried out to enhance understanding of the
processes affecting overall particle stability. Future avenues of
work for this type of endeavor would necessarily include
implementing cryoprotectants and freezing the samples
between each measurement to examine effects of freeze—
thaw cycles as well as long-term effects of very cold (—80 °C)
storage as is currently being implemented for therapeutic
vectors such as the COVID-19 mRNA vaccines. Another key
question is how the particle morphology evolves over time if
there is some Ostwald ripening-like process which occurs in
solution. Future measurements should examine the particle
morphology as a function of time to assess the appropriateness
of the hollow sphere type model, which is commonly
implemented in the typical quantitative analysis for these
types of soft, biological particles.
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