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The SARS-CoV-2 virus, implicated in the COVID-19 pandemic, recognizes and binds host cells using its

spike glycoprotein through an angiotensin converting enzyme 2 (ACE-2) receptor-mediated pathway.

Recent research suggests that spatial distributions of the spike protein may influence viral interactions

with target cells and immune systems. The goal of this study has been to develop a liposome-based

virus-like particle (VLP) by reconstituting the SARS-CoV-2 spike glycoprotein within a synthetic

nanoparticle membrane, aiming to eventually establish tunability in spike protein presentation on the

nanoparticle surface. Here we report on first steps to this goal, wherein liposomal SARS-CoV-2 VLPs

were successfully produced via detergent mediated spike protein reconstitution. The resultant VLPs are

shown to successfully co-localize in vitro with the ACE-2 receptor on lung epithelial cell surfaces,

followed by internalization into these cells. These VLPs are the first step toward the overall goal of this

research which is to form an understanding of the relationship between spike protein surface density

and cell-level immune response, eventually toward creating better vaccines and anti-viral therapeutics.
Introduction

SARS-CoV-2, implicated in the COVID-19 pandemic, is a spher-
ical enveloped virus comprised of a lipid bilayer studded with
integral membrane proteins that encapsulates viral nucleic
acids and associated proteins.1 Upon introduction of its genetic
material to a host cell, the virus harnesses the cellular
machinery of its target organism to reproduce and proliferate to
other cells.2 Three main proteins attached to the viral envelope
membrane are known to regulate the ability of this virus to
successfully bind and fuse with host cells. Of these, the spike
glycoprotein is involved in mediating viral entry into the host
cells and as such has attracted substantial attention as a focus
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of immunological and therapeutic research.3,4 This protein is
primarily responsible for recognizing and binding to host cells
through an angiotensin converting enzyme 2 (ACE2) receptor
mediated pathway.

Harnessing nanotechnology to study SARS-CoV-2 has been
crucial in the global battle against COVID-19, and this remains
essential even as large-scale vaccination efforts have proven
highly effective.5 Recent studies have suggested that spatial
distributions of the spike protein may inuence viral interac-
tions with target cells and with immune systems.6 Therefore,
elucidating structure–function relationships of antigen
presentation is critical to understanding the virulence of this
pathogen. A liposome-based virus-like particle (VLP) could be
a useful tool to model this threatening pathogen to help
scientists explore fundamental questions about the spike
protein and immune responses. In this study, we present
a method of synthetic VLP production, namely the development
of stable and biomimetic protein-containing liposomes via
detergent-mediated reconstitution of viral antigen proteins
(Fig. 1).

Many different groups have developed SARS-CoV-2 VLPs in
recent years using other production systems. Protein-based
VLPs expressed from transfected cell systems have been re-
ported extensively in literature, typically by transfecting
mammalian cells with plasmids encoding antigenic proteins for
SARS-CoV-2.4,7–15 In these models, the proteins expressed by
these transgenic cells accumulate in the membranes of the
endoplasmic reticulum – Golgi intermediate complex (ERGIC).
Nanoscale Adv., 2023, 5, 4167–4181 | 4167
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Fig. 1 Schematic outline of methodology, grouped into three sections. Section 1 involves virus-like particle (VLP) preparation, Section 2 denotes
biophysical characterization of the VLPs, and Section 3 includes VLP cellular uptake studies and image analysis.
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Aer budding from these ERGIC membranes, protein rich VLPs
are excreted from the cell. Importantly, the enrichment of the
SARS-CoV-2 membrane glycoprotein is essential for the forma-
tion and release of these VLPs.9 Groups have also engineered
mammalian expression systems to produce spike glycoprotein
receptor-binding domains (RBDs) and encapsulated these
protein domains in chitosan-based nanoparticles post-puri-
cation.16 Plant cells have been utilized for protein-based VLP
production as well, some of which have been developed as
vaccine candidates for SARS-CoV-2. These systems are more
scalable and economical compared to using mammalian cell
systems, and differences in glycosylation patterns for proteins
produced in these non-mammalian systems have been shown
to be negligible.17 Because the VLPs produced in these cells bud
off the plasmamembrane, however, lipids are incorporated into
these plant-sourced VLPs that may not be present in the
authentic virus.17–20

Another method of producing VLPs is through the produc-
tion of chimeric pseudoviruses. SARS-CoV-2 pseudoviruses have
been formed using several viruses including marine leukemia
virus,7,21,22 HIV-1 lentivirus,23 cucumber mosaic virus,24 and
vesicular stomatitis virus.25 These systems are developed by
expressing proteins from SARS-CoV-2 within a scaffold virus
framework that has limited replicability.26 Although these
systems have the advantage of genetic mutability, their down-
side is the inevitable expression of cell or viral proteins on the
VLP/pseudovirus surface, which can add uncontrolled
complexity to the virus-like particle.27

A recent study modeled SARS-CoV-2 by immobilizing spike
glycoprotein RBDs on a DNA origami lattice to investigate the
relationship between immune activation and surface presenta-
tion of antigens.28 This approach has the benet of precise
control over antigen presentation but comes with drawbacks
including innate immunogenicity of the DNA origami
structures.29

As for liposome-based systems, previous studies have set
precedent for the successful incorporation of integral
membrane proteins into synthetic membranes,30–34 including
4168 | Nanoscale Adv., 2023, 5, 4167–4181
studies in which liposomes have modelled other viruses, such
as HIV-1.35–37 For SARS-CoV-2, recently natural and synthetic
vesicles have been used to create VLPs by chemically conju-
gating the receptor-binding-domain (RBD) of the spike glyco-
protein to membrane components.13,38–41 To our knowledge,
however, no liposome-based SARS-CoV-2 VLPs containing full-
length membrane anchored spike glycoproteins have been re-
ported to date.35,40 Here we report on the successful synthesis of
SARS-CoV-2 VLPs via liposomal reconstitution of spike glyco-
proteins. We present proof-of-concept preliminary cellular
uptake studies and provide evidence of ACE-2 involvement in
the intracellular trafficking of these liposomal VLPs.
Results and discussion
Virus-like particle preparation

Liposome formulation and characterization. A wide range of
lipid formulations for colloidally stable candidate liposome
formulations were investigated for VLP production (ESI Table
1†). These liposome formulations were designed to mimic the
natural composition and hydrodynamic diameter of SARS-CoV-
2 viral lipid envelopes.42 Because no lipidomic analysis of the
SARS-CoV-2 viral envelopes has been completed to date, initial
proportions for lipid headgroup components were informed by
the membrane composition of ERGIC in eukaryotic cells from
where new SARS-CoV-2 virions bud, as well as by lipidomic
changes observed in convalescent patients of other related
coronaviruses.43,44 Different proportions of lipid phases within
the liposome membranes were tested to nd a balance between
the physical stability conferred by rigid gel-phase lipids and the
amenability to detergent insertion granted by inclusion of more
liquid-crystal phase lipids.45–48 This is supported by lipidomic
analyses of other enveloped viruses which report that viral
envelopes belonging to HIV-1 and Human Cytomegalovirus
(HCMV) are mixed-phase lipid systems.49 In addition, 1000 kDa
polyethylene glycol (PEG1000)-conjugated lipid incorporation
was tested at low proportions to confer colloidal stability while
maintaining biomimetic membrane characteristics.50
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Example stable fluorescent count rate trajectory with inset count rate histogram of a liposome solution, (B) example unstable fluo-
rescent count rate trajectory and inset count rate histogram of a liposome solution, and (C) example autocorrelation decay curve showing fit line
to eqn (1).
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Cholesterol has been shown to be enriched in viral membranes
for viruses including HIV-1, Simian Virus 5, and Inuenza, all
which bud from the plasma membranes of their host cells.51–54

As mentioned, SARS-CoV-2 buds from the ERGIC which
contains less cholesterol than the plasma membrane.55 Despite
this, some tested formulations were designed to include
cholesterol because of its function as a ‘steric buffer’, reducing
effects of membrane mismatch and lipid shape factor differ-
ences, especially important when planning to incorporate
a protein into the membrane.56–60 In total, 97 unique liposome
formulations were prepared and subjected to preliminary
characterization (ESI Table 1†).

For this initial characterization, liposome formulations were
doped with a uorescent marker and analysed using uores-
cence correlation spectroscopy (FCS).61 Narrowly distributed
uorescent count rate trajectories detected from liposome
samples suggested the solution contained uniformly dispersed
uorescent liposomes (Fig. 2A). Formulations were discarded
Fig. 3 (A) Structures of membrane components comprising formulation
shown as DOPX and DPPX where “X” represents the functional moiety o
Liposome formulations of the top six candidates represented as mole p

© 2023 The Author(s). Published by the Royal Society of Chemistry
immediately from the pool of candidates if the liposomes
appeared highly aggregated upon initial preparation, based on
intensity spikes in uorescence signal leading to wide distri-
butions of recorded count rate trajectories (Fig. 2B). Beyond this
count rate analysis, the different trial formulations were evalu-
ated for hydrodynamic diameter immediately post-production
by tting the FCS autocorrelation decays with eqn (1) to
obtain average concentrations and diffusion coefficients for the
liposomes in solution (Fig. 2C) (characterization data for all 97
formulations not shown). Because the SARS-CoV-2 virion has an
approximate diameter between 60 and 140 nm, formulations
which appeared to have the desired 60–140 nm diameter upon
preparation were preferred.42 The formulations were stored at
4 °C overnight and FCS analysis was performed again the next
day to test their overnight storage stability. Again, liposome
formulations were rejected if they appeared highly aggregated
the next day based on intensity spikes in the count rate trajec-
tories, or if their apparent concentration or hydrodynamic
s 1, 2, 3, 1PEG, 2PEG, and 3PEG. For the lipids, hydrophobic tail groups are
f the headgroups, structures of which are within the dashed boxes. (B)
ercent of each component.

Nanoscale Adv., 2023, 5, 4167–4181 | 4169
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View Article Online
diameter had changed by more than 50% from the measure-
ment on the initial day.

All liposome formulations considered stable overnight were
then characterized for stability over ve days (data not shown).
As the duration of a typical VLP preparation spans two days, out
of an abundance of caution ve days was selected as the
preferred time window for stability of liposomes. For these
experiments, stability was dened using two key criteria moni-
tored over ve days: average hydrodynamic diameter and
average number of nanoparticles in the FCS focal volume (N) (a
proxy for concentration).

Six formulations with the least degree of change between
days 0 and 5 (hereaer: 1, 2, 3, 1PEG, 2PEG, and 3PEG) were
prepared in 1× PBS with and without 0.3 M sucrose as
Fig. 4 (A) Average hydrodynamic diameter (HD) for liposomes in 1× PBS
fifth day (day 4), both normalized to the HDday0 value. (B) Liposome conce
the FCS interrogation volume (N). Data is presented as N on day 0 and on
diameter (HD) for liposomes in 1× PBS + 0.3 M sucrose. Data is presented
Liposome concentration in 1× PBS + 0.3 M sucrose reported as N on day
were performed comparing day 4 to day 0 data for all panels, assuming u
0.05) and ** (p < 0.01). Error bars represent error propagated through ave
and the error is normalized to the day 0 value for comparison.

4170 | Nanoscale Adv., 2023, 5, 4167–4181
a proposed stabilizing agent,62,63 and were characterized to
determine their appropriateness for the next stages of VLP
development (Fig. 3A and B).64,65 These formulations are all
mixed-phase liposomes with 1 and 1PEG being primarily gel-
phase and 2, 2PEG, 3, and 3PEG comprised of mostly liquid-
crystal phase lipids (Fig. 3B). All six of these formulations
were primarily comprised of lipids with phosphatidyl choline
(PC) headgroups, with varying relative proportions of phos-
phatidyl ethanolamine (PE), phosphatidyl inositol (PI), choles-
terol, and PE-PEG1000 headgroups making up the remainder of
the total membrane components (Fig. 3B).

Examining the average hydrodynamic diameters obtained
from FCS measurements of these liposomes between the day of
preparation (day 0) and the h day (day 4) revealed
. Data is presented as HD on the day of preparation (day 0) and on the
ntration in 1× PBS reported by the number of entities diffusing through
day 4, both normalized to the Nday0 value. (C) Average hydrodynamic
as HD on day 0 and on day 4, both normalized to the HDday0 value. (D)
0 and on day 4, both normalized to the Nday0 value. Two-tailed t-tests
nequal variance (Welch correction) and significance is shown as * (p <
raging three biological replicates, each having five technical replicates,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a signicant change in diameter for formulation 1 prepared in
1× PBS (p = 0.0088) (Fig. 4A). Comparing this to the other ve
formulations which showed no signicant difference between
hydrodynamic diameters measured on day 0 and day 4 suggests
that formulation 1 was the least colloidally stable over time by
this metric (Fig. 4A). In 1× PBS with 0.3 M Sucrose, the same
comparison showed signicant changes in diameter between
day 0 and day 4 for formulations 1 (p= 0.0034) and formulation
3PEG (p = 0.016) (Fig. 4C). Thus, these formulations were
considered the least colloidally stable over the ve days as
measured by changes in hydrodynamic diameter.

Comparing particle concentration derived from FCS data
between day 0 and day 4 resulted in signicant differences for
formulations 2PEG (p = 0.012) and 3 (p = 0.042) (Fig. 4B). This
comparison revealed no signicant difference in concentration
between days for formulations 1, 1PEG, 2, and 3PEG in 1× PBS,
but the smaller variance within formulation 2 and 3PEG data
suggest these are more reproducible formulations and would be
better candidates (Fig. 4B). When conducting similar compari-
sons for the samples prepared in 1× PBS + 0.3 M sucrose,
signicant differences were found for concentrations measured
between days 0 and 4 for formulations 1 (p= 4.3× 10−6), 1PEG (p
= 1.6 × 10−8), 2 (p= 0.042), and 3 (p= 0.0027) (Fig. 4D). Lack of
signicant differences between day 0 and day 4 concentration in
1× PBS + 0.3 M sucrose paired with a relatively low degree of
variance in the data suggests that formulation 3PEG is the best
suited for VLP production from a colloidal stability standpoint
(Fig. 4D).

Electrophoretic light scattering (ELS) was performed on
formulations 1, 2, 3, 1PEG, 2PEG, and 3PEG to characterize the
average surface zeta (z) potential of the liposomes in solution
(Fig. 5A). This was carried out in 1× PBS as well as in 1× PBS
with 0.3 M sucrose. A lack of signicance by two-way ANOVA
revealed that within error these six liposome formulations had
the same z potential and therefore the same effective surface
charge (p = 0.567 comparing formulations, p = 0.197
comparing buffers). This data also allows us to conclude that
the presence or absence of sucrose as a stabilizer did not
signicantly alter the electrophoretic mobility of the particles.
Fig. 5 (A) Mean zeta (z) potential of the top six candidates using ELS.
candidates using DLS. (C) Mean polydispersity indices of the top six cand
both 1× PBS and 1× PBS + 0.3 M sucrose. Filled points represent mean
points represent the overall mean of the three independent samples and
was performed for all panels.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Dynamic light scattering (DLS) was then used to characterize
the mean hydrodynamic diameters and polydispersity indices
(PDIs) of the liposome particles (Fig. 5B and C). Again, for the
selected six formulations named above, no signicant differ-
ence was found in hydrodynamic diameter between the
formulations nor between the buffers by two-way ANOVA (p =

0.104, p = 0.067 for formulations and buffers respectively). The
same was shown for the PDIs of the individual formulations (p
= 0.536, p = 0.660 for formulations and buffers respectively),
but while no signicance was found this was likely due to the
large variance observed. As such, we interpreted this data to
suggest that the formulations displaying smaller PDI ranges
were more monodispersed and thus more ideal to work with
moving forward. By collectively considering the zeta potential,
hydrodynamic diameter, and PDI data, formulations 2, 3, 2PEG,
and 3PEG appeared to be equally suitable for VLP production. In
combination with the stability data (Fig. 4), however, it became
clear that formulations 2 and 3PEG were the most suitable. From
this point forward, formulation 2 was selected as a viable option
for VLP production, acknowledging that formulation 3PEG

would also have been a reasonable choice. We selected formu-
lation 2 hypothesizing that its lack of PEG content might be
more favourable for the insertion of proteins into the bilayer
due to less steric hindrance, but this hypothesis was not tested
in this work.

Protein reconstitution. Successful incorporation of
membrane proteins into liposomal membranes can be facili-
tated by saturating the liposomes with a detergent, in this case
Triton X-100 (TX100)32 (Fig. 1). For monitoring purposes, puri-
ed SARS-CoV-2 spike glycoprotein trimers expressed in
HEK293 Expi cells and solubilized in lauryl maltose neopentyl
glycol (LMNG) were uorescently labeled with Alexa Fluor™ 633
(AF633) using a labeling kit modied in-house for use on
solubilized membrane protein (See Methods). Proteins were
characterized pre- and post-labeling using DLS, ELS, and gel
electrophoresis to obtain hydrodynamic diameters, poly-
dispersity indices, zeta potentials, and structural information
(ESI Fig. 1†).
(B) Mean intensity-weighted hydrodynamic diameters of the top six
idates using DLS. Data is reported for measurements of formulations in
(n = 3 technical replicates) for each of 3 independent samples. Open
bars represent± standard deviation for these means. Two-way ANOVA

Nanoscale Adv., 2023, 5, 4167–4181 | 4171
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Fig. 6 (A) Representative normalized autocorrelation decays for spike-AF633 and VLPs in identical buffer conditions. (B) Mean diffusion
coefficients obtained from fitting curves in (A) with eqn (1). Data represents minimum of three technical replicates each of three independent
preparations (Spike-AF633) or two independent preparations (VLP-AF633). (C) Brightness per particle for Spike-AF633 compared to VLPs in EBSS
with and without 0.3 M sucrose. For these samples, ratio of brightness resulted in an average of 9 ± 4 spikes per VLP. Data represents three
technical replicates. For (B) and (C), statistical significance is represented as **p < 0.01 by one-way ANOVA.
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Once the liposomes were treated with 0.2 mM TX100, the
LMNG-solubilized uorescent spike proteins (spike-AF633)
were added to the liposome solution and incubated with the
liposomes at room temperature for 90 minutes. To remove the
TX100 and promote protein insertion into the liposomal
membranes, 3 mg aliquots of polystyrene microbeads (Bio-
Beads™ SM-2 resin, Bio-Rad 1523920, Hercules, CA) (hence-
forth, BioBeads) were added in 120 minute intervals, then
allowed to incubate with the liposome-protein mixture over-
night at 4 °C.32 Aer the overnight incubation, one nal aliquot
of BioBeads (in total, 4–5 aliquots) was added at room temper-
ature, and removed aer 120 minutes. The capacity of BioBeads
to completely remove TX100 from a liposome solution was
conrmed by a set of control experiments showing eradication
of TX100 – originating absorbance at 280 nm from a liposome
solution aer BioBead treatment (ESI Fig. 2†). Other control
experiments in which mock reconstitutions were conducted
with AF633 resulted in particles with signicantly lower uo-
rescent brightness per particle compared to spike-AF633
reconstituted liposomes (p = 0.0014) (ESI Fig. 3†). This
suggests that measured AF633 signal observed in any VLPs
produced was due to the presence of spike-AF633 in the
membrane rather than non-specic dye adsorption (ESI Fig. 3†).
Table 1 Average intensity-weighted hydrodynamic diameter and
number of spike proteins per VLP for preparations in different buffer
conditions. Each sample was prepared with 50 nM spike proteins
added to saturated liposomes. Diameter data represents mean ±
standard deviation of three technical replicates for each of two inde-
pendent preparations of each sample. Spike proteins per VLP are
representative of three technical replicates of one representative
preparation for each sample

Buffer
Hydrodynamic
diameter (nm)

Average spike
proteins per VLP

1× PBS 161 � 19 3 � 1
EBSS 124 � 39 9 � 4
EBSS + 0.3 M sucrose 233 � 73 9 � 4
Biophysical characterization of VLPs

Success of protein reconstitution into VLPs and quantication
of such protein loading was rst established using FCS.32 To
qualitatively probe the success of VLP formation, FCS was used
to compare diffusion coefficients between spike-AF633 and the
assembled VLP (Fig. 6A). The diffusion coefficient for the
proteins in the VLP was an order of magnitude smaller than
those of the spike-AF633 (p = 5.7 × 10−20). Since the only
uorescent entity in both samples is the spike-AF633, we
suggest that the apparent slower-diffusing entity detected in the
VLP channel is the spike-AF633 associating with the liposomes
in solution, providing evidence of VLP formation. To assess the
degree of reconstitution quantitatively, a brightness analysis
was performed wherein the uorescent brightness per particle
4172 | Nanoscale Adv., 2023, 5, 4167–4181
of diffusing VLPs was compared to the uorescent brightness
per particle of freely diffusing detergent-solubilized spike
proteins (eqn (6)) (Fig. 6C). This produced a value for the
average loading ratio of spikes per VLP for the particles in
solution, assuming that the brightness of membrane-
reconstituted spike proteins is the same as the free spike
protein brightness (Table 1).

The produced VLPs were next characterized using DLS to
determine their hydrodynamic diameters in solution. For these,
VLPs were prepared in 1× PBS, and in addition they were
prepared in Earl's balanced salt solution (EBSS) and EBSS +
0.3 M sucrose to maintain appropriate cell growth conditions
and to allow for cell adherence to be maintained. Control
experiments with liposomes show that using EBSS in place of
1× PBS to prepare liposomes does not signicantly alter the
measured properties of the particles with and without sucrose
added (see ESI Fig. 4†). Signicant differences are also not
observed between VLP diameters in the different buffer systems
(p = 0.054) (Table 1, ESI Fig. 5†).

SDS-PAGE was also employed to characterize the structure of
the spike proteins in LMNG micelles as well as in VLPs. For the
detergent-solubilized spike proteins, this analysis resulted in
a clearly observed band around apparent molecular weight of
227 kDa corresponding to the glycosylated spike monomer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Captured image of SDS-PAGE gel analysis of spike glycopro-
teins (lanes 2–5) and VLPs (lanes 6–9) (see Methods). Gel was stained
with Coomassie Brilliant Blue stain. Spike protein concentrations in
samples loaded on the gel were 10, 40, 80, and 120 nM for lanes 2, 3, 4,
5 respectively. For the VLP samples, calculated spike concentrations
based on initial preparation conditions were 9, 38, 79, and 117 nM for
lanes 6, 7, 8, and 9 respectively. Molecular weight ladder in lane 1 is
HiMark™ Pre-stained Protein Standard (Thermo Fisher Scientific).
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which has a molecular weight of approximately 142 kDa
according to the manufacturer. Such discrepancy between ex-
pected and observed gel migration is a regularly observed
phenomenon for SDS-PAGE analysis of membrane proteins.66,67

In addition to these major bands, faint bands around 580 and
81 kDa are observed, likely corresponding to the trimeric spike
(formal weight 426 kDa) and S1 or S2 subunits (formal weight 78
Fig. 8 Representative TEM micrographs of (A–C) VLPs in 1× PBS with 0
sucrose. (E) Spike glycoprotein solubilized in LMNG micelles, suspended
solubilized in LMNGmicelles, suspended in 1× PBS + 5 mM LMNG+ 2mM
yellow scale bars represent 100 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and 62 kDa respectively) (Fig. 7, lanes 2–5). VLPs run on the
same gel in lanes 6–9 show similar band patterning as was seen
for intact spike proteins in lanes 2–5, but also showed more
prominent high-molecular weight banding which could indi-
cate multimerization of the spike protein, perhaps due to
protein–lipid–cholesterol interactions not completely disrupted
by SDS (Fig. 7, lanes 6–9). Performing densitometric analysis
using lanes 2–5 to create a standard curve led to an evaluation of
the apparent spike concentration in the VLP samples in lanes 6–
9 (ESI Fig. 6A†).68 Based on this, a linear relationship appears to
exist between spike concentration in the nal VLP solution and
the original mixing ratio of spikes to liposomes (ESI Fig. 6B†).
These data and preliminary FCS brightness data for other VLP
preparation conditions (data not shown) support the tunability
of these VLPs in terms of antigen concentration, however more
experimentation is necessary to resolve this relationship which
is the topic of ongoing study in our group.

Another method used to characterize VLPs was transmission
electron microscopy (TEM), which permitted the visualization
of spike proteins embedded within the liposome membrane.
Empty liposomes, unlabeled spike proteins, and labeled spike
proteins were also characterized using TEM (Fig. 8D–F).
Approximately 10–15 nm diameter projections from the lipo-
somal membranes shown in TEM micrographs of VLPs sus-
pended in a cellulose matrix suggest that proteins are inserted
in the membrane (Fig. 8A–C, red arrows).42,69,70 In contrast,
empty liposomes also suspended in cellulose shown in Fig. 8D
.3 M sucrose, (D) empty formulation 2 liposomes in 1× PBS with 0.3 M
in 1× PBS + 5 mM LMNG + 2 mM sodium azide, and (F) spike-AF633
sodium azide. Red arrows denote proposed spike proteins in VLPs, and

Nanoscale Adv., 2023, 5, 4167–4181 | 4173
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do not contain these membrane projections, which suggests
that these are not artifacts of the matrix but are more likely
related to the presence of spike proteins in the sample. Micro-
graphs of the LMNG-solubilized spike proteins show that the
morphology of the proteins within the LMNG micelles appears
to be similar with and without the uorescent tag (Fig. 8E and
F).71 While these free proteins in panels E and F appear slightly
morphologically different than the proposed membrane-
anchored spike proteins in panels A–C, this might be because
LMNG solubilization confers a micellar shape. These micro-
graphs also suggest a size agreement to the proposed spike
proteins in the VLP images, with the LMNG micelles appearing
to have diameters between 10 and 25 nm for both unlabelled
and labelled proteins.
Fig. 9 Confocal fluorescencemicroscopy images of Calu-3 cells treated
(C) 60minutes with formulation 2 liposomes in EBSS, (D) 60minutes with
sucrose, and (F) 150 minutes with formulation 2 liposomes in EBSS + 0.3
and a VLP concentration of (2 ± 1) × 1011 VLPs per mL (total spike con
treated at equimolar concentrations ((2 ± 1) × 1011 particles per mL). Wh
arrows guide the eye to areas of AF633 fluorescence detected in the ima
monitored for colocalization with AF555-labeled ACE-2 (orange). Cell m
terstaining via DAPI is shown in blue. Cytosolic AF488 signal is likely due
membrane staining was done pre-fixation. Images were viewed under
representative images from three independent experiments, each image

4174 | Nanoscale Adv., 2023, 5, 4167–4181
VLPs prepared in EBSS with and without 0.3 M sucrose as an
additive were also monitored for colloidal stability by
measuring hydrodynamic diameter with DLS at 0, 7, and 14 days
post-preparation (ESI Fig. 7†). These timepoints were selected
as they are typical monitoring times for acute exposure in the
case of downstream in vivo applications. Both buffer conditions
resulted in VLPS which had no statistically signicant change in
diameter over 14 days, however notably fewer large aggregates
were observed at 7 and 14 days post-production when the VLPs
were produced and stored with the 0.3 M sucrose additive. This
suggests that the hypothesized stabilizing effect of the sucrose
may be a valid consideration when preparing VLPs for future in
vivo studies.
for (A) 60minutes with VLPs in EBSS, (B) 150minutes with VLPs in EBSS,
VLPs in EBSS + 0.3M sucrose, (E) 150minutes with VLPs in EBSS + 0.3M
M sucrose. All VLP samples contained 9 ± 4 spike proteins per particle
centration of approximately 0.4 mg mL−1). Liposomes and VLPs were
ite boxes designate the area shown in the 5× zoom panel, and white
ges. VLPs were visualized by fluorescence from spike-AF633 (pink) and
embranes are labelled with WGA-AF488 (green) and nuclear coun-
to endosomal recycling pathways internalizing membrane stain, since
63× magnification. Scale bars represent 50 mm. Data presented are
d in triplicate z-stacks.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Mander's colocalization coefficient (M1) represented as percent of pixels in each image showing signal for AF633 which also show signal
for AF555, compared between images of cells treated for 60 minutes with equivalent concentrations of empty liposomes in EBSS-Sucrose and
VLPs in EBSS-Sucrose. (B) M1 compared between images of cells treated for 60 minutes with equivalent concentrations of empty liposomes in
EBSS and VLPs in EBSS. For both (A) and (B), data is represented as mean ± standard deviation of coefficients collected from three images from
each of 2 independent biological replicates. Statistical significance is shown as *p < 0.05 as calculated by one-way ANOVA.
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Cellular internalization of VLPs

Calu-3 is a cancer-derived bronchiolar epithelial cell line which has
been used extensively to model lung epithelia for pharmacological
studies.72 Specically for SARS-CoV-2, this cell line has been used
for viral propagation and to model infection.73,74 Based on this
precedent for the use of this cell line, Calu-3 cells were used as the
cell line for VLP internalization in this study. Cells were treated
with VLPs in EBSS or EBSS + 0.3M sucrose using exposure times of
60 minutes (Fig. 9A and B) and 150minutes (Fig. 9C and D), based
on typical in vitro infection times for cells by SARS-CoV-2.74 Aer
treatment, confocal laser scanningmicroscopy (CLSM) was used to
visualize cellular uptake of VLPs. For cell treatment experiments
immunouorescence (IF) was performed on ACE2 receptors and
staining of the plasma membranes and nuclei was performed.
Four detection channels were used to distinguish uorescence
from the nucleus, plasma membrane, ACE2 secondary antibodies,
and uorescent VLPs. Buffer treatment and IF controls are shown
in ESI Fig. 8 and 9.†

Post hoc analysis of CLSM images was performed to
determine whether VLP internalization might be an ACE2-
dependent process mimicking the internalization pathway
of the authentic SARS-CoV-2 virus. Specically, pixel-by-pixel
colocalization of Alexauor-555 signal from ACE2 and
Alexauor-633 signal from VLPs was studied.75 Control
experiments comparing the integrated uorescence intensity
per cell unit area of cells treated with uorescent spike
protein to those treated with excess uorescent label with no
spike protein showed a signicantly higher uptake of AF633
signal into the cell cytosol when protein is present (p = 1.39 ×

10−36) (ESI Fig. 9 and 11†). This supports the validity of our
assumption that uorescent signal from AF633 visible on
CLSM images indeed represents spike proteins and not free
AF633. When plotting calculated colocalization coefficients
versus the ratio of pixel areas bearing signal from the two
interrogated uorophores, it becomes clear that the amount
© 2023 The Author(s). Published by the Royal Society of Chemistry
of ACE-2-AF555 signal is not a limiting factor in the degree of
colocalization observed between the two uorophores (ESI
Fig. 12†). Moreover, calculated Manders' colocalization coef-
cients for this uorophore pair for all four VLP treatments
(shown in Fig. 9A, B, D and E) were signicantly higher than
colocalization coefficients calculated from control empty
liposomes prepared both with and without sucrose present
(Fig. 9C and F) (Fig. 10, ESI Fig. 13†) (p = 0.033 with sucrose, p
= 0.017 without sucrose).76,77 Two-way ANOVA reveals that the
presence of sucrose has no signicant effect on the amount of
colocalization observed (ESI Fig. 14†).

This signicant difference between VLP and liposome treat-
ments supports the legitimacy of colocalization signal observed in
VLP-treated cells and suggests that the presence of the spike
proteins in the membrane of the VLP results in a signicant
amount of colocalization with ACE-2 receptors in vitro.
Experimental methods
Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),1,2-dioleoyl-sn-
glycero-3-phospho-(1′-myo-inositol), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-dioleoyl-sn-glucero-3-phospho-(1′-
myo-inositol) (DOPI), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-
myo-inositol) (DPPI), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE), PEG-1000-conjugated 2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE-PEG1K), PEG-1000-
conjugated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE-PEG1K), cholesterol, and Oregon Green™ 488 1,2-dihex-
adecanoyl-sn-glycero-3-phosphoethanolamine (OG-DHPE) were
purchased from Sigma-Aldrich (DOPC, DPPC, DOPI, DOPE, DPPE,
DOPE-PEG1K, DSPE-PEG1K) and Cayman Chemical (DPPI). Stock
solutions were prepared in chloroform and stored at −20 °C. Full-
sequence SARS-CoV-2 spike glycoprotein trimers solubilized in
Nanoscale Adv., 2023, 5, 4167–4181 | 4175
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LMNG detergent micelles were obtained (Cube Biotech, Monheim
amRhein, Germany) and uorescently labeled with AlexaFluor-633
labeling kits (Thermo Fisher A20170, Waltham, MA).

Liposome preparation

Multilamellar liposomes were prepared using a modied lipid
lm hydration technique.78 The liposome solutions were
extruded 29 passes through a polycarbonate membrane with
100 nm diameter pores to produce unilamellar vesicles. For
liposome characterization prior to VLP production, OG-DHPE
was incorporated at <1 mol% for uorescence analysis of the
nanoparticles via FCS as described below.

Fluorescent labeling of spike glycoproteins

Briey, sodium bicarbonate was added to the spike protein to
raise the pH above 7.5. The basic protein solution was added to
a vial of reactive Alexa Fluor 633 dye and the reaction tube was
stirred at room temperature for 90 minutes. The reaction
mixture was then loaded on a column packed with size exclu-
sion purication resin (Zeba™ spin columns, Thermo Fisher
Scientic) and the labeled protein was eluted (elution buffer
modied to include 2 mM sodium azide and 5 mM lauryl
maltose neopentyl glycol detergent) by centrifuging the
columns at 1000×g. Fractions were collected and absorbance at
280 and 632 nm were measured using a NanoDrop™ spectro-
photometer to determine the concentration and degree of
labeling of the fractions containing labeled protein.

Liposome stability tests

Liposome formulations were discarded immediately from the
pool of candidates if they appeared highly aggregated upon
initial preparation based on FCS data. This process of testing
liposome candidates involved FCS measurements of each lipo-
some sample every day for ve days, wherein the samples were
stored at 4 °C between measurements but brought to room
temperature for FCS measurements. Results were reported as
percent change compared with that from the preparation date
to normalize between samples, and standard deviations ob-
tained from multiple technical replicates of multiple prepara-
tions were propagated through relevant calculations.

Two-photon excitation uorescence correlation spectroscopy
(TPE-FCS) and two-photon excitation uorescence cross-
correlation spectroscopy (TPE-FCCS)

Two-photon excitation uorescence correlation and cross-
correlation spectroscopy (TPE-FCS and TPE-FCCS) were used
to study liposome stability and longevity, and to monitor and
verify protein reconstitution. Two-photon excitation was used
because its femtolitre-range interrogation volume improves
detection of uctuations in uorescence and reduces thermal
and photo-damage to the sample. FCS allows uctuations of
uorescence intensity within a given interrogation volume to be
monitored over time. FCCS correlates uorescence intensity
uctuations from two or more distinctly labeled uorophores
moving together in solution.79 Importantly, this is done in
4176 | Nanoscale Adv., 2023, 5, 4167–4181
a non-invasive manner that does not affect the equilibrium of
the system.

Fluorescent count rate analysis

Fluorescence emissions from the interrogation volume of the
FCS instrument were detected and grouped into 256 separate
temporal bins, the length of which depended on the overall
collection time of each experimental “run”. Bins were arranged
sequentially to form a count rate trajectory, uctuations in
which were autocorrelated as described below. Averaging the
count rates across the experimental run allowed for evaluation
of brightness per particle (see FCS brightness analysis).

Autocorrelation and cross-correlation analysis

By analyzing autocorrelation data from one uorophore, FCS
provides information on changes in relative concentrations of
the uorophore, which can give indirect information about
processes such as binding, aggregation, uorescent quenching,
or energy transfer. Diffusion coefficients can also be obtained
from the data which can inform about the size of the diffusing
entity. During an FCS measurement, molecules diffuse in and
out of the excitation volume due to Brownian motion, and their
uorescence is detected when inside the TPE volume. The count
rate trajectory describes the average uorescence intensity per
time bin, from the uorescence emitters within the TPE volume.
As this uorescence intensity uctuates over time, the signal is
autocorrelated temporally to show the self-similarity of the
signal as a function of lag time, s. Physically, this autocorrela-
tion decay represents the likelihood of nding the same emitter
particle within the TPE volume at different lag times. The
normalized autocorrelation trace can be tted to the following
function:

GðsÞ ¼ Gð0Þ �
�
1þ 8Ds

r02

��1
�
�
1þ 8Ds

z02

��1
2

(1)

where r0 is the TPE waist radius, s is the lag time, D is the
diffusion coefficient, and z0 is the excitation focal volume depth.
The autocorrelation amplitude, G(0), is inuenced by bright-
ness (h) and concentration (C) of emitters as shown in eqn (2)
below, where NA is Avogadro's number and V is the TPE volume.

Gð0Þ ¼
P
i

hi
2Ci

�P
i

hiCi

�2

� V �NA

(2)

FCCS can track spectrally distinct uorophores which are
physically linked, by registering simultaneous uorescence
uctuations resulting from their movement together in and out
of the TPE volume. A cross-correlation signal appears only when
the movement of these multiple uorophores is temporally
correlated. This cross-correlation decay is modelled using eqn
(3),

GxðsÞ ¼ Gxð0Þ �
�
1þ 8Dxs

r02

��1
�
�
1þ 8Dxs

z02

��1
2

(3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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where parameters are dened as in eqn (1) above, and the
subscript, x, refers to species that are linked together and
presumes one dominant linked species. The cross-correlation
amplitude is dened by the eqn (4):

Gxð0Þ ¼
P

hihjCij

V �NA �P
hiCi �

P
hjCj

(4)

where Cij is the concentration of the emitting complex, and hi

and hj are the brightness of each spectrally distinct species.

FCS brightness analysis

For solutions where only one type of uorescent diffuser can be
assumed to be present, eqn (2) can be re-written as eqn (5)
below,

Gð0Þ ¼ 1

C � V �NA

¼ 1

N
(5)

where C, V, and NA are dened as before and N is the number of
uorescent emitters in the TPE volume.

Following this, the brightness per particle can be obtained
using eqn (6),

h ¼ hFi
N

(6)

where h is brightness per particle, hFi is mean uorescent count
rate detected, assuming a Gaussian distribution of count rates
around the mean, and N remains the number of particles per
TPE volume.

TPE-FCS/FCCS instrumentation

The TPE-FCS setup has been described elsewhere.61 Briey,
a mode-locked Titanium : Sapphire 100 fs pulsed laser, oper-
ating at a 82 MHz repetition rate, with an excitation wavelength
of 774 nm was used for all TPE-FCS and FCCS experiments. In
the chosen optical arrangement, a sequence of mirrors and
lenses direct and expand the excitation laser beam to ll the
back aperture of a 40×, 1.2 NA, 0.8 mm working distance water-
immersion objective lens. This objective lens collects uores-
cence emitted by the diffusing particles in the TPE volume and
reects this emitted light to a dichroic optic which separates it
from the excitation light. The uorescence is then further
separated into the two distinct coloured light paths and nally
each is passed through a spectral notch lter and directed to
a separate avalanche photodiode detector. The uorescence
intensity information from the photodiodes is analyzed by a PC
using a correlator card (ALV-6000). All data was plotted and
processed using OriginPro soware.

Dynamic and electrophoretic light scattering

The top six liposome candidates, and later the produced VLPs,
were characterized using DLS to determine their hydrodynamic
diameter and PDI. DLS experiments were performed using
a Malvern Panalytical Zetasizer Advance Series – Ultra (Red
Label) instrument tomeasure the mean diameter and PDI of the
nanoparticles. Settings included a backscatter measurement
angle of 173° and a 633 nm incident laser wavelength for the 4.0
© 2023 The Author(s). Published by the Royal Society of Chemistry
mW He–Ne laser. Fluorescence lters were applied when
required. Measurements were performed within 10 mm path
length acrylic cuvettes and results were reported as mean ±

standard deviation of three technical replicates for each of three
independent samples. Zeta potential was measured at room
temperature on the same instrument using electrophoretic light
scattering (ELS) to approximate the surface charge of the
nanoparticles. The measurement settings were consistent with
the DLS settings.

Transmission electron microscopy

To prevent artifacts from drying or vitrication of liposomes
and VLPs for TEM, a methylcellulose matrix-assisted drying
process was used as a structural support for the particles before
negative staining with uranyl acetate.80,81 Briey, 3 mm copper
grids with carbon lm (CF200-CU-50 200 mesh) were glow dis-
charged (PELCO easiGlow), then grids were inverted on drops of
sample and incubated at room temperature for 60 minutes. The
grids were washed with 1× PBS for 1 minute, xed for 5 minutes
with 4% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M
sodium cacodylate, and then stained with 2% uranyl acetate for
5 minutes. Next, the grids were transferred to drops of 2%
methyl cellulose containing 0.2% uranyl acetate and incubated
for 15 minutes at 4 °C. The grids were blotted and dried on wire
loops at room temperature before imaging.

Samples were imaged in both high resolution and high
contrast modes at 120 kV using a Hitachi HT7800 transmission
electron microscope. Images were processed using FIJI by
applying a Gaussian blur lter with a blur radius of 2.00 pixels.82

Polyacrylamide gel electrophoresis (PAGE)

A pre-cast polyacrylamide gel (NuPage Bis–Tris 4–12%) was
washed twice with 1× MOPS SDS buffer. Protein samples were
prepared with 1× LDS sample buffer, 2 mM DTT reducing
agent, and AF633-labeled spike protein brought to nal
concentrations shown in Fig. 7. Similarly, VLP samples were
prepared containing calculated spike concentrations ranging
from 9 to 117 nM. Samples were centrifuged briey then heated
at 90 °C for 5 minutes. Samples were loaded into wells and
NuPAGE antioxidant was added to the upper gel tank chamber
to prevent sample reoxidation. Gels were run for 50 minutes at
200 V constant voltage. Densitometric analysis was performed
using FIJI.82

Cell line

We maintained Calu-3 cells from the American Type Culture
Collection (ATCC) in Minimum Essential Medium Eagle – alpha
modication (a-MEM) (Wisent Biological 310-010-CL) supple-
mented with 10% fetal bovine serum (Sigma-Aldrich) and 1%
antibiotic–antimycotic (Millipore-Sigma a5955). All cells were
incubated at 37 °C with 5% CO2. Cells were cultured to 90%
conuency at which point the supernatant was removed and the
cells were rinsed with PBS and later trypsinized with TrypLE
(Gibco™ TrypLE™ Express Enzyme (1×), no phenol red,
12604013) for 5 minutes at 37 °C. The trypsinized cell suspen-
sion was then neutralized with an equal volume of culture
Nanoscale Adv., 2023, 5, 4167–4181 | 4177
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media and centrifuged at 500×g for 3 minutes at room
temperature to pellet the cells. Cells were resuspended in
culture media and seeded on cover slips coated with poly-L-
lysine (PLL) (Mandel Scientic) at a density of 250 000 cells per
well in a Falcon 12-well plate at bottom tissue culture plate
(Corning 353043).

Cell treatment, staining, and immunouorescence

Calu-3 cells on PLL-coated coverslips (#1.5 thickness) were
treated with VLPs at a concentration of (2 ± 1) × 1011 particles
per mL, bearing spike proteins at a molar stoichiometry of 9±
4 spikes/VLP in EBSS and EBSS + 0.3 M sucrose for 60 and 150
minutes. Control treatments included liposomes in EBSS,
liposomes in EBSS-Sucrose, EBSS, EBSS-sucrose, Spike
protein in LMNG-PBS, LMNG-PBS, and Alexa Fluor 633-
LMNG-PBS (see ESI†). Cells were stained with Alexa Fluor 488-
conjugated WGA (WGA-488) (Invitrogen W11261) diluted 1 :
500 in HBSS for 5 minutes at 37 °C before xation, then xed
with 4% paraformaldehyde in HBSS for 15 minutes at 37 °C
and allowed to cool to room temperature. The cells were next
treated with 100 mM glycine for 10 minutes before immu-
nouorescence staining. The cells were blocked with goat
serum for 60 minutes and immunostained with human
recombinant anti-ACE2 antibody (Abcam ab272500) over-
night at 4 °C. Fluorescent secondary antibody (Anti-rab 555)
(Invitrogen A32732) was then incubated with the cells for 60
minutes at room temperature. Appropriate controls were
prepared to account for nonspecic binding of primary and
secondary antibodies and to provide single-stained optical
controls for colocalization analysis. Cell nuclei were coun-
terstained with DAPI. Coverslips were mounted on micro-
scopic slides using Dako mounting medium (Agilent
Technologies CS70330-2). Cells were le unpermeabilized to
prevent ambiguity about the mechanism of internalized
uorescent signal.

Confocal laser scanning microscopy

To visualize cellular uptake of VLPs, confocal laser scanning
microscopy (CLSM) was conducted using a Zeiss LSM700
confocal microscope. Four channels were measured on three
tracks, to distinguish spectrally separated uorescence from (a)
DAPI, (b) WGA-488, (c) Anti-rab 555, and (d) VLPs with AF633-
labeled spike proteins (VLP-AF633). All images were 16 bit
with dimensions of 2048 × 2048 pixels, a resolution of 13.26
pixels per micron, and each z-slice had a thickness of 0.38 mm.
Laser excitation and gain parameters were kept consistent
between all samples within each biological replicate for image
analysis purposes. Images represented in the text body originate
from one biological replicate for consistency.

CLSM image analysis

Colocalization analysis was performed to quantify the spatial
coincidence of uorescent signal in the ACE2-AF555 and VLP-
AF633 detection channels for confocal microscopy images
using the BIOP JACoP plugin in FIJI.83,84 Briey, rst, all
images were processed by using rolling-ball background
4178 | Nanoscale Adv., 2023, 5, 4167–4181
subtraction with a rolling-ball radius of 50 pixels. Next, single-
stained control sample images were used to set threshold
values for non-specic background signal in the two channels
of interest. These threshold values were averaged over three
images for each control sample, and the average background
signal values were used to set thresholds for Manders method
of colocalization analysis. Colocalization analysis was then
performed on three images each of three independent bio-
logical replicates for each treatment. Mean uorescence
intensity measurements were performed using FIJI by rst
performing a maximum projection z-stack compression of the
images, followed by selecting cytosolic regions of interest
using the WGA-AF488 cell membrane staining as a guide.
Integrated uorescence intensity was normalized to the
integrated cell area for each cell for comparison between
treatments. 2 biological replicates, each with three images
collected, were used for these analyses.
Statistical analyses

For normally distributed data, including data in liposome
stability studies, DLS and ELS data, Mander's colocalization
data, and FCS brightness analyses, pairwise comparisons were
executed via two-tailed t-tests assuming unequal variance with
the Welch correction. Tables of p-values are found in ESI Table
2.† Multi-level comparisons or multi-factor comparisons were
carried out using one- or two-way ANOVA respectively (ESI
Tables 3 and 5† for p values). In some cases, where Smirnov and
Shapiro–Wilk normality tests determined that data was not
normally distributed, mostly due to cell–cell variation and low
population counts, Kruskal–Wallis nonparametric ANOVA and
Mann–Whitney U-tests were performed on the data to compare
mean uorescence intensity between treatments (ESI Table 4†
for p values). In cases where equal variance could not be
assumed as determined by Levene's test, Welch ANOVA was
performed (ESI Table 6† for p values).
Conclusions

In an ever-evolving COVID-19 pandemic, research into creating
better vaccines and anti-viral therapeutics against SARS-CoV-2
remains essential. In this work, we report our successful prep-
aration of a novel liposome-based SARS-CoV-2 VLP containing
uorescent, full-length membrane anchored spike glycopro-
teins. This work presents evidence that these particles are
internalized into relevant lung epithelial cells through a similar
ACE-2-mediated pathway to that of the authentic SARS-CoV-2
virus. Because of our interest in understanding relationships
between antigen density on virus-like particles and resultant
cellular cytokine responses, this study stands as a proof of
concept for the further development of these particles into
density-tunable systems. One limitation of this work is the
inevitable heterogeneity of the prepared VLP solutions and as
such the optimization of purication protocols is ongoing and
will be featured in a follow-up manuscript. In addition, further
developing the tunability of these VLPs will advance research
© 2023 The Author(s). Published by the Royal Society of Chemistry
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elucidating relationships between spike protein surface density
and cell-level immune response.
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56 S. Raffy and J. Teissié, Biophys. J., 1999, 76, 2072–2080.
57 A. Pratelli and V. Colao, J. Gen. Virol., 2015, 96, 331–337.
58 F. Monteiro, V. Bernal, M. Chaillet, I. Berger and P. M. Alves,

J. Biotechnol., 2016, 233, 34–41.
59 M. L. Briuglia, C. Rotella, A. McFarlane and D. A. Lamprou,

Drug Delivery Transl. Res., 2015, 5, 231–242.
60 R. S. Cantor, Biophys. J., 1999, 76, 2625–2639.
61 S. McColman, R. Li, S. Osman, A. Bishop, K. P. Wilkie and

D. T. Cramb, Nanoscale, 2021, 13, 20550–20563.
62 T. Nobeyama, M. Mori, K. Shigyou, K. Takata, G. N. Pandian,

H. Sugiyama and T. Murakami, ChemistrySelect, 2018, 3,
8325–8331.

63 Z. J. Jakubek, S. Chen, J. Zaifman, Y. Y. C. Tam and S. Zou,
Langmuir, 2023, 39(7), 2509–2519.

64 T. Yang, F. de Cui, M. K. Choi, J. W. Cho, S. J. Chung,
C. K. Shim and D. D. Kim, Int. J. Pharm., 2007, 338, 317–326.
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