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ABSTRACT: Lipid nanoparticles (LNPs) are becoming widely
adopted as vectors for the delivery of therapeutic payloads but
generally lack intrinsic tissue-homing properties. These extrac-
ellular vesicle (EV) mimetics can be targeted toward the liver, lung,
or spleen via charge modification of their lipid headgroups.
Homing to other tissues has only been achieved via covalent
surface modification strategies using small-molecule ligands,
peptides, or monoclonal antibodies—methods that are challenging
to couple with large-scale manufacturing. Herein, we design a novel T ‘
modular artificial membrane-binding protein (AMBP) platform for 7 ~—onenat” |

. . . . ! 3 ne-pot
the modification of LNPs postformation. The system is composed j Membrane
of two protein modules that can be readily coupled using Modification
bioorthogonal chemistry to yield the AMBP. The first is a
membrane anchor module comprising a supercharged green fluorescent protein (scGFP) electrostatically conjugated to a dynamic
polymer surfactant corona. The second is a functional module containing a cardiac tissue fibronectin homing sequence from the
bacterial adhesin CshA. We demonstrate that LNPs modified using the AMBP exhibit a 20-fold increase in uptake by fibronectin-rich
C2C12 cells under static conditions and a 10-fold increase under physiologically relevant shear stresses, with no loss of cell viability.
Moreover, we show targeted localization of the AMBP-modified LNPs in zebrafish hearts, highlighting their therapeutic potential as
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a vector for the treatment of cardiac disease and, more generally, as a smart vector.

Bl INTRODUCTION

Lipid nanoparticles (LNPs) are stable, spherical structures
formed via the self-assembly of ionizable lipids. They have
recently been in the spotlight for their role as RNA
nanocarriers in clinical applications,' and recent examples
include the BioNTech/Pfizer's BNT162b2 and Moderna’s
mRNA-1273 SARS-CoV-2 vaccines. They have also been
investigated as extracellular vesicle (EV) mimetics, which have
been shown to play important roles in tissue repair via
paracrine signaling” after myocardial infarction (MI). EVs have
been shown to induce angiogenesis,3 reduce fibrosis,* and
improve overall the contractile capacity of the heart in ischemic
animal models due to their RNA and protein cargoes.’
However, clinical translation of EVs is challenging and is
hampered by a lack of scalability, heterogenicity in both
particle size (ranging from 30 nm up to 2 um diameter) and
cargo (proteins, enzymes, oligonucleotides, etc.), and poor in
vivo pharmacokinetics.” LNPs are a desirable alternative to
EVs, as they are monodisperse and abundant due to scalable
manufacturing processes. Moreover, there are now examples of
LNPs carrying therapeutic payloads that improve angiogenesis’
and reduce scar size” in MI animal models. Nonetheless, when
delivered systemically, LNPs generally lack tissue specificity,
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which reduces the efficacy of targeted therapeutics. Accord-
ingly, there have been recent efforts to improve LNP homing
using engineered lipid mimetics, which have achieved
improved specificity to the liver, the lung, or the spleen.” "
However, systematic delivery of LNPs targeting the heart'” stil
exhibits off-target effects and has been found in other organs.
Other approaches rely on covalently conjugating cell-targeting
antibodies'® or cardiac-homing peptides'* to EV membrane
proteins. Despite their promise, these examples generally rely
on the presence of proteins on the EV membranes for chemical
conjugation, which is not directly compatible with synthetic
LNPs unless chemically modified lipids are used," or
additional chemical steps are added to LNP manufacturing.'®
These approaches commonly involve unstable chemical
intermediates, increasing the cost and the length of synthesis
and decreasing the final yield. Hence, a one-pot facile method
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Figure 1. Synthesis of cardiac-homing lipid nanoparticles. (a) Reaction between protein reactive pairs to generate a modular artificial membrane-
binding protein (AMBP). Protein fusion 1, consisting of SpyCatcher (SC3, shown in blue) and supercharged green fluorescent protein (scGFP,
shown in green), reacts bioorthogonally with protein fusion 2, consisting of SpyTag (ST3, shown in blue), mCherry (mCh, shown in red), and the
fibronectin-binding protein CshA (shown in yellow), forming an isopeptide bond through the side chains of SC3 Lys28 and ST3 Aspl0. An
additional protein fusion 3, consisting of mCh and ST3 was generated as a negative control of cardiac homing. Other negative controls were protein
fusions 4, consisting of cardiac-homing protein CshA fused to the scGFP-anchoring domain, and S, consisting of just the anchoring domain. (b)
Cardiac-homing (CH) lipid nanoparticle (LNP), 1:2-LNP, is ensembled upon mixing of the modular AMBP and our in-house LNPs made of
cholesterol (CHOL, $8% v/v), 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 22% v/v), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE, 16% v/v), and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, 8% v/v). The figure was created using BioRender.com.

to modify LNP membranes postformation would help drive
their clinical translation.

We have recently developed an artificial membrane-binding
protein (AMBP) methodology to modify the plasma
membrane of cells and demonstrated the improved perform-
ance of augmented human mesenchymal stem cells (hMSCs)
in regenerative medicine. The properties provided by the
AMBPs to the hMSCs include responsive oxygenation,'’
extracellular matrix (ECM) targeting'>'? for cartilage tissue
repair, improving cell adhesion to three-dimensional (3D)
scaffolds,” synthetic ECM production,”’ and cardiac hom-
ing.”> The AMBPs are polymer—surfactant-conjugated pro-
teins, which are stabilized via electrostatic interactions between
anionic surfactant headgroups and cationic side chains on
supercharged proteins. When in the vicinity of a cell, the
polymer—surfactant corona reconfigures to insert the hydro-
phobic tails into the lipid bilayer regions of the plasma
membrane, thereby anchoring the AMBP to the cell.

To date, our AMBPs comprised a single polypeptide chain,
which presents challenges in expression of both high-
molecular-weight proteins and undesirable polymer surfactant
conjugation on key regions of functional domains. Accordingly,
the prospect of an optimized universal membrane anchor is
attractive. Herein, we develop a modular AMBP platform using
the SpyCatcher-SpyTag™ > technology (Figure 1). Protein
SpyCatcher (SC) and peptide SpyTag (ST) are the result of
cleaving and bioengineering the fibronectin (Fn)-binding
CnaB2 domain of the FbaB protein from Streptococcus
pyogenes, which can then react bioorthogonally, and irreversibly
forming an intramolecular isopeptide bond.*® Since inception,
both reacting partners have undergone two subsequent rounds
of engineering to improve their reaction and kinetic yield,*®
and the third iteration of the system is used in this work (SC3
and ST3). Here, SC3 is expressed as a fusion with a
supercharged green fluorescent protein (scGFP), and

surfactant-conjugated to produce an anchor module for the
membrane of LNPs. Coupling partner ST3 is fused to red
fluorescent reporter mCherry and bacterial adhesin protein
CshA (Streptococcus gordonii),n’26 and bioorthogonal coupling
is demonstrated. Significantly, we show that LNPs modified
using the modular AMBP exhibit 20- and 10-fold increases in
uptake by fibronectin-rich C2C12 myoblasts under static and
dynamic conditions, respectively. Moreover, in vivo experi-
ments performed using a zebrafish model show the homing of
the modified LNPs in zebrafish hearts, signifying their potential
as vectors for the treatment of cardiac diseases.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Protein Reactive
Pairs. Three gene constructs were designed to encode protein
fusion 1, comprising membrane anchor domain scGFP fused
to the SC3 functional domain; protein fusion 2, consisting of
fibronectin-binding protein CshA fused to mCherry with ST3
on the C-terminus, and protein fusion 3, consisting of mCherry
fused to ST3, which was used as a negative control (scheme of
genes can be found in Figure S1a and sequences are detailed in
Table S1). Plasmids encoding protein fusion 4 containing
scGFP fused to CshA and protein 5 consisting of scGFP were
available from previous work, and these AMBPs were produced
using methods described previously.'®*” Genes encoding
proteins 1, 2, and 3 were cloned into pET4Sb vectors (primer
sequences are detailed in Table S2), expressed in Escherichia
coli BL21 (DE3), and purified by nickel affinity chromatog-
raphy (IMAC) and size-exclusion chromatography (SEC), as
detailed in the Supporting Information (SI), and protein purity
was determined by sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE) (Figure S1). A tobacco-etch virus (TEV)
cleavage sequence was incorporated in the N-termini of SC3
and CshA to remove the polyhistidine tag (Hiss,) to avoid
interference in bioorthogonal coupling with ST3 or in
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Figure 2. Characterization of reaction between protein constructs containing SpyCatcher and SpyTag. (a) SDS-PAGE monitoring of the reaction
between 1 (10 uM [SC3-scGFP][S], ca. 42.5 kDa) and 2 (10 uM CshA-mCh-ST3, ca. 112 kDa) to yield 1:2 (CshA-mCh-ST3-[SC3-scGFP][S],
ca. 155 kDa). (b) Pair-distance distribution function P(r) calculated using ScAtter from synchrotron radiation small-angle X-ray scattering (SR-
SAXS) data of 1 (shown in gray, y* = 1.396), 2 (shown in yellow, > = 1.255), and the reaction product between both 1:2 (shown in light blue, > =
1.292). (c) Pair-distance distribution function P(r) calculated using ScAtter from synchrotron radiation small-angle X-ray scattering (SR-SAXS)
data of 1, 3 (mCh-ST3, shown in purple, ¥* = 1.110), and the reaction product between both 1:3 (mCh-ST3-[SC3-scGFP][S], shown in navy blue,
1+ = 1.245). (d—h) Overlay of protein crystal structures and ab initio bead models computed from the SR-SXS data of (d) reaction product of
CshA-mCh-ST3 and [SC3-scGFP][S] (1:2, bead model shown in cyan), (e) reaction product of mCh-ST3 and [SC3-scGFP][S] (1:3, bead model
shown in navy blue), (f) [SC3-scGFP][S] (1, bead model shown in gray), (g) CshA-mCh-ST3 (2, bead model shown in orange), (h) mCh-ST3
(3, bead model shown in purple), and (i) SC3-scGFP (bead model shown in green). Proteins were modeled with I-TASSER,**** and the models
were selected depending on the known structures of SC3—ST3 (shown in navy blue), sfGFP (shown in green), and mCherry (shown in yellow). I-

Tasser model C-scores: (d) —3.4S, (e) —2.62, (f—i) —2.62, (g) —4.05, and (h) —0.62.

fibronectin recognition and binding, respectively. Proteins were
incubated with TEV at 4 °C overnight, and the cleaved Hisg,
was separated from the proteins via IMAC. The positively
charged, solvent-exposed residues of scGFP in protein 1 were
conjugated with the anionic polymer surfactant oxidized
IGEPAL CO-890 ([S], Figure S2) in a 1:1.4 ratio following
a previously published methodology,”” and the excess
surfactant was removed by dialysis (20 mM phosphate buffer
pH 7.5, 500 mM NaCl). Successful conjugation was confirmed
by UV—vis spectroscopy (Figure S3a) with a ratio of 0.9
surfactant molecules per positively charged residue of protein
fusion 1. Dynamic light scattering (DLS) showed an increase
of 13% in the hydrodynamic diameter, which corresponds to a
polymer surfactant corona, with a thickness of ca. 2 nm,
consistent with previously reported dimensions for protein—
polymer surfactant complexes”” (Figure S3b,c and Table S3).
Protein fusions 2 and 3 were also analyzed by UV—vis

spectroscopy (Figure S3d) and showed a fivefold difference in
absorbances at 280 nm, for equimolar concentrations, which is
consistent with a fourfold increase in mass due to the presence
of the CshA domain in protein 2 (extinction coefficients at 280
nm calculated by Expasy: EC, = 112,650 M~ cm™', EC; =
37,360 M~ cm™). Significantly, there was no variation in the
mCherry chromophore absorbance spectra, which indicated
that the fusions were intact and pure. DLS (Figure S3e,f and
Table S3) showed that the fusion of CshA (~84 kDa) to
mCherry-ST3 (protein fusion 2) also increased the hydro-
dynamic radius by 5.6 nm (cf. protein fusion 3).

Potential changes in protein folding upon surfactant
conjugation to protein fusion 1 and the addition of the highly
flexible CshA domain to protein fusion 3 were examined by
using circular dichroism (CD) spectroscopy (Figures S4—S6).
Surfactant conjugation to protein fusion 1 resulted in a
spectrum with little differences to that of the preconjugated
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protein, i.e., both with spectra typical of proteins with
predominately f-sheet secondary structure (Figure S4a,b).
Deconvolution of the spectra using the BeStSel algorithm
(Figure SSa,b) showed negligible structural changes after
surfactant addition. Thermal shift CD plots (Figure S6a,b)
showed that both constructs were stable at physiological
temperatures up to 54 °C for the unconjugated protein fusion
1. This is consistent with previously published SC1 and SC2
melting midpoints at 48.5 and 49.9 °C, respectively,”* and
SfGFP between 76 and 78 °C.”” It was notable that the
presence of surfactant introduced higher variability in the
ellipticity at 217 nm; however, it was considered that both
showed the same trend and the surfactant had little effect on
the secondary structure of the protein overall. In contrast, the
CD spectra of protein fusions 2 and 3 show significant
differences (Figure S4c,d), with mCh-ST3 exhibiting an
expected high content of f-sheets (48%, Figure SSc) similarly
to SC3-scGFP (40%), while CshA-mCh-ST3 was dominated
by random-coil features (44%, Figure S5d) due to the
intrinsically disordered NR1 domain of CshA.*® Other
distinguishable features were the f-barrel of mCherry (33%)
and a-helical regions of the NR2 and NR3 domains of CshA
(10%), which agrees with previously published data.”” Both
fusion proteins were also stable at physiological temperatures
(Figure S6c,d). Interestingly, protein fusion 2 showed no sign
of unfolding, as the main features in the spectra correspond to
the disordered NR1 domain (Figure S6d), while protein fusion
3 started to lose ellipticity at 217 nm after ca. 85 °C,
corresponding to the reported mCherry melting transition (94
+ 7 °C).”® Overall, CD spectroscopy confirmed that the
protein fusions possessed the secondary structure from their
constituent proteins and that they were stable at biologically
relevant temperatures (35—40 °C). Fluorescence spectroscopy
(Figure S7a) showed that GFP maintained its excitation and
emission profiles despite fusion with SC3 and conjugation with
the surfactant, with an excitation and emission maxima at 487
and 510 nm, respectively, which is consistent with the Stokes
shift value reported for scGFP.”” Likewise, mCherry preserved
its reported Stokes shift values” of 587 nm excitation and 610
nm emission and spectral profiles upon fusion with ST3 and
CshA (Figure S7b), confirming that the fusion to other
proteins or the conjugation to the surfactant had no effect on
mCherry and GFP tertiary structure and subsequent
fluorophore formation.

Bioorthogonal Coupling of the Fusion Protein
Modules. Reaction of fusion protein 1 with either fusion 2
or 3 was performed under physiological conditions (pH 7.5 at
37 °C) in trisaminomethane buffer (20 mM Tris—HCI, 700
mM NaCl, 10 4M protein) and monitored over 24 h by SDS-
PAGE (Figure 2a) in triplicate ( Figure S8). The target
coupling product could be observed immediately after mixing,
as evidenced in the bands obtained after just 15 s showing 40%
formation of 1:2 (CshA-mCh-ST3-SC3-scGFP; ca. 157 kDa)
and 60% formation of 1:3 (mCh-ST3-SC3-scGFP; ca. 73
kDa), which were estimated by the pixel intensity of each band
using GelAnalyzer software (Figure S8, Materials and Methods
section described in the SI). Respective yields for 1:2 and 1:3
were approximately 80% and 60% after 24 h. Overall, the
performance was similar to that by Howarth et al.>® for the
third-generation SpyCatcher-SpyTag system. The difference in
yields between the reactions can be attributed to the
differences between the masses and structures of the protein
fusions; i.e., the presence of the 84 kDa intrinsically disordered

CshA domain in 2 would reduce the diffusion coefficient and
may allow for better availability of ST3 to react with SC3.
However, the yields and reaction times were deemed
appropriate for downstream experiments.

To probe their structures at higher resolutions, the protein
fusion substituents and the surfactant-conjugated coupling
reaction products were studied using synchrotron radiation
small-angle X-ray scattering (SR-SAXS) (Table S4 and Figure
S9). The membrane anchor domain (protein fusion 1) showed
a 10% increase in the radius of gyration (Rg) upon surfactant
conjugation (from 27.4 + 0.6 to 30.1 + 0.6 A), which was
accompanied by a 5.5 A increase (133.5 to 139 A) in the D,
(maximum distance between two atoms), which was calculated
from the pair-distance distribution P(r) (Figures 2b,c and
S10). These data indicated that the surfactant electrostatically
bound to the anchor domain to form a compact polymer
surfactant corona.”’ The Spy-tagged coupling partners CshA-
mCh-ST3 (protein fusion 2) and mCh-ST3 (protein fusion 3)
had R/’s of 58 + 3 nm and 21.48 + 0.09 A and D, values of
239.5 and 95.5 A, respectively, which demonstrated that the
large intrinsically disordered domain of CshA maintained an
extended conﬁguration.22

The R, and D, values obtained after the bioorthogonal
coupling of 1 with 3 to yield 1:3 (mCh-ST3:[SC3-scGFP][S])
were 32 + 1 and 48.4 A, respectively. Bioorthogonal coupling
of 1 with 2 to yield 1:2 (CshA-mCh-ST3:[SC3-scGFP][S])
gave respective Ry and D, values of §1 + 4 and 279 A (Figure
2c). The dimensional parameters following the coupling
reaction to yield 1:2 were lower than anticipated when
considering the dimensions of the constituent proteins (Figure
2b). However, as the R, represents the distribution of atoms
around the center of mass, the flexibility of the fusion protein
can affect this parameter. Indeed, large variations in R; within
the same protein are not unprecedented and have been
attributed to conformational changes resulting from intra-
molecular arrangements of unstructured protein regions™ or
changes in the protein surface charge guided by mutagenesis,
leading to more compact structures.’® Therefore, it is
hypothesized that the apparent contraction in the R, arose
from conformational changes in the highly flexible NR1 “catch”
domain in the CshA-containing proteins. These differences in
apparent protein dimensions can be observed when overlaying
models of the proteins generated using I-TASSER and the ab
initio bead model calculated from the diffraction data of
protein fusions (Figure 2d—i). The reaction products (d and e)
yield more compact structures, especially when compared to
the highly elongated protein fusion 2 (Figure 2f).

The differences in flexibility between the constructs were
also evident from their dimensionless Kratky plots (Figure
S11). Protein fusion 2 (Figure S11d) and the bioorthogonal
coupling reaction products 1:2 and 1:3 (Figure Sllef)
displayed wide, asymmetric peaks, indicative of a flexible
protein, and possess several shoulders that indicate the
presence of multiple domains within the proteins. In contrast,
protein fusion 3 (Figure Sllc) and both the free and
surfactant-conjugated fusion 1 (Figure S11a,b) display profiles
typical of folded globular proteins, with an asymmetric tail that
indicates some flexibility. This change in flexibility was also
reflected in the Porod exponents (Pg), which increased from
2.7 to 3.1 after surfactant conjugation. Protein fusion 3 (Py =
4) was more rigid, and this is not surprising given that
mCherry is known to fold in a rigid § barrel, and the only
feature that confers this fusion protein some flexibility would
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Figure 3. Characterization of LNPs and their modification with AMBPs. (a) Dynamic light scattering (DLS) of native LNPs (approximately 1.5 X
10'2 LNPs/mL) or AMBP-modified LNPs (10 uM AMBP concentration, 100 uL protein per 1 mL of LNPs). (b) Cryo-TEM images of unmodified
LNPs (approximately 1.5 X 10" LNPs/mL) and (c) 1:2-LNPs (approximately 1.5 X 10"* LNPs/mL) showing successful membrane modification.
Scale bars: S0 nm. (d) Phase-contrast microscopy image of giant unilamellar vesicles (GUVs) after an overnight reaction with 2 uL of 4 (10 uM).
(e) Fluorescence microscopy image of GFP from (d). (f) Phase-contrast image of a single GUV modified with 4. (g) GFP fluorescence microscopy
image of (f). (h) Fluorescence microscopy images (GUVs) labeled with Texas red (shown in red) and after addition of 2 uL of § (10 uM). (i) GFP
channel of (h), shown in green. GUVs were composed of CHOL, DOPC (5% TR-DHPE only in (h) and (i)) DOPS, and DOPE in a 55:21:16:8%
ratio, and lipid films were hydrated in 0.5 M sucrose and imaged in 0.5 M glucose (both in 20 mM phosphate buffer at pH 7.5). Scale bars: S0 um.

be ST3, which represents less than 7% of the total protein
structure. Conversely, highly flexible proteins exhibit Py values
closer to 2, which was the case for protein fusion 2 (Pg = 2.1)
and reaction products 1:2 (Pg = 2.1) and 1:3 (Pg = 2.4).
Production and Characterization of Exosome-In-
spired Cardiac-Homing Lipid Nanoparticles (CH-LNPs).
LNPs were synthesized by ten cycles of lipid extrusion through
a 100 nm membrane following a standard protocol.’” The LNP
composition was selected to represent the distribution of the
most abundant lipids found in human exosomes.”® This
resulted in LNPs comprising cholesterol (CHOL), 1,2-
dioleoyl-sn-glycero-3-phospho-choline (DOPC), 1,2-dioleoyl-
sn-glycero-3-phosphoethanol-amine (DOPE), and 1,2-dioleo-
yl-sn-glycero-3-phospho-L-serine (DOPS) in a $5:21:16:8%
ratio with a total lipid concentration of 0.2 mM. DLS and
ZetaView nanoparticle tracking (NTA) gave a hydrodynamic
diameter and a concentration range of 143.3 + 40.8 nm and

0.96 X 10" to 1.6 X 10'* LNPs/mL, respectively (Table S5).
This was in good agreement with the theoretical size and
composition (eqs S1 and S2 and Figures S$12—S13) based on
the formulation, and a particle number density of 1.5 X 10
LNPs/mL was used for all subsequent calculations. DLS also
showed that the LNP formulation was stable after 24 h at 37
°C and 7 days at 4 °C and was compatible with centrifugation,
dialysis, culturing cell media, UV sterilization, and 0.22 uM
filtration (Figure S14 and Table S6).

Considering that the barrel-shaped membrane anchor
domain of protein fusion 1 could theoretically bind to the
LNP bilayer via a range of orientations (Figure S13), the
theoretical protein monolayer concentration range was 2 yM
(end-on binding) to 16 uM (side-on binding) (eqs S3—S6).
Accordingly, 100 uL of the anchor domain [scGFP][S] in
concentrations varying from 1 to 50 uM was reacted with 1 mL
of LNPs (1.5 X 10" LNPs/mL) overnight at 4 °C to
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Figure 4. Characterization of AMBP-modified LNPs interaction with C2C12 myoblasts. Confocal images of C2C12 cells (250 000 cells/dish) after
exposure to (a) Texas red (TR)-labeled 4-LNPs, (b) mCherry-loaded 4-LNPs, (c) 1-LNPs, (d) 1:2-LNPs, and (e) 1:3-LNPs (approximately 1.5 X
10" LNPs). GEP is shown in green, and mCherry or Texas red is shown in red. Scale bars: a—b, 25 ym; c—e, SO um. (f) Flow cytometry
quantification of GFP (shown in green) and mCherry (shown in red) in C2C12 cells after 2 h of incubation with mCherry-loaded LNPs (n = 15)
or (g) LNPs modified with protein fusions 1, 1:2, and 1:3 (1 = 12). Box and whiskers plots display min to max error bars and data points. Each
data point is the mean of fluorescence of 10 000 events. Multiple unpair ¢ tests are displayed as n.s. for nonsignificance, **p < 0.01 and ****p <
0.0001. (h) Cell viability of C2C12 myoblasts (S0 000 cells/well, 96-well plate) over 7 days after exposing them to different conditions (20 L of
1 uM proteins or approximately 1.5 x 10'® vesicles) for 2 h. Cell viability (n = 3) was calculated via extrapolation of the fluorescence data obtained
from the Alamar Blue (AB) metabolic activity assay from a previously calculated standard curve. The mean and standard deviation are reported.

LNP diagrams were created with Biorender.com.

determine the optimal protein concentration (Figure S15).
Modified LNPs were then washed with phosphate buffer twice
and centrifuged in a Vivaspin filter to remove unbound protein.
DLS showed that the LNPs are stable in all of the protein
concentrations tested, and both UV—vis and fluorescence
spectroscopy showed that protein saturation was achieved at
ca. 10 uM [scGFP][S], which was selected as the protein
incubation concentration for all subsequent experiments. LNPs
were reacted with 10 4M of either protein fusion 1 or protein
fusion 1:2 following the same protocol (Figure 3a and Table
S7), exhibiting an increase in the LNP hydrodynamic diameter
for both conditions from 143.3 + 40.8 to 253.4 + 82.0 and
221.4 + 71.7 nm, respectively.

Cryogenic electron microscopy (cryo-EM) images of
unmodified LNPs (Figure 3b) showed an LNP membrane
thickness of approximately 5.4 + 0.9 nm, with particle
diameters ranging from 32.7 to 121.8 nm (mean of 82.3 +
21.9 nm) (Figure S16). LNPs modified with the 1:2 chimera

22664

(Figure 3) exhibited higher contrast membranes with a rough
outer layer thickness ranging from 3.9 to 41.6 nm (mean of
10.0 + 5.6 nm, Figure S16 and Table S8). Interestingly, 1:2-
LNPs were found to range in size from 38.9 to 213.1 nm with a
mean of 92.6 + 34.6 nm, resulting in no statistical difference in
size compared to unmodified LNPs. This could perhaps be
explained by LNP fusion and aggregation, which was observed
in both unmodified and modified LNPs (Figures S17 and
S18). Similar results were obtained in the control samples of 1-
LNPs and 1:3-LNPs (Figures S16—S18 and Table S8) where
the size of the LNPs was unchanged compared to native LNPs,
but the thickness of the membrane increased to 7.1 + 2.5 and
10.4 + 2.8 nm, respectively.

Giant unilamellar vesicles (GUVs) are commonly used as
biological membrane models in phase-contrast microscopy
studies, as they range in size from 1 to 200 ym. Accordingly,
GUVs were synthesized using the same LNP lipid formulation
to directly image the GFP membrane anchor proteins (Figure
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3d—i). GUVs were synthesized using electroformation
following an adapted protocol outlined by Li et al,*” with an
extended electroformation period, obtaining diameters be-
tween approximately 4 and 30 um (Figure S19). The
membrane anchor domain 5 was added to the synthesized
GUVs and imaged immediately after mixing (Figure S$20).
Interestingly, membrane binding by § to GUVs was highly
selective, where only 10% of the GUVs were successfully
modified with AMBP. Conversely, incubation overnight
resulted in 100% of the GUVs exhibiting GFP fluorescence.
It is hypothesized that a cooperative effect occurs, where the
initial interaction between one AMBP and the lipid bilayer
causes the lipid hydrocarbon chains to splay, reducing the
lateral chain stress and simultaneously increasing the lateral
pressure across the headgroups, driving further AMBP
insertion. This behavior has been reported when nonbilayer
lipids are incorporated in LNPs.*>*' The initial discrimination
of the AMBP over certain GUVs could also be the result of
electroformation-derived lipid heterogeneity,” yielding en-
riched areas that are more susceptible to AMBP insertion, but
considering this effect is overruled overnight, the optimal
incubation of AMBPs with LNPs was determined to be
overnight at 4 °C. Testing of fusion protein AMBPs such as 4
also showed full GUV coverage after overnight incubation
(Figure 3d—f), suggesting that the size and nature of the
AMBP has no effect on the LNP modification. Crucially, we
showed no evidence of AMBP internalization, even upon
fusion of GUVs (Figure S21), which agrees with previous
studies performed on hMSCs where [CshA-scGFP][S]
remained in the membrane for at least 12 h.** Colocalization
assays were also performed by labeling the GUV membanes
with Texas red (TR)-modified 1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (TR-DHPE) (Figure 3h,i), which
confirmed that the anchor was bound to the membrane.
While TR-DOPC was observed throughout all the GUV
membranes, the distribution was irregular, with some areas
displaying more fluorescence than others, which reinforces the
previous hypothesis whereby the AMBP initially inserts
preferentially in certain membrane regions of specific GUVs.

C2C12 Myoblast Interaction with AMBP-Modified
LNPs. Upon myocardial infarction, endogenous cardiomyo-
cytes undergo necrosis due to the lack of oxygen and nutrients
in the injury site and are quickly replaced by recruited
myofibroblasts, which commence a process of fibrosis to heal
the injury by secreting protein fibers like collagen and
fibronectin.*> Accordingly, mouse C2C12 myoblasts were
selected for this study, as they are a well-characterized adherent
cell line known to express fibronectin and produce fibrotic
structures as part of their extracellular matrix (ECM).*
Moreover, this makes them suitable candidates to assess the
interaction of LNPs equipped with a fibronectin-binding motif
(CshA) via the AMBPs. It was hypothesized that if LNP
binding to the C2C12 cells occurred, the targeted LNPs would
be internalized by the cells.

LNP membranes were labeled with TR-DHPE, and live cell
confocal microscopy experiments were performed. C2CI2
myoblasts imaged after a 2 h incubation period with either
TR:LNPs or 4-TR:LNPs (Figures 4a and S22a,b) revealed that
only the AMBP-coated LNPs interacted with the cells (1.5 X
10" LNPs per 250,000 cells). The apparent GFP (from the
anchor domain of the AMBP) and TR fluorescence
colocalization in individual dots in the cytosol confirmed
that the LNPs were endocytosed. LNPs were also loaded with

mCherry, and only the LNPs coated with protein fusion 4 were
detected inside the cells (Figures 4b and S22c,d), confirming
that the AMBP presence is essential for the LNPs to interact
with the cell and being endocytosed. Image analysis was not
sensitive enough to determine whether there is a successful
endosomal escape and consequent delivery of mCherry to the
cytosol, but visual analysis of the mCherry channel suggests a
more evenly distributed fluorescent signal throughout the
cytosol compared to GFP, which was more concentrated in
“dots” (cf. Figure S22b,d). It is possible that the AMBP
remained associated or intercalated with endosomes after the
release of the mCherry cargo to the cytosol. Although beyond
the scope of this research, other cargos with cytosolic functions
could be tested to help ascertain this mechanism. The
difference in mCherry fluorescence between the unmodified
and coated LNPs was quantified using flow cytometry (Figure
4f), confirming that the targeted LNPs were capable of
delivering the protein cargo to the cytosol.

LNPs coated with the protein fusions containing AMBP 1
displayed similar behavior to the 4-LNPs and were localized as
small dots in the cytosol of the C2C12 myoblasts (Figures 4c-e
and S22e-f), with no apparent difference in cellular uptake
between the 1-, 1:2-, or 1:3-coated LNPs when comparing the
GFP fluorescence inside the cells by flow cytometry (Figure
4g). This is not entirely surprising, as even though 1- and 1:3-
LNPs do not contain the CshA sequence, they still possess
SC3, which is the result of engineering the bacterial adhesin
FbaB that binds strongly to human fibronectin in endothelial
cells.” Interestingly, our results infer that the mutations
present in SC3 did not eliminate the fibronectin-binding
capability under these experimental conditions; however, the
fibronectin affinity of the complex formed between SC3 and
ST3 seems to be impaired in 1:3-LNPs based on the significant
decrease in mCherry fluorescence. Previous experiments
showed that the reaction between 1 and 3 to give 1:3 had a
yield of 60% after 24 h, while the yield from 1:2 formation was
80% (Figure S8). Therefore, if SC3—ST3 displayed the same
fibronectin affinity as the SC3 in 1-LNPs, a similar or higher
ratio between GFP and mCherry fluorescence should have
been detected in cells treated with 1:3-LNPs, as was the case
for 1:2-LNPs. Accordingly, it is hypothesized that SC3 aflinity
could be diminished by its location in between GFP and
mCherry in the 1:3 fusion, leading to endocytosis of 1-LNPs
formed with unreacted 1 and partial uptake of the 1:3-LNP
population, resulting in a small increase in mCherry
fluorescence and a much higher GFP to mCherry fluorescence
ratio. This effect can be clearly seen in the confocal images,
where there is a complete GFP and mCherry colocalization in
cells treated with 1:2-LNPs, while cells subjected to 1:3-LNPs
portrayed green fluorescence across the cytosol with some
mCherry colocalization near the nuclear envelope (Figure
S22). Surprisingly, the same behavior was observed in cells
treated directly with the fusion proteins via confocal
microscopy (Figures S23), showing no internalization of
proteins 2 and 3, as they lack a membrane anchoring domain,
but all of the AMBP samples displayed the chromophore
fluorescence as dots in the cytosol, instead of the expected
localization on the cell membrane as previously reported in
patient-derived mesenchymal stem cells (MSCs) with AMBP
4°* and other AMBPs.'®*' However, the protocol employed in
this work retains the same incubation times optimized for
LNPs and low concentrations compatible with clinical
translation, while AMBP cell coating is usually performed on
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cells in suspension at high concentrations, possibly removing in
this protocol the effect of self-assembly effects between protein
units, favoring their anchoring on the cell membrane.
Additionally, C2C12 myoblasts are a cell line that has been
shown to have considerably higher transfection efficiencies
using liposomes than primary cells, suggesting a much higher
rate of endocytosis, which could also contribute to the
observed outcome.” Interestingly, cells treated with either
protein fusion § or 5-LNPs displayed a 100-fold decrease in
GFP fluorescence compared to protein fusion 1 samples in
flow cytometry (Figure S24), suggesting that endocytosis could
be driven by the fibronectin-binding interactions instead of the
AMBP anchoring to the cell membrane. Finally, cell viability
assays after 2 h of cell incubation showed that none of the
different conditions had a significant detrimental effect on the
cell metabolic activity over 7 days (Figures 4h and S25).

CH-LNPs Interact with C2C12s More Favorably at
Biologically Relevant Shear Stress. The previous static
experiments revealed that all of the LNPs coated with proteins
containing either SC3 or CshA in the N-terminal of the fusion
proteins bind to C2CI12 myoblasts and are internalized;
however, an important aspect to consider for clinical relevance
is the effect of flow-based shear stress.”” Consequently, C2C12
myoblasts were allowed to adhere to flow channels (Ibidi p-
slides, 250,000 cells/channel) and subjected to shear stress (2
dyn) and monitored in real time using wide-field microscopy
(Figure S26). As under static conditions, colocalization of GFP
and mCherry was observed only for 1:2-LNPs (Figure Sa and
Videos S1 and S2), and only GFP fluorescence was detected in
cells treated with 1:3-LNPs (Figure Sb and Videos S3 and S4).
This suggested that both N-terminal SC3 and CshA are
capable of binding to the cells for the sufficient time required
for internalization, and no significant differences were observed
between them after flow cytometry analysis (Figure Sc).
Interestingly, the GFP fluorescence in C2C12 myoblasts
decreased by approximately 50-fold compared with that in
the equivalent static experiments (Figure 4g). This was likely
due to a decrease in the number of binding events under flow
conditions resulting from the higher dilution factor required
for the flow assay. This large decrease in the fluorescent signal
is believed to impact the results obtained for mCherry-loaded
LNPs in this experiment, as no significant differences between
uncoated and protein fusion 1-coated LNPs were obtained by
flow cytometry, as opposed to the static experiments.
Therefore, we could not determine whether the current system
is able to deliver cargo inside cells under flow as the signal
strength was likely below the detection limit. Comparison
between the LNPs DLS before and after being subjected to an
acellular flow channel showed no significant differences
between the size of uncoated LNPs and LNPs modified with
protein fusion 1 (Figure Sd). This was not unexpected, as LNP
scattering could be observed as green circumferences when the
flow stopped between 1:2-LNP sample application and the first
DMEM wash (Figure S26). mCherry-loaded LNPs increased
in size after flow to a similar size to 1-LNPs, and therefore, it
was an acceptable difference between both samples, and they
were considered to be intact.

AMBP-Modified LNPs Exhibit Selective Homing to
Zebrafish Cardiac Tissue. A two-day postfertilization larval
zebrafish model was used to evaluate the cardiac-homing
potential of the AMBP-coated LNPs via live imaging (Figure
S27a). The fibronectin sequence is highly conserved among
higher animals*® and so was thought to be an adequate target
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Figure 5. Characterization of AMBP-modified LNPs interaction with
C2C12 myoblasts in flow. (a) End-point wide-field microscopy image
of C2C12s cells in a flow channel after exposure with 1:2-LNPs or (b)
1:3-LNPs (250,000 cells per flow channel, approximately 1.5 X 10"
vesicles in 25 mL of DMEM) at a shear stress of 2 dyn for 1S min at
37 °C. GFP is shown in green, mCherry or Texas red is shown in red,
and Hoechst 33342 is shown in blue. Scale bars: SO ym. (c) Flow
cytometry quantification of GFP (shown in green) and mCherry
(shown in red) in C2C12 cells after the flow experiment (n = 3). Plot
displays the mean + SEM, and data points are shown. Each data point
is the mean of fluorescence of 10,000 single-cell events. (d) DLS
intensity data of 1-LNPs before and after exposure to 2 dyn stress
shear showing that they maintain their size. LNP diagrams were
created with Biorender.com.

for CshA and SpyCatcher in zebrafish and mice.”> Larval
zebrafish are particularly relevant for this study due to their
amenability to manipulation and live imaging, and fibronectin
(Fn) is especially abundant during developmental cardiac
remodeling. Preliminary experiments showed that the concen-
tration of LNPs was insufficient to observe fluorescence after 2
nL injections; therefore, LNPs were produced at tenfold of the
initial number density, which did not have any significant effect
on their size (DLS, Figure S27b and Table S9). Modified
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a @ b

1:2-LNPs

DA HEART

CcvpP

Figure 6. Live imaging of proteins and modified LNPs in the peripheral circulation of 2 days postfertilization larval zebrafish. Modified LNPs (2 nL,
approximately 3 X 10° vesicles) or control proteins (2 nL, 30 uM) were injected into the duct of Cuvier and monitored in the heart, in the arterial
environment of the dorsal aorta (DA), and in venous vessels in the caudal vein plexus (CVP). Live imaging was performed on a Leica TCS SP8
AOBS confocal laser scanning microscope. GFP is shown in green, and mCherry is shown in red. The images shown are representative of each
condition. Scale bars: S0 pm for the heart, 10 gm for DA and CVP images.

LNPs (2 nL, approximately 3 X 10° LNPs), or control proteins
(2 nL, 30 M), were microinjected into the duct of Cuvier and
monitored in the heart, in the arterial environment of the
dorsal aorta (DA), and in venous vessels in the caudal vein
plexus (CVP) (Figure 6). Significantly, 1:2-LNPs showed
evidence of GFP and mCherry colocalization in the heart
throughout the imaging, indicating retention (Figure 6a and
Videos SS, S6, and S7). While no LNPs were detected in the
DA, surprisingly, many were discovered in the CVP, which was
attributed to the presence of Fn produced by hematopoietic
stem cells and stromal cells.”” Crucially, the live images here
appeared like those reported for PEGylated liposomes used as
nanoparticulate delivery systems®’ and fluorescently labeled
endogenous EVs in circulation in zebrafish,®' rather than the
behavior of nanoparticles undergoing macrophage clearance.’
In contrast, 1:3-LNP retention in the heart was significantly
diminished, with little colocalization and mainly GFP
fluorescence present in the heart (Figure 6b and Videos S8,
S9, and S10), similar to 1-LNPs (Figure 6¢c and Videos S11,
S12, and S13), which agrees with the previous findings in
C2C12 myoblasts, suggesting that most LNPs retained are
unreacted 1-LNPs. An increase in granular GFP fluorescence
in circulation in the DA and CHT was observed in both
conditions compared to 1:2-LNPs, possibly a result of the
nonspecific Fn affinity of SC3 adhering to plasma Fn or other
ECM components in circulation. Indeed, CshA has a proven
increased affinity for immobilized Fn than plasma fibronec-
tin,”® explaining why 1:2-LNPs were retained primarily in the
heart. Background mCherry fluorescence was observed for
both 2 (Figure 6d and Videos S14, S1S, and S16) and 3
(Figure 6e and Videos S17, S18, and S19) in the heart, CVP,
and DA; however, the fluorescence for the CshA-containing
protein fusion 2 was much higher in the heart, suggesting that
the protein alone also has a high affinity for the cardiac
immobilized Fn.

B CONCLUSIONS

In conclusion, we have described the rational design of a
modular membrane modification platform for LNPs that
utilizes the bioorthogonal SC3/ST3 system and that does not
damage the integrity of the LNP membrane. The modified
LNPs were shown to specifically bind to and get internalized
by C2C12 myoblasts with no loss of cell viability in both static
experiments and flow cytometry experiments under bio-
logically relevant shear stresses. Furthermore, an in vivo
zebrafish model revealed accumulation of the surface-modified
LNPs with cardiac homing containing proteins predominantly
on the heart with minimal off-target localization or evidence of
clearance by the reticuloendothelial system (RES), as is often
the case with extracellular vesicle-based therapies. Our findings
highlight the potential of our modular AMBP technology in
combination with LNPs as an off-the-shelf vehicle for
therapeutic cargos that can be easily functionalized with
different modules depending on the desired outcome, as
evidenced in this work using this technology as a cardiac-
homing vector with high specificity in vivo.
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