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Coating nanoparticles with poly(ethylene glycol) (PEG) is widely used to achieve long-
circulating properties after infusion. While PEG reduces binding of opsonins to the particle
surface, immunogenic anti-PEG side-effects show that PEGylated nanoparticles are not truly
“stealth” to surface active proteins. A major obstacle for understanding the complex interplay
between opsonins and nanoparticles is the averaging effects of the bulk assays that are typically
applied to study protein adsorption to nanoparticles. Here, we present a novel microscopy-based
method for directly quantifying opsonization at the single nanoparticle level. We investigate
various surface coatings on liposomes, including PEG, and show that opsonization by both
antibodies and complement C3b is highly dependent on the surface chemistry. We further
demonstrate that this opsonization is heterogeneous, with opsonized and non-opsonized
liposomes co-existing in the same ensemble. Surface coatings modify the percentage of

opsonized liposomes and/or opsonin surface density on the liposomes, with strikingly different
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patterns for antibodies and complement. Thus, this assay provides mechanistic details about

opsonization at the single nanoparticle level previously inaccessible to established bulk assays.

1. Introduction

When nanoparticles are exposed to a biological environment such as blood, their surfaces
adsorb opsonins, which are proteins of the immune system destining the particle for removal
by the body’s natural clearing machinery.['?! The most common method for reducing
opsonization of nanoparticles is by surface-coating them with polyethylene glycol (PEG),
which has been essential for bringing especially liposomal drugs into the clinic.*~! Initial
evidence supported that PEGylation reduced opsonization of the liposomal surfaces by creating
a steric barrier.[®! However, the complexity of this concept is apparent from studies showing
that complement C3 and antibodies efficiently bind PEGylated liposomes,!”"8) hamper the
performance of liposomal systems,® and in the most extreme cases induce hypersensitivity
reactions!'®!") or accelerated clearance upon repeated injections.!>!*] Thus, the current

14]

ambiguity regarding the immunological requirements for stealth properties! reduced

opsonization!' or increased dysopsonization!®! —

represents a bottleneck for overcoming the
widely recognized translational gap in nanomedicine.[!”~!"]

Traditionally, anti-liposome antibodies are studied by ELISA.[?*?3] ELISAs are however
claimed to suffer from non-specific binding and — since individual PEG-moieties are simply
adsorbed to a flat surface — does not reflect binding to authentic liposomal surfaces with respect
to PEG density and topology, lipid mixture, surface curvature, as well as membrane-charge and
—fluidity.!?*26) Alternatively, liposome opsonization has been studied using bulk biochemical
assays, where the protocol includes crude centrifugation steps and/or extensive washing
procedures, before opsonization is inferred from indirect detection methods.[’?*2327] The

validity of such separation-based approaches has been questioned due to concerns about

contamination of non-bound proteins in the nanoparticle isolates.!**!! In addition, such bulk
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assays report only average ensemble values, thereby intrinsically assuming all liposomes in the

32,33

sample to be identical.[*>*3] However, it is increasingly recognized that opsonization might be

heterogeneous between nanoparticles and that this variation could have great functional
importance,'3!*31 prompting the need for new and more sophisticated assays.!?#?%*]
Investigating opsonization heterogeneity however means studying individual liposomes in
complex biological environments, which is a formidable task due to their nanoscale size.
Imaging methodologies capable of directly detecting protein adsorption to individual particles,
have only very recently emerged.[**3¢37) Unfortunately, the translational impact of these studies
is limited as they rely on modified proteins and extensive sample preparations (including
washing, centrifugation and fixation). Detailed understanding of the opsonization of individual
liposomes is hence still lacking. Gaining such understanding is however of utmost importance,
considering the extensive clinical use*® and hampering clinical challenges!!%!1:34%1 of
liposomes.

Here, we develop and employ a novel microscopy-based single-particle assay for studying the
association of two major types of opsonins — antibodies (IgG and IgM) and complement C3b —
directly to individual liposomes modified with various surface coatings. This Single Liposome
Opsonization Measurement (SLOM) assay permits for precisely distinguishing actual
liposome-association from non-specific background with a previously unseen sensitivity in
complex biological environments, such as complete human plasma or plasma from mice pre-
treated with similar liposomes. SLOM allowed us to reveal the co-existence of opsonized and
non-opsonized liposomes in the same ensemble and to quantify the opsonin surface density on
individual liposomes. We used SLOM to demonstrate how liposomal surface decorations
(including PEG and drugs) promote opsonization by IgM, IgG and complement C3b. Increased
opsonization materialized as either increased percentage of opsonin-positive liposomes or

increased opsonin surface density, with different mechanistic patterns for the proteins studied.

Our methodology allows for detailed studies on the molecular, compositional and
3
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physicochemical features governing liposome opsonization with single particle resolution.
Beyond expanding the fundamental knowledge on protein adsorption to liposomes, we envision
that the ability to study in detail the immunogenicity of all liposomal formulation and even
detect if only a subpopulation of the liposomes drives the immunogenicity, will be essential for
developing next generation nanomedicines and allow to screen for designs that avoid the

immunogenic challenges associated with nanoparticles in a clinical setting.
2. Results and Discussion

2.1. Opsonized and non-opsonized liposomes co-exist in the ensemble

To study opsonin association to individual liposomes we developed and employed the SLOM
assay. Briefly, we immobilised fluorescently labelled (DiD) liposomes on a passivated glass
surface as previously described“!™¥ and incubated them in plasma (Figure 1a). After
incubation, we removed the plasma, added AF488-labelled detection antibodies against the
opsonin of interest, and employed confocal microscopy to image the DiD and AF488 channels
(Figure S1-S3, Supporting Information). Opsonized liposomes were identified based on spatial
co-localisation between the DiD and AF488 fluorescence, allowing us to elucidate three
different scenarios: a fraction of liposomes displaying no detectable opsonization (I, Figure 1b),
opsonins not interacting with liposomes (II, Figure 1b) and a fraction of liposomes displaying
strong opsonization (III, Figure 1b). The high-throughput nature of the SLOM assay allowed
sampling of hundreds of liposomes per image frame and quantifying the frequency of all three
scenarios using automated image analysis. The microscopy-based approach circumvented the
need for washing with detergents (a drawback for many anti-PEG ELISAs[?®)) since the analysis
enabled filtering out non-specific binding opsonin signal (II, Figure 1b) allowing us to

investigate only true binding events (III, Figure 1b).
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Figure 1. Single Liposome Opsonization Measurement (SLOM) setup

a) Fluorescently labelled (DiD) liposomes are immobilised on passivated surfaces with a
biotin/streptavidin linker, incubated with plasma, and association of a specific opsonin (e.g.
IgM) is measured with fluorescently labelled (e.g. AF488) primary antibodies, b) Micrographs
of the DiD channel (liposomes) (left) and the AF488 channel (opsonin) (right), evaluating the
spatial co-localization of signal in the two channels reveal three potential scenarios: I)
Liposome with no detectable opsonin association, IT) Opsonin adsorbed to the BSA surface, not
co-localized with any liposome and hence not included in the downstream analysis, III)

Liposome with associated opsonin. Scale bars are 2.5 pm.
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Figure 2. PEGylation and liposome size regulates antibody opsonization of individual
liposomes.

The figure shows antibody (IgM and IgG) association to DSPE-PEG or Naked liposomes in
mouse plasma investigated using the SLOM assay. a) Assay procedure for quantifying anti-
PEG antibodies in mouse plasma. b) The percentage of IgM (blue) and IgG (red) positive
liposomes out of a total ensemble of approx. 3000 liposomes per sample. Error bars show SEM
of variation between individual animals, 7 =4 ¢) Square root of the DiD intensity (VIntensitypip)

of each individual liposome plotted against the AF488 intensities of the corresponding liposome
6
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in a representative experiment studying binding of IgM to DSPE-PEG liposomes. d) The
intensity data for each individual liposome in b converted to opsonin surface density versus
liposome diameter in nm. €) Mean IgM (blue) and IgG (red) surface density on DSPE-PEG

liposomes (solid lines, filled circles) and Naked liposomes (dashed lines, open circles) for

various liposome size groups. Error bars show SEM of variation between individual animals, »

aked: Antibody
association was measured in plasma from mice pre-treated with intravenous injections of
corresponding liposomes., E3b-assoctation—was—detectedinhumanplasmafromnon-treated
healthy-deners: Statistics in b are based on a two-tailed unpaired t-test, comparing association
to Naked and DSPE-PEG liposomes for the specific opsonin class. Statistics in d are based on
a two-way ANOVA with Tukey’s correction for multiple comparisons. *p<0.05, **p<0.005,

*E%p<0.0005, ****p<0.0001, N.S = not significant.

To determine how liposome PEGylation affected antibody-generation and —association to
individual liposomes upon repeated exposure, we initially compared two liposomal systems:
Naked (DSPC:Cholesterol 61.8:38.2 molar ratio) and DSPE-PEG (DSPC:Cholesterol:DSPE-
PEG 56.6:38.2:5.2 molar ratio), (Table S1, Supporting Information). First, we pre-treated mice
with two doses of either Naked or DSPE-PEG liposomes (0.1 pmol phospholipid kg!) with a
four-day interval and drew blood on day eight; a dosing schedule commonly used to study
generation of anti-PEG antibodies.!'>!*! Antibody association (both IgM and IgG) to
corresponding Naked and DSPE-PEG liposomes was analysed with the SLOM assay, by

immobilizing either Naked or DSPE-PEG liposomes in microscopy wells, incubating these

7
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liposomes with plasma from liposome-treated mice, incubating the liposomes with
fluorescently labelled anti-mouse IgM or anti-mouse IgG antibodies and finally imaging the
liposomes (Figure 2a). After incubation in plasma from mice treated with DSPE-PEG
liposomes, we found that the average percentage of IgG and IgM positive liposomes in the
ensemble (%IgG" and %IgM") was 96.8 + 0.2 % and 95.0 + 1.0 %, respectively (Figure 2b).
When incubating Naked liposomes in plasma from mice treated with Naked liposomes,
the %IgM" value varied from 4.0 % to 44 %, whereas %IgG" was consistently below 10%
(Figure 2b). The existence of a liposome population not displaying detectable opsonization is
not a mere artefact of our detection limit excluding identification of low-level opsonization of
small liposomes, as this behaviour was seen for all liposome sizes (Figure S4, Supporting
Information). These data show for the first time, under minimally invasive native-like
conditions, that antibody association is heterogeneous between individual liposomes, with a
fraction of liposomes being antibody-positive and another being antibody-negative. The
fraction of antibody-positive liposomes was significantly increased by liposome PEGylation,
demonstrating that PEGylation increases antibody-generation.

Liposome size has previously been claimed to affect the opsonization of liposomes.[*!:#’]
Nevertheless, traditional bulk assays cannot accurately correct for the intrinsic size

43.46] and are thus limited

heterogeneity present even for liposomes homogenised by extrusion,|
to intrinsically assume all liposomes in an extruded batch to have the same size. Here, to more
accurately investigate the size-dependency of opsonization, we extracted the DiD and AF488
intensities of the individual liposomes (Figure 2c), and converted DiD intensity to liposome
diameter by combining microscopy and Dynamic Light Scattering as previously described

46-48] Next, we calculated the opsonin surface density on

(Figure S5, Supporting Information).!
each individual liposome as the ratio between its integrated AF488 and DiD intensities (Figure

2d). To compare the antibody density between different liposome formulations we plotted the
8



WILEY-VCH

antibody density versus liposome size pooled into 50 nm size intervals (Figure 2d). For antibody
association to the DSPE-PEG liposomes, this analysis revealed a clear liposome-size
dependency on the average IgG and IgM densities. Association to DSPE-PEG liposomes in the
50 nm bins was hence 9.0 + 0.2 fold higher than in the 250 nm bins for IgM and 9.2 + 1.1 fold
higher for IgG (Figure 2e). This indicates that liposome size might be a strong regulator of
antibody association, with increasing membrane curvature leading to significantly higher
antibody surface-densities. Such size-dependencies of protein binding to nanoparticles has
often been discussed!'%* and while the underlying mechanism remains unresolved, it could be
matter of imperfect lipid packing or curvature dependent differences in the arrangement of PEG
chains on the liposome surface.!**>% Importantly, this size dependency would not only have
been hidden in traditional bulk assays, but the presence of 50 nm liposomes in a liposome batch
that (e.g. after extrusion through a 200 nm pore-size filter) is assumed to have a size of 200 nm

could skew the mean value that would be the output result of such assays.

To elucidate how PEGylation affected the amount of antibodies associated to liposomes, we
compared the average antibody surface densities on Naked and DSPE-PEG liposomes. Doing
this, we found higher association to DSPE-PEG versus Naked liposomes for both IgG and IgM
across all size-groups (10.6 £ 2.2 fold higher for IgG and 17.2 £ 2.0 fold higher for IgM for the
most populous 100 nm size-group) (Figure 2e). It should be emphasized that the data cannot
confirm if the antibodies bind directly to the PEG chains on the liposomal surface, or indirectly
through other adsorbed plasma proteins. Additional experiments revealed that there were no
detectable anti-PEG antibodies in plasma from mice not previously exposed to liposomes
(Figure S6, Supporting Information). Further, antibody-recognition of the liposomes was
dependent on the presence of PEG, as there was very little association when Naked liposomes
were incubated in plasma from mice treated with DSPE-PEG liposomes (Figure S7, Supporting

Information). In agreement with earlier findings®®!! we therefore concluded that exposure to
9
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PEGylated liposomes results in high amounts of antibodies able to recognise PEGylated
liposomes, whereas very low amounts of anti-liposome antibodies are generated in response to

treatment with Naked liposomes.
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Figure 3. PEGylation and liposome size regulates complement opsonization of individual
liposomes.

The figure shows complement (C3b) association to DSPE-PEG or Naked liposomes in human
plasma investigated using the SLOM assay. a) Assay procedure for quantifying anti-PEG
antibodies in human plasma. b) The percentage of C3b positive liposomes out of a total
ensemble of approx. 3000 liposomes per sample, n = 5 for DSPE-PEG (light blue) and n = 6
for Naked (open circles). Error bars show SEM of variation between donors. g) C3b surface
density on DSPE-PEG (light blue) and Naked (open circles) liposomes for various liposome

size groups. Error bars show SEM of variation between donors, n = 5 for DSPE-PEG and n =
10
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6 for Naked. C3b association was detected in human plasma from non-treated healthy donors.
Statistics are based on a two-tailed unpaired t-test, comparing association to Naked and DSPE-
PEG liposomes b, and on a two-way ANOV A with Tukey’s correction for multiple comparisons

for c. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, N.S = not significant.

The complement system represent one of the most essential opsonization machineries,
implicated both in the innate part of the immune system (and hence clearance in individuals not
previously exposed to liposomes) as well as in adaptive immunity, potentially causing
hypersensitivity reactions and drug leakage from liposomes.!'%!!-26401 Without the need of pre-
exposure to liposomes, it was possible to study complement opsonization in blood plasma from
healthy human donors instead of in mouse plasma (Figure 3a). To test if PEGylation affected
the association of C3b (the central opsonin of complement!®?) to individual liposomes, we
incubated immobilised Naked or DSPE-PEG liposomes with human plasma and investigated
C3b association with SLOM using a FITC-labelled anti-C3b detection antibody. We quantified
the average percentage of C3b positive liposomes (%C3b") for the Naked system to be 6.8 +
3.1 %, representing a very low number, comparable to random co-localisation (Table S2,
Supporting Information). In contrast, the %C3b" was between 41 % and 96 % for DSPE-PEG
liposomes (Figure 3b). As similar findings could be achieved using a different antibody-clone
(Figure S8, Supporting Information), and no association was observed in absence of plasma
(Figure S9, Supporting Information), the data truly reflect C3b association and not unspecific
adsorption of the detection antibody. Interestingly, C3b seems to bind indirectly to the
liposomes through other adsorbed plasma proteins, as no association was observed when
liposomes were incubated with pure C3 protein (Figure S10, Supporting Information).[®33] The
surface density of C3b also displayed a liposome size dependency, however the average C3b
surface densities for Naked and DSPE-PEG liposome systems were generally similar (Figure

3c¢). It should be stressed that the number of C3b positive Naked liposomes is very low in some
11
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donors, increasing the impact of potential false positives on the observed surface density (Table
S2, Supporting Information). The overall increase in C3b association to PEGylated liposomes
compared to Naked liposomes primarily due to the increased %C3b", was corroborated by
separation-based LC-MS/MS bulk measurements (Figure S11 and S12, Supporting
Information) albeit without the ability to entangle the association percentage from the surface
density. The high C3b-content in liposome-free plasma demonstrate another weakness of such
crude separation-based assays, underlining the strength of our highly sensitive method in which
C3b not associated to liposomes can easily be distinguished (Figure S3). Overall, for both
antibodies and C3b, the single liposome analysis allowed us to describe the full opsonization
landscape and delineate how PEGylation affected both the number of opsonin-positive
liposomes and the opsonin surface density on these. This revealed fundamental differences in
how PEGylation affected antibody and C3b opsonization. For antibodies, PEGylation increased
both the number of positive liposomes and the surface density of opsonins, whereas PEGylation
only increased the number of C3b positive liposomes, but not the C3b surface density. This
represents a level of mechanistic detail previously inaccessible with the bulk methods employed
to study liposome opsonization and underscores the importance of understanding opsonization

at the single particle level.

2.2. Presentation of PEG on a liposomal surface is essential for proper IgM recognition

Next, we investigated how the three-dimensional context of the PEG chain influences anti-PEG
antibody opsonization. To study the importance of presenting the PEG-moiety in its native
three-dimensional conformation on a liposomal surface, we performed a competition assay
where plasma from mice previously receiving injections of DSPE-PEG liposomes was pre-
incubated with either free PEG chains (mPEG2000), DSPE-PEG (forming micelles at
concentrations >10uMP*) or DSPE-PEG liposomes (Figure 4a and 4b). The solutions were

then added to immobilised liposomes before the %IgM " value was quantified with SLOM. Thus,
12
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a higher %IgM" value correlated to less initial anti-PEG IgM adsorption to the PEG compound
during the pre-incubation. At comparable levels of 0.5 uM total available PEG, the %IgM*
value was reduced to 21.2 £+ 4.0 % for the DSPE-PEG liposome system, whereas both the free
PEG and the DSPE-PEG micelle systems showed no significant reduction from the %IgM"
value at 0 uM PEG (Figure 4c). Competition from free PEG or DSPE-PEG micelles impacted
the %IgM" values only for concentrations at or above 500 uM (Figure 4c) and the surface
density only at PEG concentrations higher than 5uM (Figure 4d). This demonstrates that IgM
against DSPE-PEG liposomes has a much higher propensity to interact with PEG displayed on
a liposomal surface than to PEG displayed in micelles or as free PEG. This highlights the
limitations when employing non-liposomal anti-PEG antibody detection assays, as it is essential
that PEG-moieties are displayed in the authentic three-dimensional orientation on liposomal

surfaces for anti-PEG IgM to properly recognise it.

13
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Figure 4. Anti-PEG IgM association strongly depends on the PEG chain being presented on a
liposomal surface. a) Scheme showing the experimental procedure. b) Scheme of the
competition assay where plasma is pre-incubated with free PEG, DSPE-PEG (as micelles at

concentrations >10uM) or DSPE-PEG liposomes before being added to the immobilized
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liposomes. For liposomes, only half of the PEG was assumed to be presented on the outer leaflet
of the membrane c) %IgM+ as a function of available PEG concentration, d) IgM surface
density normalized to the association without competition in the respective 50-nm size group,
followed by averaging across the five size-groups. The relatively small error bars (showing
SEM of the variation between the five size groups) hence indicate that the inhibition is similar
in all size-groups, and that competition is independent of liposome size. Fits are a three-
parameter dose-response inhibition functions. All plasma used in the experiment originated

from the same mouse.

2.3. Promotion of opsonization is a prevalent phenomenon for liposomal surface
decorations

To investigate if antibody generation was specific for PEGylated liposomes or a general
property for liposomal surface decorations, we formulated liposomes with the surface-displayed
drug mifamurtide (DPPE-anchored muramyl tripeptide) — the active component in the clinically
used liposome formulation Mepact.>>% In plasma from mice pre-treated with mifamurtide
liposomes, we quantified very high %IgM" and %IgG" values as well as antibody surface
densities (Figure 5a-d (red)), all at the level of the DSPE-PEG system or higher (Figure S13,
Table S4, Supporting Information). Anti-mifamurtide antibodies were undetectable in plasma
from treatment-naive mice (Figure S14, Supporting Information). These results show that high
amounts of specific antibodies were generated against the mifamurtide-coated liposomes. In
human plasma, we also recorded a high %C3b" value for mifamurtide liposomes (Figure Se
(red)), comparable to the value for DSPE-PEG liposomes (Table S5, Supporting Information).
The C3b surface density was higher for mifamurtide liposomes than for any other formulation
in this study (Figure 5f). These data demonstrate that antibody generation and complement
opsonization is not restricted to PEGylated surfaces, but is a more generic property that can also

be facilitated by other liposomal surface decorations, including drugs.
15
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Figure 5. Lipid-conjugated drugs presented on liposomal surfaces can facilitate opsonization
and antibody generation, suggesting this to be a generic property for liposomal surface
decorations. a) Percentage of IgM positive liposomes. b) IgM surface density versus liposome
diameter. c¢) Percentage of IgG positive liposomes. d) IgG surface density versus liposome
diameter. e) Percentage of C3b positive liposomes. f) C3b surface density versus liposome
diameter. In all graphs three liposome systems DPPE (black), DPPE-Succinyl (grey) and

Mifamurtide (red) are compared with » = 3-5. IgM and IgG opsonisation was studied in mice
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pre-treated with corresponding liposomes, C3b opsonisation was studied in blood plasma from
non-treated healthy human donors. Each sample represent an ensemble of 2000-3000 individual
liposomes. Error bars show SEM of donor variation. Statistics are based on a one-way (a, c, €)
or two-way (b, d, f) ANOVA with Tukey’s correction for multiple comparisons, *p<0.05,

*#p<0.005, ***p<0.0005, ****p<0.0001, N.S. = not significant.

We then set out to elucidate the molecular features facilitating opsonization of authentic
liposomal surfaces at the single particle level, by systematically modifying the individual
components of the lipid conjugates. First, to determine if the phosphoethanolamine (PE) lipid
anchor or the phosphoamide linker, shared by both DSPE-PEG and mifamurtide (Figure S15,
Supporting Information), induced opsonization of single liposomes, we formulated liposomes
where the DSPE-PEG lipid was replaced by either DPPE or DPPE-Succinyl. We then measured
antibody opsonization for these formulations in plasma from mice pre-treated with similar
liposomes, and C3b opsonization in human plasma. For both antibody classes, we quantified
lower percentages of positive liposomes for the DPPE system than for the DPPE-Succinyl
system (Figure 5a and 5c¢). IgG and IgM surface densities were however similar on DPPE and
DPPE-Succinyl liposomes across all liposome sizes (Figure 5b and 5d). No antibodies against
the formulations were detected in mice not previously exposed to liposomes (Figure S8,
Supporting Information). SLOM was hence able to reveal how the small phosphoamide-
conjugated succinyl-group increased the association percentage of IgG and IgM without
significantly altering the antibody surface-density. For C3b we only quantified minute %C3b"
values for both DPPE and DPPE-Succinyl liposomes, comparable to what we observed for the
Naked liposomes (Figure Se, Table S5), indicating that these liposomes are only minimally
opsonized by complement. This illustrates that neither the primary amine (able to interact with
the reactive thioester of C3b!*?!) on the PE anchor, the succinate on DPPE-Succinyl liposomes

(suggested to mediate anti-PEG immunity!?®!), nor the phosphate oxygen in phospholipid
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conjugates (previously found to mediate complement activation by DSPE-PEGP”)) could
facilitate noteworthy C3b association to liposomes. For the small amount of %C3b" liposomes,
the average C3b surface density was similar for the DPPE and DPPE-Succinyl liposomes
(Figure 5f). Overall, we found that modifying the various molecular features of lipid conjugates
affected both the number of opsonin-positive liposomes and the opsonin density on the
liposomes. Whereas the DPPE anchor in itself was not involved in opsonization, the small
phosphoamide linker in DPPE-Succinyl resulted in increased antibody-generation. The
strongest opsonization of both IgM, IgG and C3b was observed when the conjugate was a larger

molecule such as a drug or a polymer.

Natural membrane systems, such as cells, avoid clearance by decorating their surface with so-
called self-markers.[*®*>! One such self-marker is GM1, a ganglioside, consisting of a sialic
acid-containing oligosaccharide attached to a ceramide anchor (Figure S16, Supporting
Information), which were previously demonstrated to impose stealth abilities to liposomes in
mice.[°*%?] To provide detailed mechanistic insights on how self-markers prolong liposome
circulation, we tested if GM1 displayed on liposomal surfaces would also induce IgM, IgG or
C3b opsonization. We formulated liposomes with GM1 and compared these to a PEG system
also anchored by ceramide (Ceramide-PEG), by subjecting mice to repeated injections of such
liposomes and measuring antibody-generation with SLOM. The %IgG" and %IgM " values were
very low for the GM1 system — on the level of what we previously observed for Naked
liposomes — but very high for the Ceramide-PEG system — on the level of the DSPE-PEG
liposomes (Figure 6a and 6¢, Table S6). We also recorded 9-17 fold higher IgM and 5-11 fold
higher IgG densities on Ceramide-PEG versus GM1 liposomes across all sizes (Figure 6b and
6d). No antibodies against any of the constructs were observed in treatment-naive mice (Figure
S14, Supporting Information). Thus, the presence of the self-marker GM1 could effectively

abolish the generation of anti-liposome antibodies.
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Figure 6. Self-markers on liposomes reduce antibody generation - steric barriers do not.

a) Percentage of IgM positive liposomes. b) IgM surface density versus liposome diameter. c)
Percentage of IgG positive liposomes. d) IgG surface density versus liposome diameter. e)
Percentage of C3b positive liposomes. f) C3b surface density versus liposome diameter. In all
graphs two liposome systems GM1 (green) and Ceramide-PEG (purple) are compared and n =
4 for IgM and IgG, n =5 for C3b. IgM and IgG opsonisation was studied in mice pre-treated

with corresponding liposomes, C3b opsonisation was studied in blood plasma from non-treated
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healthy human donors. Error bars show SEM of donor variation. Statistics are based on a one-
way (a, ¢, e) or two-way (b, d, f) ANOVA with Tukey’s correction for multiple comparisons,

*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, N.S. = not significant.

The %C3b" values for both GM1 and Ceramide-PEG were highly donor-dependent (varying
from below 10% to above 80%), whereas the C3b surface density was similar on GM1 and
Ceramide-PEG liposomes (Figure 6e and 6f). The basic principle of complement is that any
surface not specifically protected will be attacked, and cell membranes of the host are hence
protected by complement inhibitors such as factor H.!! Gangliosides works as ligands for
factor H, and it may be this immunosuppressive “self-marker” capacity that prevents the
opsonisation of the GM1 liposomes.>83%6+631 It has previously been demonstrated that GM1
does not form an efficient steric barrier, and based on that suggested that GM1 works through
a dysopsonising mechanism.[**”] Our results confirm that GM1 indeed cannot prevent C3b
opsonisation. Interestingly, GM1 did still reduce the antibody generation against liposomes
below the level observed for Naked liposomes (compare Figure 6a-d to Figure 2b and 2e¢), this
suggests that antibody generation against liposomes is an event triggered even further
downstream in the immune response, e.g. on a B cell level. Importantly, however, the stealth
abilities imposed by GM1, was early on found to be very specific to mice, whereas GM1
liposomes did not show long circulation-times in rats.[®*) Our findings with high C3b adsorption
to a subpopulation of GM1 liposomes in human plasma thus corroborate previous bulk studies

(%91 The discrepancies of GM1 liposome immunogenicity, when comparing

in rat plasma.
IgG/IgM generation in mice and C3b adsorption in humans, could thus very well be due to
biological differences between the species. Overall, these data illustrate the tight regulation and
specificity of opsonization, as introducing a known biologically active self-marker in a

liposomal membrane can strongly inhibit antibody generation against liposomes, whereas

introducing an inert steric surface-barrier cannot.
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2.4. Opsonization heterogeneity have different patterns for antibodies and complement

Examining opsonization of a plethora of liposome formulations using SLOM allowed us to also
perform a deeper investigation of how changes in the number of opsonin-positive liposomes
correlated with changes in the opsonin surface density when modifying liposome properties.
Therefore, we plotted the average IgG or IgM surface density for the 100 nm subpopulation of
the ensemble versus the %IgG"™ or %IgM" values (Figure 7a and 7b). It is evident that for
liposome systems displaying increasingly larger moieties on their surface (DPPE < DPPE-
Succinyl < Mifamurtide < Ceramide-PEG = DSPE-PEG) we first detect an increase in %IgG"
or %IgM " values, and only when these reaches close to 100 % does the antibody surface density
start to increase. The biologically active GM1 is a noteworthy exception. The antibody-
generation patterns were similar when mice were exposed to single and multiple injections of
liposomes (Figure S17-S19, Supporting Information). We also plotted the C3b surface density
for the 100 nm subpopulation of all liposome systems versus the %C3b" values (Figure 7¢). For
the C3b data we also observed a surface-moiety size dependency, but the conjugates only
notably increased the %C3b" value and not the surface density. Hence DPPE, GM1, DSPE-
PEG and Ceramide-PEG liposomes have comparable C3b surface densities from 8-12, but
mean %C3b" values ranging from 9.7 + 5.3% for DPPE to 73.3 + 10.6% for DSPE-PEG (Figure
7¢). Overall these data suggest that increasing levels of opsonization found for various liposome
formulations follows different patterns for antibodies and C3b. Antibodies follow a
opsonization trend described in Figure 7d that, when increasing amounts of antibodies are
generated, goes through stages of I) no association, II) low percentage of opsonin-positive
liposomes and low surface density, IV) high percentage of opsonin-positive liposomes and low
surface density, before reaching V) high percentage of opsonin positive liposomes and high
surface density. On the contrary, as liposome immunogenicity increases, C3b opsonization

follows a trend of association that goes through stages of I) no association, III) low percentage
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of opsonin-positive liposomes and high surface density, and then V) high percentage of
opsonin-positive liposomes and high surface density (Figure 7c and 7d).
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Figure 7. Displaying surface moieties with increasing size leads to increased liposome

opsonization through different mechanistic patterns for antibodies and C3b. a) The average IgM
surface density for the 100 nm size bin (75-125 nm) is plotted as a function of the
average %IgM+ value for all liposome systems studied in this piece of work. b) The average
IgG surface density for the 100 nm size bin is plotted as a function of the average %IgG+ value
for each individual mouse in the study. ¢) The average C3b surface density for the 100 nm size
bin is plotted as a function of the average %C3b+ value for each individual human donor in the
study. The color coding corresponds to the liposomal systems investigated. d) Scheme depicting
the five main opsonization scenarios found using SLOM: (I) No detectable association (only
observed in naive mice and for GMI1 liposomes), (II) low percentage opsonin positive
liposomes with a low surface density, (III) low percentage opsonin positive liposomes with a

high surface density (only observed for C3b) (IV), high percentage opsonin positive liposomes
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with a low surface density. (V) high percentage opsonin positive liposomes with a high surface
density. Importantly, scenario III and IV would be indistinguishable in a bulk assay. The data
in a) — c) reveal that for liposomal system displaying progressively larger surface moieties, the
opsonization is increased through different patterns for antibodies (I = II - IV = V, orange

arrows) and C3b (I - III = V, blue arrows). N = 4-6, error bars show SEM of donor variation.

Interestingly, these observations with non-uniform distribution of C3b on the liposomes in the
ensemble corroborate the known biological mechanism of the complement opsonization
machinery: Complement works as a positive feedback mechanism through self-activation,
where a nucleation event with one adsorbed C3b molecule can facilitate complete coating of a
surface through the so-called “amplification loop”.°?! We here display for the first time that
initiation of complement cascade will lead to substantial C3b surface-densities on individual
liposomes while leaving other liposomes non-opsonized. Initiation of complement on liposomal

surfaces has earlier been proposed to be mediated by antibodies,®*" but whereas-euriselation-

homogeneous association patterns of antibodies were remarkably different from the

heterogeneous association pattern of C3b (Figure 7). This indicates that antibodies and C3b
follows distinctly different opsonization mechanisms and may not be directly linked as found
using bulk assays.[540]

2.5. PEGylation does not reduce opsonizationUsing minimally invasive conditions, we
provide the first direct visual evidence of single liposome opsonization, showing that

PEGylation does not reduce opsonization as originally proposed.[®""]

On the contrary,
PEGylation of liposomes substantially increased C3b adsorption (Figure 3). In addition, while

almost no anti-liposome antibodies were detected in mice not previously exposed to liposomes

for any of the liposomal surface architectures in the study (Figure S8 and S14, Supporting
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Information), PEGylated liposomes were those with the highest antibody generation in the
study after both single (Figure S17-S19, Supporting Information) and multiple exposures
(Figure 7). Using Size Exclusion Chromatography and LC-MS/MS, we investigated adsorption
of a broad range of opsonins!’!! to PEGylated and Naked liposomes, and for none of them did
we observe that PEG significantly reduced the opsonization (Figure S20, Supporting
Information). This supports recent reports that the long-circulating properties achieved by
PEGylation is not due to a steric barrier reducing opsonin association, instead suggesting an
increase in dysopsonins, i.e. proteins that inhibit phagocytosis (Figure S21, Supporting
Information).['”!] Our data thus add to the emerging realization that neither stealth properties
nor overall low-fouling (protein-repellent) properties correlate with C3b opsonization.!!*13]
This strongly indicate that stealth properties are either independent of the complement system,

or that they happen downstream of the initial C3b deposition, e.g. through inactivation or

inhibition of the bound C3b, or by preventing binding of C3b to complement receptors.

The systematic study presented here, investigating opsonization by three types of opsonins on
seven different liposome compositions, allowed us to pinpoint the molecular features of the
PEG-lipid that facilitated opsonization. We demonstrated that association of antibodies and C3b
was independent of the structure of the anchor group, and that the phosphoethanolamine linker
group only had minor effects on immunogenicity. However, opsonization was highly dependent
on the presentation of the PEG-moiety on a liposomal surface. Interestingly, strong
opsonization was not restricted to liposomes prepared with PEGylated lipids, but was also
observed for liposomes functionalized with lipid-conjugated drugs. This indicates that antibody
and complement opsonization is a generic surface effect induced by large moieties displayed in
a repeated pattern on a liposomal surface. Our results thus imply that simply shifting to

[72]

alternative hydrophilic polymer-conjugates believed to provide a steric barriert’“ might not be

a viable strategy if immunogenic reactions towards liposomes are to be avoided. Instead,
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modifying liposomes with immunosuppressive self-markers could be a superior strategy for
preparing stealth liposomes that maintain their long-circulating properties upon repeated

administration.?’]

2.6. Benefits and limitations of the SLOM assay

The modifiable nature of the SLOM assay allows for detecting adsorption of a wide panel of
proteins to liposomes, simply requiring a fluorescently labelled detection antibody specific
against the protein of interest. Additionally, opsonization mediated by any type of component
in liposomal membranes can be studied with SLOM using very low material consumption (5
uL plasma, 0.2 nmol total lipid and 2 pg detection antibodies per sample in the current setup).
Furthermore, the SLOM assay allows for gaining insights into opsonisation heterogeneity,
which as highlighted above is not possible with regular bulk assays relying on isolation of
liposomes from plasma followed by proteomics. In addition, if only information about a single
protein species is required, the experimental time is no longer than the time required to run a
SEC column. For studying binding of multiple proteins, proteomic methods relying on LC-
MS/MS has a much higher throughput than the SLOM method, however the commonly applied
methods for isolation of liposomes from plasma, such as SEC and centrifugation, suffers from
contaminations with unbound proteins:[”*! these contamination issues can be largely eliminated

when using a direct imaging-based setup.

Performing the SLOM assay using identical detection antibodies and microscope imaging
settings allows for a direct comparison between experiments of the percentage of opsonin-
positive liposomes and the opsonin surface density between experiments. Thus, for liposome
systems with various surface-architectures the relative difference in opsonin generation and
binding can be semi-quantitatively compared. The assay could be expanded to determine how

this overall relative difference translates to the specific number of proteins per liposomes using
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a method akin to the one presented by Belfiore et al. who determined the number of protein
ligands on individual liposomes using stepwise photo bleaching.’”¥l Here, the stochastic
bleaching of individual fluorophores will, when only a limited number remain, result in a
stepwise decrease in fluorescence emission in the protein channel. If the number of fluorophores
per protein is known, the exact number of proteins per particle can be determined by dividing
the total emission intensity by the intensity of each bleaching step.”*! While such quantification
is indeed essential for accurately characterising e.g. the number of targeting ligands on
individual liposomes, for a comparative study on the opsonin binding between different
liposome systems as the one presented here, it would not provide information greatly

influencing the overall conclusions.

A characteristic of any antibody-based detection assay is that it only allows for measuring the
presence of a protein, if the epitope recognized by the detection antibody is presented to the
surrounding environment and not hidden in the protein/liposome interface. In contrast,
proteomics-based setups can reveal the presence of the protein no matter how it is oriented, as
well as if it is hidden below a layer of other proteins (an unlikely situation for PEGylated
liposomes, however, due to their overall sparse protein binding?®'). This feature of the SLOM
assay however also opens up new possibilities, as it allows for studying orientation of the bound
proteins,*®! and whether e.g. the part of the protein binding the corresponding Fc- or C3-
receptor on phagocytes is available for interactions. To ensure that antibody-based detection is
not biased by epitope matching, it is important to perform and adequate control, which is why
we made sure that the results presented in this work did not change if detection antibodies

recognizing a different epitope on the opsonin was used (Figure S8, Supporting Information).

In the present work, a regular confocal microscope is applied. Hence, the individual liposomes

appear as diffraction-limited spots, and only inter-particle heterogeneity can be studied, which
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for the questions asked in the current work is sufficient. However, if applying super-resolution
microscopy to study the setup in Figure la, intra-particle heterogeneity (i.e. distribution of
proteins on the particle surface) could in principle be possible, at least for the largest liposomes.
While Feiner-Gracia et al. presented spatial information of the protein corona of silica
nanoparticles using STORM, ¥ this may be more challenging for liposomes where lipids can
diffuse laterally in the liposomal membrane and the protein corona hence also may be spatially
dynamic. Electron microscopy could also be used for studying protein binding to nanoparticles
with even higher resolution. While this method is even more low-throughput than SLOM due
to more tedious sample preparation and requires more specialized equipment, it would allow
for information on precise spatial arrangement of bound proteins.*®! While detection antibodies
can be specifically labelled using gold particles, distinguishing the liposomes from other lipid
particles in plasma can be challenging. Hence, specific labelling of the liposomes with other
elements than gold will be required as well, in addition to and the use of more advanced EM
techniques for distinguishing the liposome and antibody labels, such as energy-dispersive X-
ray analysis.[’®! Despite the lower resolution, the SLOM assay presented here hence offers the
relevant information about inter-particle heterogeneity, employing standard confocal

microscopy and off-the-shelf reagents.

2.7. The importance of addressing opsonization heterogeneity
It is increasingly recognized that elucidating and understanding the potential hidden
heterogeneities within nanomedicine might be a cornerstone for overcoming the translational

77781 Here, we developed an assay capable of

gap currently limiting drug delivery research.!
revealing considerable opsonization heterogeneity between individual liposomes. Our finding
of distinct liposome subpopulations — one opsonin positive and another opsonin negative —

represent a binding behaviour that has not previously been observed for opsonization, but has

been described for other membrane interacting proteins binding to liposomes from solution,
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3279801 The origin of this phenomenon is yet to be fully

albeit in less complex environments.!
understood,*?! but could be tied to heterogeneities in lipid composition*!*’! or PEGylation
degree.[**] Heterogeneous opsonization is undetectable by bulk assays,*?! which assume all
bound protein to be homogeneously distributed between the liposomes. However, a scenario
with 20% opsonin-positive liposomes would give a five-fold underestimation of the de facto
protein density per liposomes in a bulk assay. The functional performance of liposomal
formulations could be affected by heterogeneous opsonization, since opsonization is directly
linked to important parameters such as stability, clearance, targeting ability and ultimately

(LIL8182] Tn 3 best case scenario a highly opsonized liposome subpopulation

therapeutic efficacy.
will lead to this population just having limited therapeutic effect, while a more severe side-
effect of the subpopulation could be anaphylaxis and hypersensitivity reactions.[!%!1:83] Hence,

characterising nanoparticle opsonization at the single particle level is essential for designing

more controllable, safe and efficient drug delivery systems.

3. Conclusion

In summary, the single liposome analysis allowed us to describe the full opsonization landscape
and delineate how liposomal surface architectures affected both the number of opsonin-positive
liposomes and the opsonin surface density on these. The assay demonstrated that PEG does not
prevent opsonization with complement C3b but facilitates it, and that antibodies are generated
against PEGylated liposomes but not non-PEGylated. Further, our findings suggested that such
induction of opsonization is a general property for liposomal surface decorations, and not solely
for PEG. The single-particle resolution of the SLOM assay also revealed the existence of
liposome subpopulations with high protein adsorption, which could demonstrate deviant
behaviour with respect to circulation properties and immunogenicity. SLOM hence allowed for
a deeper understanding of liposomal protein-adsorption heterogeneity and how this is linked to

liposomal surface architecture.
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4. Methods

Materials: All chemicals for the HEPES buffer, inductively coupled plasma mass spectrometry
(ICP-MS) diluent, and zeta-potential buffer were acquired from Sigma Aldrich (Brendby,
Denmark). 1,2- Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-
phospho-ethanolamine- N-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-
dipalmitoyl-sn-glycero-3-phospho-  ethanolamine-N-(succinyl) ~ (DPPE-Succinyl),  N-
palmitoyl-sphingosine-1-succinyl[methoxy(poly-ethylene glycol)2000] (Ceramide-PEG) and
distearoyl-rac-glycerol-methoxy (polyethylene glycol)- 2000]) (DSG-PEG2000) were acquired
from Avanti Polar Lipids (Alabaster, AL, US). Cholesterol was acquired from Lipoid
(Ludwigshafen, Germany). Muramyl tripeptide phosphatidylethanolamine (Mifamurtide) and
Monosialoganglioside extracted from bovine brain (GM1) was acquired from Sigma Aldrich.
1,1°-Dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD) was acquired from Thermo
Fisher Scientific (Waltham, MA, US). AF488 labelled anti-IgM (Goat anti-Mouse IgM (Heavy
chain) Cross-Adsorbed Secondary Antibody, catalogue number A-21042) and anti-IgG (Goat
anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, catalogue number A-11001) was
acquired from Thermo Fisher Scientific. LPS from S. Typhose was acquired from Sigma
Aldrich. FITC-labelled anti-human 1C3b/C3b clone 10C7 (catalogue number CL7632F) was
acquired from Cedarlane (Burlington, Ontario, Canada), clone 3E7 (catalogue number 846102)
was acquired from Biolegend (San Diego, California, USA). According to the manufacturer,
all detection antibodies employed for studying IgM and IgG had a labelling efficiency of 6.
BSA, BSA-Biotin and Streptavidin for the single liposome assays were acquired from Sigma

Aldrich.

Mice: BALB/cJR] mice (Janvier) aged 8-13 weeks old were used for all experiments. Upon

arrival, the mice were subjected to at least 1 week of acclimation. Mice were kept under
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controlled environmental conditions (constant temperature and humidity as well as a 12h:12h
light:dark cycle). All experimental procedures were approved by the institutional ethical board
and the Danish National Animal Experiment Inspectorate (licence number 2016-15-0201-
00920, approved on 5™ of July 2016). Liposomes were, for all experiments in the main
manuscript, administered intravenously in the tail vein on a g4d schedule for a total of two
injections (day 1 and 4). Blood samples were collected in hirudin blood tubes (Roche) on day
8. Samples were centrifuged at 2000 g for 15 min at 4 °C and resulting plasma fractions were
collected in Protein LoBind Eppendorf tubes (Eppendorf, Hamburg, Germany) and stored at -
80 °C until SLOM analysis. Exposing mice to only one single injection and collecting plasma
after 8 days, did not change the outcome of the experiments (Figure S11-S13, Supporting

Information).

Collection of human plasma: Human plasma was collected as previously described®¥. Briefly,
blood was drawn by certified staff from healthy donors under signed consent. The identities of
the donors were unknown to the researchers performing the experiments and all requirements
for blood collection at the Technical University of Denmark was followed in agreement with
the guidelines of National Committee on Health Research Ethics. Blood was collected in
Hirudin tubes (Sarstedt, Niirnbrecht, Germany). The blood was transferred to 2 mL Protein
LoBind Eppendorf tubes (Eppendorf, Hamburg, Germany) and centrifuged at 3000 g for 15
minutes in order to separate cells from plasma. The plasma supernatant was transferred to fresh
LoBind tubes and stored at 4 °C. Experiments with human plasma were always carried out on

the same day as the blood was drawn, and remaining biological material destroyed afterwards.

Liposome preparation: Liposomes were prepared and characterized as previously described!®.
Briefly, lipids in powder forms were dissolved in tert-butanol:MQ water 9:1, mixed to the

desired lipid compositions in glass vials and freeze-dried overnight. The dry lipids were re-
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hydrated in HEPES buffer (10 mM HEPES, 150 mM NaCl buffer, pH 7.4) to a concentration
of 50 mM total lipid and put under 65 °C heating and magnet stirring for minimum 1 h. The
size of the liposomes were controlled by extruding 21 times through a 100 nm Whatman filter
(GE Healthcare, Little Chalfont, UK) using an Avanti mini-extruder (Avanti Polar Lipids) on a
heating block at 65 °C. The liposomes were transferred to a new glass vial and stored at 4 °C.
The composition of the PEGylated liposomes were DSPC:Cholesterol: DSPE-PEG2000 (molar
ratio 56.6:38.2:5.2). In Naked liposomes, the DSPE-PEG was replaced by DSPC. In
formulations with DPPE-Succinyl, Mifamurtide, GM1, DSG-PEG and Ceramide-PEG, the
DSPE-PEG was replaced by 5.2 mol% of the respective lipids. In SLOM liposomes, 0.2 mol%
DiD and 0.05 mol% DSPE-PEG2000-Biotin (Avanti Polar Lipids) were added to the
formulations. The amount of DiD incorporated into the lipid mixture is based on the wish to
make sure there is enough DiD molecules per liposome to avoid liposome-to-liposome
variations being affected by Poisson statistics, as well as ensuring a good signal-to-noise ratio
of the detection signal. However, the amount DiD in the liposomes should also be kept low
enough to avoid intra-liposome quenching as this would bias the liposome intensity to size
conversion, and because a too high DiD concentration could affect the physicochemical
properties of the liposomes. The use of 0.2 mol% lipid-fluorophore has previously been shown
to fulfill the criteria outlined above.*!4*]

Total lipid concentration of the liposome stocks was determined by measuring the phosphorus
concentration using ICP-MS. Samples were diluted 10,000 times in an ICP-MS diluent (2%
HCI, 10 ppb Ga) to fall within a standard range of 25-100 ppb phosphorus, and the phosphorus
content was measured on an ICAP-Q from Thermo Fisher Scientific. The lipid concentration
was calculated based on the assumption that 61.8 % of the lipids in our formulations contain a
phosphorus atom.

The hydrodynamic diameter and polydispersity index (PDI) of the liposomes were measured

by dynamic light scattering (DLS) using a ZetaSizer Nano ZS from Malvern Instruments
31



WILEY-VCH

(Malvern, Worcestershire, UK), equipped with a 633 nm laser. The liposomes were diluted to
about 120 uM total lipid in HEPES buffer, and the size measured as the average from 3 runs of
15 cycles. The zeta potential of the liposomes was measured using the same instrument by M3-

PALS in glucose buffer (300 mM glucose, 10 mM HEPES, 1 mM CaCl, at pH 7.4) at 120 uM

total lipid. Each measurement consisted of 3 individual runs in automatic mode (10-100 cycles).

Characteristics are shown in Table S1.

Single Liposome Opsonization Measurement (SLOM): To image individual liposomes we

[41-4347] allowing us to tether single liposomes on a

followed previously published protocols,
passivated glass surface and image them using confocal microscopy. In brief, each chamber in
an Ibidi p-slide 8 well glass coverslips for microscopy (Ibidi, Martinsreid, Germany) was
incubated with a 1 mg mL!' 1:10 mixture of BSA-Biotin:BSA for 20 minutes at room
temperature. After washing 8 times with HEPES buffer, each chamber was incubated with 25
ng mL! Streptavidin for 10 minutes, followed by eight additional washes with HEPES buffer.
Liposomes were diluted to a final concentration of 1 uM lipid and added to chambers on the
coverslip. Unbound liposomes were removed by washing the plate in HEPES buffer after
incubating for 3 minutes. It has previously been verified the immobilization does not influence
liposome shape. 3¢l

Next, plasma was diluted 1:40 in HEPES buffer, added to the well and allowed to incubate with
the immobilised liposomes for 10 minutes. Following 4 washes with HEPES buffer, secondary
AF488-labelled antibodies against the respective antibody of interest (mouse IgG or IgM) were
diluted to 10 pg mL™! and added to the well. IgG binding was assessed using Goat anti-Mouse
IgG (H+L) Cross- Adsorbed Secondary Antibody (Invitrogen) while IgM binding was assessed
using Goat anti-Mouse IgM (Heavy chain) Cross-Adsorbed Secondary Antibody (Invitrogen).

For detection of C3b binding, primary FITC-labelled antibodies against C3b/iC3b were diluted

to 2.5 pg mL! and added to the well. With 6-8 fluorophores per antibody according to the
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manufacturer, single antibodies should be possible to detect. Non-specific binding of the
detection antibodies to the liposomes was not detected (see Figure S9 and Figure S10,
Supporting Information), and no precautions were hence necessary for blocking non-specific
binding. After further 10 minutes incubation, unbound antibodies were removed and the plate
washed three times in HEPES buffer before imaging the liposomes.

The reason for using the 1:40 plasma dilution in the current study is mainly practical: In order
to completely cover the bottom of the Ibidi microscopy wells, approx. 200uL of liquid is
required. Due to the relatively small blood volume of mice, the plasma samples available were
rarely more than 50 uL. Additionally, as the plasma sample from one animal was often used for
several experiments (e.g. for the competition assay in Figure 4 and for studying cross-
interactions in Figure S7, Supporting Information), not even a 1:4 or 1:10 dilution was practical.
Instead, 5 uLL mouse plasma was consistently diluted in 195 uLL HBS. However, there are no
experimental limitations preventing performing the assay in 100 % serum.

Competition with PEG was done by pre-incubating the plasma for 10 minutes at RT in a Protein
LoBind tube with either mPEG2000 (Sigma), DSPE-PEG2000 micelles or
DSPC:Cholesterol: DSPE-PEG2000 liposomes at the stated concentrations. For liposomes, the
PEG concentration was calculated based on the assumption that 50% of the total DSPE-PEG
content was presented in the outer leaflet of the membrane. DSPE-PEG micelles were prepared
by diluting the lipid in HEPES buffer and solubilizing the phospholipids by 30 minutes of ultra-
sonication. The size of the micelles was determined with DLS to be 10-15 nm. For the graphs
in Figure 4, the binding percentage and surface density in presence of competition particles was
normalized to the respective value in absence of competition particles. This was done for all
five size groups. Error bars show the variation between the five size groups.

For imaging liposomes, we used a Leica TCS SP5 inverted confocal microscope equipped with
an oil immersion objective HCX PL APO CS x 100 (Numerical Aperture 1.4) (Leica

Microsystems, Wetzlar, Germany). Detection of AF488 was performed at 495-580 nm
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(excitation at 488 nm), while detection of DiD was performed at 645-800 nm (excitation at 633
nm) using photo-multipliers. In all cases, sequential imaging was used to avoid cross excitation.
Images had a resolution of 1024 x 1024 pixels, with a pixel size of 50.5 nm and a bit depth of
16. All experiments were performed at RT. For the current study, all imaging was performed
within a few months using the same microscope and the instrument settings (such as laser power,
PMT settings etc.). By confirming that the DiD fluorescence intensities of the same liposome
formulations did not change between different experimental dates, it was found that no internal
calibration was needed. If comparing data from different microscopes or detection antibodies
measured on different lasers, we would however recommend imaging fluorescent calibration
beads and normalize the measured fluorescence intensities to these. Image analysis and data
treatment were performed using the ComDet plugin in Fiji (ImageJ), which allowed for
identifying and localizing the liposomes and extracting the DiD fluorescence intensity of each
liposome, as well as the AF488 intensity co-localized with the liposome.

4648871 the integrated intensity of the liposome membrane dye can be

As previously published,!
converted to diameter, since the integrated intensity of the DiD membrane label is proportional
to the number of membrane dyes, which scales with the surface area. The liposome diameter is
consequently proportional to the square root of the integrated intensity, scaled by a calibration
factor. The calibration factor is obtained by DLS and correlated to the mean integrated intensity
calculated from an intensity histogram of the confocal images of the liposomes. Previous
control experiment using electron microscopy have shown that the integrated intensity-based
liposome size conversion is not significantly biased by multi-lamellar liposomes as the presence
of these is negligible (<5 %).1*’! Furthermore, previous single liposome characterization
experiments with liposomes containing pre-mixed pairs of fluorophores have shown that
significant curvature-dependent sorting of the liposome reporter lipid-fluorophore (like DiD)

does not occur, and hence that the molar percentage of lipid fluorophore in the individual

liposome does not depend on the size of the liposome.!*!*8]. Finally, the method for converting
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integrated liposome intensity signals to liposome diameters have previously been rigorously
established and benchmarked against classical methodologies such as electron microscopy and
DLS, estimating a + 5 nm uncertainty on the liposome diameter determined by the fluorescence

463871 For each liposome the integrated AF488 or FITC intensity scales with the

approach.!
number of detection antibodies bound to the liposome, and hence the number of adsorbed
opsonins. Thus, the AF488/DiD intensity ratio gives us the absolute density in arbitrary units.
Data filtering into size groups was done using Excel. Statistical analysis was performed in
GraphPad Prism.

In order for the immobilized liposomes to accurately represent the structure of the non-
immobilized nanocarrier, we ensured to follow previously established protocols for executing

41-43471 where a plethora of control experiments have confirmed the

the single liposome assay,!
liposome structural integrity upon surface immobilization. It has previously been shown that
liposomes display negligible non-specific surface interaction as no immobilization was
observed when the streptavidin linker was absent.[**] Additionally, liposomes with encapsulated
fluorescent molecules do not display leaking upon immobilization, confirming that liposome
are intact (do not rupture or fuse) on the surface.®®) Finally, FRET patterns between
immobilized liposomes and supported lipid bilayers helped confirm that surface immobilization
of liposomes through streptavidin-biotin coupling can be fine-tuned to avoid detrimental

liposome:surface interactions, hereby preserving the spherical shape of liposomes.*®!

Separation of liposome-bound from free C3b using SEC: In order to quantify the binding of
plasma proteins to liposomes, Naked or DSPE-PEG liposomes labelled with 0.1% DSPE-Cy5
(Avanti Polar Lipids) were diluted in fresh human plasma to a final concentration of 2 mM total
lipid and approx. plasma concentration of 95%. As a control, plasma diluted to 95% with
HEPES buffer was used. After 1 h incubation, the sample (1 mL) was applied to size exclusion

chromatography (SEC) columns. SEC was performed using a Sepharose CL-4B matrix (GE
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Health- care, Little Chalfont, UK) packed in 50 cm Econo-Column glass chromatography
columns purchased from Bio-Rad (Hercules, CA, USA) with PBS as mobile phase. The flow
was kept at 0.5 mL min™! using a Masterflex peristaltic pump (Cole Parmer, Illinois, USA). The
first 24 mL eluting from the column were allowed to run into the waste before initating
collection of fractions. 24 1-mL fractions were collected before allowing the free plasma
proteins to elute into the waste. The column was then left to clean for 105 minutes before adding
the next sample. 125 pL of each fraction were loaded into a black 96-well plate and the liposome
eluting profile determined using the DSPE-Cy5 fluorescence (excitation at 649nm and reading
emission at 666nm) and comparing to a standard range of the corresponding liposomes. The
protein concentration in the samples was determined by reading the protein auto-fluorescence
(excitation at 295nm and reading emission at 345nm) and comparing to a BSA standard range.
Fluorescence readout was done using a TECAN Spark microplate reader. For each sample,
fractions containing >7.5% of the total eluting DSPE-Cy5 was pooled into one sample. Samples

from different donors were analysed separately.

Quantitative tandem mass spectrometry: LC-MS/MS was used to identify and quantify proteins
bound to the liposomes after separation of liposomes with their biomolecular corona from
complete plasma using SEC. This was done using previously established protocols for protein
corona characterization.[?®73 First, 250 pL of the samples under investigation were mixed with
lysis buffer (5% sodium deoxycholate, 50 mM triethylammonium bicarbonate, pH 8.5, 250 uL)
in Protein LoBind Eppendorf tubes. The samples were then incubated at 95 °C for 5 min for
denaturation of the proteins. Subsequently, the samples were transferred to a Microcon-10kDa
centrifugal filter unit (Merck) and centrifuged at 14,000 g until the solvent had flown through
the filter. After discarding the filtrate, the samples were reduced and alkylated at 10 mM tris(2-
carboxyethyl)phosphine, 50 mM 2-chloroacetamide in digestion buffer (0.5% sodium

deoxycholate, 50 mM triethylammonium bicarbonate, pH 8.5, 200 uL). The samples were
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incubated for 30 min at 37 °C followed by another centrifugation at 14,000 g until the solvent
had flown through the filter. The filtrate was discarded, and the samples were washed by adding
200 pL digestion buffer, followed by another centrifugation (14,000 g). The inner spin filters
were transferred to new collection tubes, and Pierce Trypsin Protease, MS Grade (Thermo
Scientific) in digestion buffer was added to the filters in a protein:trypsin ratio of 50:1. The
samples were vortexed and incubated overnight at 37 °C to digest the proteins. The following
morning, the samples were centrifuged at 14,000 g until the protein digest had flown through
the filters. To ensure complete recovery of the protein digest, 50 mM triethylammonium
bicarbonate buffer (100 uL, pH 8.5) was added to the filters, and the filters were centrifuged at
14,000 g until the buffer had flown through the filters and into the collection tubes. Next, ethyl
acetate extraction was performed by adding ethyl acetate (450 pL) and trifluoroacetic acid (7.5
uL) to all tubes. The tubes were vortexed and centrifuged at 14,000 g for 5 min to obtain phase
separation. The top organic phase, containing the sodium deoxycholate and phospholipids, was
removed by pipette to get rid of the sodium deoxycholate. Additional ethyl acetate (450 pL)
was added to all samples and the procedure was repeated, thus attaining the bottom phase,
containing the peptides only. Each sample was then dried in a vacuum centrifuge and
resuspended in 30 pL 2% acetonitrile (MeCN), 0.1% trifluoroacetic acid (TFA), 0.1% formic
acid (FA) aqueous solution. The samples were vortexed, spun down using a minicentrifuge, and
ultrasonicated for 2 min. Subsequently, the samples were spun down at 14,000 g, 8 uL of the
supernatant loaded into a 96-well plate and spiked with a total of 100 fmol MS Qual/Quant QC
Mix (Sigma Aldrich), yielding a total volume of 10 puL, which was all injected.

The samples were investigated in technical dublicate using a UPLC-nanoESI MS/MS setup
consisting of a Dionex RSLC nanopump (Dionex RSLC 3500, Thermo Fisher Scientific)
connected to a Q Exactive HF-X-Hybrid Quadrupole-Orbitrab mass spectrometer (Thermo
Fisher Scientific). The peptide samples were loaded onto a C18 reversed phase precolumn

(Dionex Acclaim PepMap RSLC C18, 2 um, 100 A, 100 um x 2 cm) and separated on a 50 cm
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analytical C18 Micro pillar array column (uWPAC, PharmaFluidics) at 30 °C with a constant flow
rate of 0.75 pL min"!. The mobile phases were (A) water with 2% MeCN and 0.1% FA and (B)
MeCN with 0.1% FA. The loading was done with 2% B over 5 min. The separation was
performed by a linear gradient from 8% B to 30% B over 35 min. All solvents were MS-grade.
A full MS scan in the mass range of m/z 375 to 1200 was acquired at a resolution of 120,000.
The precursor ions were isolated using a quadrupole isolation window of m/z 1.6 and
fragmented using higher-energy collision dissociation (HCD) with a normalised collision
energy of 28. Fragmented ions were dynamically added to an exclusion list for 15 s.

All acquired MS scans were searched using default settings in MaxQuant/Andromeda
1.6.10.43., against a human reference database (Uniprot, proteins entres: 20.368, accessed
20/10-2019). Standard settings were employed with carbamidomethyl (C) as a static
modification and protein N-terminal acetylation, deamidation (NQ) and oxidation (M) as
variable modifications. Protein identification was reported at a FDR of 1%, with identification
match between runs toggled on. The MaxQuant results were processed using Perseus 1.6.10.43.
One or more unique peptides in at least one group were required for protein quantification using
LFQ. Proteins identified solely by site as well as reverse peptides were removed from the results.
Keratins were considered to be contaminants, and were also removed from the final list of

proteins.
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