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In situ analysis of liposome hard and soft protein
corona structure and composition in a single
label-free workflow+
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Methodological constraints have limited our ability to study protein corona formation, slowing nano-
medicine development and their successful translation into the clinic. We determined hard and soft
corona structural properties along with the corresponding proteomic compositions on liposomes in a
label-free workflow: surface plasmon resonance and a custom biosensor for in situ structure determi-
nation on liposomes and corona separation, and proteomics using sensitive nanoliquid chromatography
tandem mass spectrometry with open-source bioinformatics platforms. Undiluted human plasma under
dynamic flow conditions was used for in vivo relevance. Proof-of-concept is presented with a regular
liposome formulation and two light-triggered indocyanine green (ICG) liposome formulations in pre-
clinical development. We observed formulation-dependent differences in corona structure (thickness,
protein-to-lipid ratio, and surface mass density) and protein enrichment. Liposomal lipids induced the
enrichment of stealth-mediating apolipoproteins in the hard coronas regardless of pegylation, and their
preferential enrichment in the soft corona of the pegylated liposome formulation with ICG was observed.
This suggests that the soft corona of loosely interacting proteins contributes to the stealth properties as a
component of the biological identity modulated by nanomaterial surface properties. The workflow
addresses significant methodological gaps in biocorona research by providing truly complementary hard
and soft corona compositions with corresponding in situ structural parameters for the first time. It has
been designed into a convenient and easily reproducible single-experiment format suited for preclinical
development of lipid nanomedicines.
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Nanoparticles (NPs) assimilate with their physiological milieu
to assume a biological identity, the protein corona, which
determines their safety and efficacy profile." Common rep-
resentations of corona structure involve a dynamic soft corona
(SC) of high exchange rate proteins and a more slowly exchan-
ging hard corona (HC) composed of tightly-bound proteins
with more specificity for the nanomaterial surface."*® The
implications and proposed mechanisms of corona formation
on different NPs have been extensively reviewed elsewhere,>*®
but it is important to note that a combined understanding of
the physical structure and biological functionalities is required
to predict their behaviour with clinical relevance. These
attempts are complicated by possible nanomaterial-induced
conformational changes in the bound proteins,” which may
escape the traditional methods of preclinical toxicology and
can only be observed in in vivo.® It was recently demonstrated
that the corona controls NP interactions with immune cells

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 MP-SPR and quantitative proteomics workflow for liposomes. HC, hard corona; SC, soft corona; RPA, relative protein abundance.

and pre-coating with artificial coronas prepared in vitro'® or
in vivo'® can be employed to extend their blood circulation
times and control biodistribution. Identical NPs may also form
coronas with different sizes and compositions in different
individuals, due to the effect of individual variation and
disease on plasma composition or protein structure.”* ¢
these “personalized” or “disease-specific” coronas may lead to
different biological responses to the NPs, the therapeutic
response and toxicity exhibited by NPs may vary between
patients.

Progress has been made in the proteomic characterization
of the corona, often by comparing different NPs as a function
of time in a variety of physiological fluids,”'® and more
recently by contrasting in vitro and in vivo conditions in both
humans and experimental animals."** Several environmental
corona-altering variables have been identified, e.g. dynamic
flow conditions,"” temperature,'® and duration of exposure.’
The plasma used in vitro is most often diluted due to methodo-
logical constraints, and thus unable to mimic corona
dynamics observed at physiological 19,20
Plasma is one of the most complex biological matrices, which
further complicates studies on corona composition and
kinetics.*'®>' Removal of loosely bound proteins during
sample processing, which also changes the relative compo-
sition of the residual proteins, have made it difficult to assess
the biological relevance of the SC.*>*” Our limited holistic
understanding of corona formation therefore hinders the
development of nanomedicines and their successful trans-
lation into clinical use.> Non-invasive in situ analysis is the
pragmatic approach to overcome this challenge.

Multi-parametric surface plasmon resonance (MP-SPR)
is an established technique to characterize organic bio-
molecular layers composed of a small number of interacting
species.”®° We pioneered its use to study corona formation
and opsonin binding in situ on biosensor-immobilized lipo-

Since

concentrations.

This journal is © The Royal Society of Chemistry 2020

somes in undiluted protein solutions.’* Herein, we present a
workflow for undiluted human plasma to allow for simul-
taneous characterization of physical corona parameters
(surface mass density, protein-to-lipid ratio, and thickness) by
MP-SPR, and complementary SC and HC compositions with
nanoliquid chromatography tandem mass spectrometry
(nLC-MS/MS) and open-source bioinformatics platforms
(Fig. 1). A novel biosensor with decylamine lipid anchors to
capture the liposomes and repellent poly-N-[tris(hydroxy-
methyl)methyl]acrylamide (pTHMMAA) moieties to reduce
unspecific protein binding directly on the MP-SPR biosensor,
permitting the elution of corona fractions for proteomics, is
presented.’>?* Our objective was to use a straightforward pro-
teomics approach that emphasizes fast processing of small
sample amounts by focusing on the most enriched SC and HC
protein species most likely to induce a biological response.
The workflow was applied to study regular liposomes and
light-triggered indocyanine-green (ICG) liposomes®* with and
without polyethylene glycol (PEG) for proof-of-concept in pre-
clinical development (Fig. S77).

Results and discussion

Liposomes are immobilized without modifications on a
protein-repellent sensor

Fig. 2 presents the MP-SPR instrument and measurement
setup, where no changes to the liposome formulations are
needed for immobilization with the capture biosensor.

Lipid anchors capture liposomes from inflow by intruding
the lipid bilayer without inducing leakage.**>*® The hydro-
philic self-assembled monolayer surface of thiol-grafted
PTHMMAA, functionalized with hydrophobic decylamine
anchors (pPTHMMAA-BDA) via bromoacetic linkers, forms lipo-
some layers on the sensor without rupturing them into planar
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Fig. 2 A. MP-SPR liposome immobilization on the pTHMMAA-BDA bio-
sensor inside the flow channel. The liposomes are injected to the flow
channels using an external peristaltic pump. The decylamine lipid chains
capture them from inflow and immobilize them on the surface.
Although in this proof-of-concept study the same liposome formulation
was injected to both channels (Ch 1 and Ch 2), the setup permits parallel
analysis of different formulations in the same measurement. B. MP-SPR
measurement with the two main measurement stages for the soft
corona (SC) and the hard corona (HC).

membrane surfaces and reduces protein binding directly on
the sensor (Fig. S1-41). The highly repellent properties of
PTHMMAA are mainly attributed to the bulkiness and high
hydrophilicity of its TRIS headgroups that, together with water
molecules, limit hydrogen bonding interactions between pro-
teins and the polymer.>> pTHMMAA-BDA sensors provide an
advantage over carboxymethyl dextran gel matrix-based lipid
anchor sensors (e.g. Biacore L1 chip*>*®) by reducing unspeci-
fic protein binding on the sensor coating and permitting
sample elution for proteomics studies with limited degra-
dation over three runs (Fig. S57).

All formulations have an almost neutral surface charge and
were found positive for trace endotoxins originating from the
starting materials and preclinical manufacture facilities, a
common issue in nanomedical development®” (Table S17). The
molar composition of these liposome formulations is 90%
phosphatidylcholines DPPC and DSPC, both commonly used
due to their biocompatibility.*® Since ICG has been shown to
form clusters with PEG on the surface of liposomes, the result-
ing effect on corona structure and composition could also be
explored (Fig. S77).

The liposomes display substantial differences in their
binding amounts and kinetics during immobilization, as
demonstrated in Fig. 3 and S6.7 The non-pegylated liposome
F1 with ICG localized in the lipid bilayer has the strongest
affinity for the biosensor, which is decreased by both pegyla-
tion and absence of ICG. Since ICG is an amphiphilic com-
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Fig. 3 Representative liposome immobilization profiles for three ICG
liposome formulations on pTHMMAA-BDA sensors at the 670 nm inci-
dent wavelength using MP-SPR (injection at 0 min). Arrows indicate
buffer injection to remove loosely bound liposomes. Liposome illus-
trations adapted from a Frontiers publication under CC-BY 4.0.%°

pound,’® and ICG on F2 clusters within the PEG layer
(Fig. S71),>* interactions of the TRIS headgroups may influence
the sensor binding of F2 in addition to capture by lipophilic
anchors. F3 has the lowest affinity for the sensor surface, poss-
ibly due to the lack of ICG interference in the PEG layer, which
retains an optimal repellent conformation. A dissociation
phase is observed after buffer injection with the pegylated for-
mulations F2 and F3, but not with the non-pegylated F1 due to
surface lipophilicity. During immobilization, an increase
exceeding 0.1 arbitrary units is consistently observed in the
SPR peak minimum intensity in the full SPR angular scan
curve measured at the 785 nm incident wavelengths of the SPR
curve for F1 and F2, but not for F3 without ICG (Fig. S87).
These characteristic changes in the SPR peak minimum inten-
sity measured at 785 nm can be attributed to the presence of
ICG in the formulation, since the maximum absorption spec-
trum of ICG varies from 785 nm in monomeric to 690 nm in
aggregate state.*"*

Interactions of undiluted plasma with liposomes in situ
display reproducible kinetic profiles

Fig. 2B and 4 depict the human plasma interaction measure-
ment with MP-SPR with two measurement stages corres-
ponding to the SC and HC, respectively. Citrate-anticoagulated
fresh-frozen plasma collected within 24 hours (FFP24) is used
for its in vivo relevance'® and availability from many national
blood services as a pre-pooled product. The total protein con-
centration of the injected plasma, measured using the BCA
assay, was 75.8 mg ml™'. After 15 to 20 min, the plasma injec-
tion is switched to buffer, which flushes off the SC for proteo-
mics analysis and reveals the HC. After a wash out period, the
liposomes and the tightly-bound HC proteins on their surface
are eluted off the sensor’s decylamine lipid anchors using
Rapigest SF, an LC-MS/MS compatible surfactant. SC for-
mation can be observed with all formulations following
plasma injection with distinct and reproducible kinetic pro-
files (Fig. 4 and Fig. SOY).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Sensogram of the plasma interaction following the liposome
immobilization step, compensated for the bulk effect. Plasma injection
(0 min) is followed by a buffer injection (]) to wash off the loosely bound
SC proteins and reveal the HC. The HC fraction is collected following an
injection of the Rapigest SF surfactant (]). The time points used for cal-
culating layer properties are indicated with the vertical lines.

Interestingly, the plasma interaction profile of the non-
pegylated F1 is different from the pegylated formulations:
instead of a gradual increase without surface saturation, a
gradual decrease is observed with F1. This suggests that the
non-pegylated surface repels plasma proteins and other bio-
molecules after the initial protein layer is formed, whereas the
PEG-surfaces constantly accumulate biomolecules on their
surface and their deposition does not saturate within 20 min.
When the plasma injection is switched to buffer to elute the
SC and reveal the HC, the loosely bound biomolecules dis-
sociate readily with similar kinetics from all the liposome sur-
faces. These results also demonstrate that the sensing depth of
SPR, which is approximately half of the incident wavelength or
335 nm with a 670 nm laser as the lower wavelength, is
sufficient to study corona formation on 120 nm liposomes.**"**

Biophysical analysis of protein “shells” for more accurate
characterization of the hard and soft corona subsections

The real-time SPR sensograms have been compensated for
bulk effect and the liposome immobilization levels have been
adjusted to the same baseline. However, the residual amounts
of adsorbed biomolecules in the corona, and the corres-
ponding thicknesses on the different liposomes, should not be
analysed directly from the plasma SPR responses because
different amounts of liposomes are adsorbed on the sensor
surface in each case. Therefore, to obtain comparable values,
these are analysed in combination with the SPR responses
obtained during the liposome immobilization stage (Fig. S67).
This permitted us to compare the amount of protein adsorbed
to the amount of immobilized lipid, enabling the determi-
nation of effective corona thicknesses for each case. The SPR
response right before the signal decreased as a result of
switching from plasma to buffer, or from buffer to surfactant
injection, was used to represent the SC and HC phases,
respectively (indicated by the vertical lines in Fig. 4).>%*
Liposome diameters (d) were first estimated by software-
assisted layer solving using two wavelengths (670 nm and
785 nm), and the contributions of changes in bulk liquid

This journal is © The Royal Society of Chemistry 2020
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refractive index to the SPR responses were corrected simul-
taneously. The protein corona thicknesses were then deter-
mined using the formalism presented in ESL.f SC was con-
sidered as a denser embedded HC layer covered by loosely
interacting proteins. Although protein binding to nano-
material surfaces may employ crowding effects such as cluster-
ing,*® the analysis was conducted based on the assumption of
random sequential adsorption (maximum surface coverage
54% for spheres in a 2D system).?” To determine the liposome
amounts, either the light-absorbing properties of ICG (F1 and
F2) or the ratio of the saturated liposome immobilization
responses at two wavelengths (F3) were used. The relative
amounts of protein and lipid were accounted for by assuming
that the number of liposomes was equal to the number of
spherical shells of protein coating the liposomes on the
sensor. Using this equality, the effective corona thicknesses for
the corona subsections (I,) were calculated, where the calcu-
lated thickness depends on the choice of mass density in the
protein layer. For comparison, the average effective protein
thicknesses of the HC and SC, based on their average molar
mass values, are presented along with the modelled effective
corona thicknesses (Table 1).

The calculation of the average molar mass of protein is
based on the actual corona compositions obtained in the pro-
teomics analysis, but it does not account for formulation-
specific differences and corresponds to the estimated thick-
ness of a single HC or SC protein layer assuming random
sequential adsorption (eqn (S12)}). Since the SPR method
averages over the entire layers of biomolecules on the liposome
surface, and thicknesses (I,) denote layers with the same
density, an effective corona thickness value that is below the
average protein thickness after normalizing for liposome
amount suggests that the biomolecules on their surfaces are
not tightly packed. Surface mass densities (mass per unit area)

Table 1 MP-SPR biophysical analysis results for liposome diameter d,
surface mass density I, and effective thickness of the protein layer [,
with protein-to-lipid ratio (P/L %) of ICG liposome (L) soft (SC) and hard
(HC) coronas, presented as a mean with S.E.M. The average effective
protein thicknesses and molecular weights for SC and HC based on pro-
teomics analysis are presented for comparison

';‘%H 33
L d nm 86.63 £ 15.78 67.87 £ 31.20 89.13 + 31.12
I'ng em™?  1557.64 +239.48  341.88 + 26.42 199.97 £ 20.18
SC [,nm 4.04 £ 0.85 10.22 + 1.38 18.16 + 1.06
I'ng em™  896.56 + 55.73 731.16 £108.14 843.38 +1.26
P/L % 0.76 £ 0.17 2.67 +0.54 5.21 +0.57
HC [,nm 0.94 £ 0.52 3.17 £ 0.07 4.34 +1.68
I'ng em™  173.13 +71.38 168.91 £ 15.62 130.72 + 44.32
P/L % 0.14 £ 0.08 0.50 + 0.02 0.75+0.34
Average effective protein thickness ~ SC 2.9 nm
and molecular weight: 65 kDa
HC 3.1 nm
77 kDa
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Fig. 5 Comparison of surface mass densities between three liposome
formulations based on optical parameters obtained at 670 nm: liposome
(L), soft corona (SC), and hard corona (HC). B. Comparison of the
effective corona thicknesses ({,).

are essentially the product of the thickness and optical density
at one wavelength, detected at 670 nm to avoid any inter-
ference by ICG. When the HC or SC surface mass densities are
compared to the corona thicknesses, the difference in the lipo-
somal surface mass densities must be considered using the
protein-to-lipid ratio (i.e. number of molecules) (Fig. 5 and
Fig. S107).

Considering that liposomes are not immobilized as ideal
spheres but are truncated as a result of their interaction with
the surface and may shrink osmotically as a result of protein
binding,""*® the liposome layer diameters (d) are in good
agreement with the 110 + 20 nm to 120 + 27 nm DLS bulk dia-
meters (Table S11). Comparing the calculated effective corona
thicknesses (,) to the size range of proteins in plasma, which
is between 3-18 nm,*® the mean thicknesses suggest a 1-4 nm
monolayer configuration for the HC, and 4-18 nm a structured
organized configuration of at least protein bilayer thickness
for the SC. Recent studies that have visualized in vivo coronas
have noted that they appear not to coat the entire surface of
the liposome, at least after separation and washing.>'* Since
the estimated effective average protein thickness for HC was
3.1 nm, a lower value for the effective corona thickness on F1

1732 | Nanoscale, 2020, 12, 1728-1741
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indicates that the proteins on the surface are not tightly
packed into a single uniform protein layer but are spread out;
the F2 and F3 effective HC thicknesses suggest more tightly
packed monolayers of protein. The percentage protein-to-lipid
ratio reflects the same trend, but F2 with PEG-clustered ICG
showed remarkable consistency in HC formation, whereas
there was less consistency in corona formation on F3 with PEG
alone.

Interestingly, pegylation slightly decreases the SC surface
mass density but does not influence the HC, and no signifi-
cant difference is observed between the two pegylated formu-
lations for SC or HC. However, the percentage protein-to-lipid
ratios show that the pegylated formulation F3 accumulated
almost twice the molar amount of proteins per amount of lipid
comparing to F2, again most likely a reflection of the amphi-
philic nature of ICG and its clustering within PEG. Several
authors have noted that the corona continues to evolve under
in vivo relevant conditions, where the amount of biomolecular
species is not limited by scarcity and where biological pro-
cesses affect the corona during its passage through different
biological compartments (i.e. immune activation and enzy-
matic modifications).>>>! In our measurements, neither of the
pegylated formulations saturated during the ca. 20 min incu-
bation period (Fig. 4 and S9t). Considering that all our formu-
lations tested positive for traces of endotoxins, it is probable
that these surfaces induced complement system activation,
which can increase the amount of bound biomolecules by as
much as 25% due to surface deposition of opsonins.’*>® The
slight differences between F2 and F3 in thickness and surface
mass density, and the clear difference in protein-to-lipid ratios
between the pegylated formulations demonstrate that ICG
influences corona formation. Overall, the mass accumulated
per area is very similar for all SC and HC, respectively, whereas
clear differences between the liposome formulations are seen
when the amount of bound protein is compared to the
amount of lipid. The replicate data calculations are provided
as ESI Table M1.}

Corona studies generally employ static incubation
conditions where protein adsorption reaches equilibrium
quickly.>® For instance, Walczyk et al. reported HC thick-
nesses of 11-12 nm before and 10.5 nm after extensive
washing for differential centrifugal sedimentation isolated
100 nm surface-carboxylated polystyrene NPs, measured
using TEM and DLS.>* More recent studies on unfunctiona-
lized 140 nm polystyrene NPs obtained a HC thickness of
15 nm by TEM and 19 nm in human serum at 37 °C using
multi-angle DLS.” The recent study by Kokkinopoulou et al.
on 140 nm polystyrene NPs visualized the SC and the HC
using TEM with negative trehalose-metal staining, which
yielded an average layer thickness between 70-100 nm for the
entire corona.” As the authors themselves stated, the corona
was more accurately described as a loose network of proteins
associated with the NP.> Overall, the reported corona thick-
nesses in literature range from a few nanometres with indi-
vidual proteins®® to a few hundred nanometres on sulfonated
polystyrene NPs in plasma.’® In our case, the calculated

This journal is © The Royal Society of Chemistry 2020
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corona thicknesses were limited by the assumption of con-
stant density. Some variation depending on the choice of ana-
lysis method as well as the biophysical analysis approach is
expected, but the results presented here clearly fall within the
limits reported in the literature.

Contrary to our hypothesis, our analysis yielded the lowest
SC thickness for the non-pegylated F1 and the highest for pegy-
lated F3, with pegylated F2 at mid-range. Previously, authors
have reported that a thinner corona forms on pegylated lipo-
somes as opposed to uncoated counterparts, with a dependence
on the PEG chain length,””*® and dynamic flow conditions
further reduce corona thickness on pegylated liposomes.'” For
instance, Pozzi et al. showed that the hydrodynamic diameter of
pegylated cationic liposomes at the start of the incubation in
1:1 diluted human plasma was similar to buffer. The original
size difference between the uncoated and PEG,gy,-coated for-
mulation was 30 nm, which could also suggest that the hydrated
PEG shell is compressed and the volume is replaced by the
adsorbed biomolecules. The first measurement point diameter
for the uncoated formulation was about 50 nm higher (HC
thickness of 25 nm).”” Interestingly, the size evolution of the
uncoated liposome formulation did not show significant
changes over time, whereas the thickness of the PEG,,qo-coated
formulation increased by 10-20 nm. This would be consistent
with the trend observed in Fig. 4, where the non-pegylated F1
liposome surface saturates instantly and begins shedding bio-
molecules already during the plasma interaction, whereas the
amount of surface-bound molecules increases gradually on
both pegylated formulations. Monopoli et al. have also demon-
strated using 200 nm hydrophilic silica nanoparticles that
plasma dilution increases the thickness of the hard corona.’®
Thus, the HC thicknesses obtained in this study that are at the
lower end of those reported in the literature could be partly
explained by the use of undiluted plasma.

Proteomics snapshot compositions distinguish between
complementary hard and soft corona subsections with
possible biological implications

Proteomics data acquisition was done using a high-resolution
nLC-MS/MS instrument, where each replicate measurement was
analysed separately after protein digestion, since the lack of
sufficient sensitivity has been proposed as an explanation for
the earlier findings on a constantly shifting corona
composition.*'**® A data-dependent Top N (N = 20) method
that emphasizes abundance was considered preferable, since we
expect that the most abundant corona proteins will distinguish
the different corona types — and ensuing biological responses —
most effectively. The structural properties and proteomic com-
positions of the eluted SC samples correspond to 15-20-minute
plasma exposures. The SC in terms of biophysical analysis
refers to the combination of a denser corona layer (embedded
HC) together with a diffuse layer of weakly interacting proteins,
but the eluted proteomics sample evidently cannot contain the
HC. In the following sections, HC1 indicates the hard corona
and SC1 the soft corona of F1, and so forth for the other two
formulations with three replicates. In total, 189 plasma proteins

This journal is © The Royal Society of Chemistry 2020
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were detected on a one-hour nLC gradient without fraction-
ation, of which 130 were quantified in all three biological repli-
cates of at least one corona type. On average 127 and 153
protein identifications were obtained for the SC and HC
samples, respectively. Principal component analysis (PCA) using
the top 2 components of all 189 identified human plasma pro-
teins demonstrated that 71% of the variation in protein abun-
dance clusters the samples into three main groups: SC, HC and
the human plasma source (sampled both before and after injec-
tion to MP-SPR; Fig. S111). In addition, within the SC, a very
clear distinction could be observed between F2, and formu-
lations F1 and F3 (Fig. S11 and 12%). The significant differences
observed between the plasma and corona clusters indicate
enrichment on the liposomes, while the separate HC and SC
clusters suggest distinct biological roles and ensuing responses
for these protein fractions.

After normalizing for total protein abundance, the 50 most
abundant proteoforms clearly distinguished unbound plasma
from the SC and HC corona fractions, representing 93% to
97% of the total identified plasma proteome from all samples
(Fig. 6A). Comparing to plasma, two separate clusters of
enriched proteins could be seen: proteins that were predomi-
nantly depleted in SC1 and SC3 (red box), and proteins that
are highly enriched in HC1, HC2 and HC3, and moderately
enriched in SC2 (black box). Several apolipoproteins (C-III, A-1,
A-1V), fibrinogen (alpha, beta and gamma chains) and immu-
noglobulins were notably enriched in the coronas. Recent
results by Amici et al. suggest that in vitro conditions exacer-
bate the binding of the three fibrinogen chains to liposomes
compared to in vivo conditions, and the presence of apolipo-
proteins is increased.®®

Next, we performed a relative enrichment analysis using only
those proteins with abundance values in at least three biological
replicates (139 in total). Interestingly, F2 repeatedly produced a
distinct SC2 composition, with protein annotations that were
found depleted in the other SCs and containing “HC-type pro-
teins” with 52 proteoforms in common with HCs and only 18
distinct for SC2 (Fig. 6B). A hierarchical cluster and Venn dia-
grams of the differentially abundant proteoforms between the
specified contrasts are shown in Fig. S12 and S13,7 whilst the
lists of proteins are provided as ESI Tables P1, P2, and P3.7 A
relative log 2 fold-change analysis comparing HCs identifications
to source plasma demonstrated that clusterin (7.9-fold) and apo-
lipoprotein E (7.7-fold) are the most significantly enriched pro-
teoforms (ESI Table P1t), and they are also significantly enriched
when any HC is compared to their respective SCs (ESI
Table P27). This may partly reflect the effect of washing on rela-
tive HC composition: Kokkinopoulou et al. reported increasing
relative abundances of clusterin, apolipoproteins A-I, C-II, and
A1V, and immunoglobulins in the HC with every additional
washing cycle.” As a result, immunoglobulins were the major
enriched plasma component with a relative abundance of nearly
50%.> Also, albumin is typically replaced by apolipoproteins (A,
AL, A1V, and E) during incubation on hydrophobic surfaces.’>*

Notably, this simple Top N label-free quantification approach
was sufficiently sensitive to identify protein annotations con-
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Fig. 6 A. Corona composition with the Z-score normalized hierarchical cluster of the Top 50 most abundant proteins with protein identifications
and gene symbols. The abundance profiles distinguish between HC, SC, and plasma. The red box shows proteins that are predominantly depleted in
SC1 and SC3. The black box proteins are highly enriched in HC1, HC2 and HC3 and moderately enriched in SC2. Strikingly, these proteins are com-
paratively depleted in SC samples from F2 (SC2). Liposome illustrations adapted from a publication by Frontiers under CC-BY 4.0.3° B. Venn diagram
of the differentially abundant proteoforms in HC and SC2 with "HC-type proteins”. C. Venn diagram of the differentially abundant proteoforms as a
function of the liposome formulation and the associated biological functions. Highest number of differentially abundant proteins between HC and
SC was observed with F3. The biological relevance of the HC versus SC changes with modulation of the liposome surface. Interestingly, the HC of
the pegylated formulation F3 without ICG enriched 14 genes found linked to enzyme inhibition (APOC1, SERPINA3, ITIH4, PROS1, SERPIND1, AMBP,

AGT, SERPINAL, APOC3, AHSG, SERPINF2, SERPINF1, APOC2, and APOA2).

sidered relevant by other studies in the field."””°>%"% This was
achieved without upstream fractionation that is typically done
to maximize the number of identified proteins. While these
observations also point to some degree of protein specificity for
the NP surfaces, they also underline the definition for HC as
the “analytically accessible” proteins on the surface that are not
removed by sample processing.” In the same vein, the existence
of a “softer” corona has remained disputed due to the fact that
it has remained analytically inaccessible.”> The presented work-
flow therefore replicates typical HC compositions,'”°%37>
along with truly matching SC compositions formed by weak
protein—protein or protein-surface interactions.>”*®

Biological functions modulated by liposome surface associate
with immune response, lipid processing, and enzyme
inhibition

Analysis of the biological functions associated with the HC
protein signatures of all formulations with GeneMANIA,
EnrichR, and FunRich indicated enrichment of plasma lipo-

1734 | Nanoscale, 2020, 12,1728-1741

protein particle processing with 11 corresponding genes
(Fig. 6C and S15%). This has implications for targeted drug
delivery, since an apolipoprotein-enriched corona was shown
to switch the cellular uptake mechanism and trafficking
pathway of lipid nanoparticles towards LDL-receptor inter-
actions and clathrin-mediated endocytosis.®” Based on the top-
enriched biological functions, the most immunogenic formu-
lation is F1, enriched with acute inflammatory response and
complement activation, the latter property conjoining with F3
due to 25 common complement-related genes (Fig. 6C). The
depletion of immune response-related genes in the HC2 is
explained by its preference to enrich these proteins in the SC2,
including classical and alternative complement pathway pro-
teoforms and immunoglobulins. Therefore, the presence of
clusterin on both HCs and notably SC2 may be linked to the
presence of complement system components, owing to its role
as a weak complement regulator or at least an interaction
partner in common biological pathways®® (Fig. S15%).
Excluding SC2, our multigroup ANOVA analysis of SC1/SC3
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versus HC1/HC2/HC3 signatures identified strong but non-
overlapping association with complement activation, echoing
observations on the complement’s flexibility to switch acti-
vation pathways®® (Fig. S167). Circulating biological media has
been shown to decrease the enrichment of complement
system components,”® but our results also reflect the endo-
toxin-contamination of the sample material, which is a limit-
ation but also reflects the state of affairs in nanomedicine
development.®” However, comparing complement activation by
F2 to a Doxil-replica liposome in the presence of endotoxins
demonstrated a similar tendency for activation proceeding to
the terminal pathway, at 1-4-fold compared to negative control
for C3a and sC5b-9, when 2-fold is considered activation”*
(Fig. S17%). Analysis of top biological functions reveals that the
biological relevance of the HC versus SC changes with modu-
lation of the liposome surface.

Stealth-mediating proteins enrich on liposomes regardless of
pegylation and in the soft corona

Clusterin (apolipoprotein J), which has been shown to mediate
the stealth effect of polyethylene glycol by reducing mono-
nuclear phagocyte system (MPS) uptake,”””* was significantly
enriched on the HCs of all formulations regardless of pegyla-
tion. Therefore, it is interesting that comparative analysis of
the distinct SC2 signature with the other SCs reveals a signifi-
cant enrichment of clusterin and apolipoprotein E (Fig. S12
and 137). This suggests that loosely interacting proteins may
be relevant in mediating the stealth effect towards phagocytes,
and that ICG-PEG clusters influence the SC composition in
addition to its structural properties. Since all formulations
contain trace endotoxins (F2 contained slightly less than F1 or
F3), this difference in enrichment of immune system com-
ponents is related to the ICG-PEG clusters rather than immu-
nogenicity (Table S17). Although the NP type may play a role,
this contradicts the report by Winzen et al. that apolipoprotein
A-1 is a hard corona-specific protein, when complementary
methods with separate workflows were used to study the HC
and SC on hydroxyethyl starch nanocapsules.”” Interestingly,
apolipoprotein A-I was also shown to inhibit NP cell uptake in
a recent study by Kokkinopoulou et al, which was also
observed as a result of pre-incubation with SC but not HC
proteins.’

The non-pegylated F1 repelled protein binding after the for-
mation of an initial layer of molecules, while the accumulation
on both pegylated surfaces F2 and F3 was cumulative.
Pegylation did not significantly influence surface mass
density, but it increased the protein-to-lipid ratio and thick-
ness of both HC and SC. The protein antifouling properties of
the flexible PEG molecule coatings arise from steric repulsion
and a hydration shell formed by water molecules interacting
via hydrogen bonds.”>”® Zwitterionic materials, similar to the
phosphorylcholines in the liposome phosphatidylcholine (PC)
head group, have been explored as alternative hydrophilic coat-
ings, especially for long-term biomedical applications where
PEG’s oxidation is an issue.”®”” They have been inspired by
the antifouling properties of cell membranes, which form

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

denser and thicker hydration shells with water via electrostatic
interactions.”® Compared to hydrophilic molecules with repeat
units such as PEG, zwitterionic coatings bind more water per
molecule, which also decreases the risk of protein confor-
mational changes as a result of transient surface adsorption.”®
The molecular dynamics simulations with the ICG liposomes
suggested that its presence in the lipid bilayer at a depth of
5-6 DPPC carbons destabilizes the layer slightly.** As a result,
water molecules could have better access to the zwitterionic PC
headgroup of F1, forming a repellent hydration shell that out-
performs the PEG,, coatings with optimized densities on F2
and F3.

Recent results demonstrate that PEG harvests specific apoli-
poproteins as a result of preferential binding, which inhibit
uptake and elimination by the MPS.”*®! The harvesting effect
is observed in the tendency of F2 and F3 to attract more pro-
teins per lipid to the surface and form thicker corona layers
than F1. They show that while protein enrichment is modu-
lated by surface coatings, accumulation of stealth-mediating
apolipoproteins is not dependent on PEG. However, the top
enriched biological functions for F1 were related to immune
system activation, compared to the pegylated formulations
which were associated with plasma lipoprotein binding and
enzyme inhibitor activity corresponding with MPS uptake inhi-
bition. Together with the observation on PEG’s tendency to
harvest more protein, these may suggest that more extensive
binding and enrichment of these proteoforms is necessary for
the activity of hydrophilic coatings. However, it is noteworthy
that the proteoforms do not always distinguish between
protein subtypes. For instance, clusterin exists in different
forms in different biological compartments and is present in
serum as a polydisperse mixture of oligomers with different
molecular masses.®” These different forms may have different
NP interaction modalities as well as biological functions.
However, our results show that liposomal lipids may induce
the enrichment of a similar “stealth apolipoprotein signature”,
which accumulated on F1 at lower protein-to-lipid ratios but
similar surface mass densities. Importantly, our results
demonstrate that surface coatings and structural components
such as lipids can also modulate both the structure and the
protein composition of the SC. Especially the significant rela-
tive enrichment of clusterin and apolipoprotein E of the
ICG-PEG coated F2 comparing to pegylated F3 demonstrates
that this loose network of proteins may be relevant in mediat-
ing the stealth effect towards phagocytes, since this is what the
cell sees first.

The preclinical workflow provides a convenient tool for
holistic corona tailoring

Since there is no definitive agreement on what is considered a
“full” SC, it is advantageous that the entire fraction of loosely
interacting plasma proteins is eluted from MP-SPR and sub-
jected to enrichment analysis, which looks at relative differ-
ences to identify nanomaterial-associated proteins. The trun-
cated liposomes retain their convex shapes on the sensor and
the interacting surfaces do not significantly differ from an
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in vivo experiment. While we agree with other authors that
in vitro conditions do not fully emulate an in vivo corona,'"*
we argue that in situ coronas formed under in vivo relevant
conditions are more accessible for preclinical development
and provide more flexibility and convenience for the develop-
ment scientists. The workflow complements other in situ
approaches presented in the literature that do not require
removal of “excess” proteins but require labeling, e.g. fluo-
rescence correlation spectroscopy (FCS),** '°F diffusion-
ordered nuclear magnetic resonance (NMR) spectroscopy,®*
and the asymmetric flow field-flow fractionation approach
(AF4)®® as a notable label-free method for separation of the SC.
By providing a crude assessment of packing density in the
corona layers, the presented method combination offers
insights previously limited to studies requiring sophisticated
study setups to visualize the corona ex vivo.

Although not explored in this proof-of-concept study, the
presented methods platform permits modifying the tempera-
ture, flow, and exposure time to explore their effects on the
corona structure and composition. Considering the recent
reports on selective enrichment of proteins necessary
for stealth properties and the associated PEG density
thresholds,”®®® this workflow provides a convenient method to
study “personalized protein coronas”>*>* or apply the concept
of “corona tailoring” directly into the preclinical development
of nanomedicines. Diseases and individual variation in the
plasma proteome is expected to be reflected in the compo-
sition of the corona sublayers, but the effect of disease-
induced modifications**** on the protein affinity towards NPs
should also be explored. With the method platform, this can
be done using individual proteins and in undiluted complex
protein solutions to assess the resulting effect on the corona.
Treuel et al.®’” demonstrated using albumin that carboxyl and
amine modifications influenced its affinity towards the NP but
also changed the binding orientation, which resulted in
different protein layer thicknesses. For instance, protein glyca-
tion in diabetic patients®® may affect their affinity to NPs,
which may similarly influence the structural properties of the
corona in addition to its composition. The platform is also
suitable for the creation of “artificial coronas” for immune cell
evasion'® in dynamic incubation conditions, and assessing
their stability over time under physiologically-relevant con-
ditions. Notably, the effect of the pre-coating on the properties
of the corona formed in the second incubation can be studied
without separation steps or issues with NP aggregation. The
effect of individual variation, disease, or pre-coating with artifi-
cial coronas on the SC should also be explored in the future.

In addition to exploring corona kinetics and dynamics, the
protein-to-lipid ratios permit us to further explore the link
between more accessible parameters such as “total protein
binding” on nanomedicines and the pharmacokinetic pro-
perties that reflect their blood clearance.®”°" Moreover, the
method can be used in molecular biology to study protein-
lipid binding interactions (affinity and specificity) with unila-
mellar liposomes, eliminating the need for separation or
additional quantification methods.**
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To our knowledge, this is the first time that complementary
compositions for a HC and SC have been provided in one
workflow, while also providing information on the corres-
ponding relative structural properties of these layers (thick-
ness, protein-to-lipid ratio, and surface mass density), without
batch or interexperimental variation. Moreover, this is accom-
plished using undiluted and flowing human plasma for
increased in vivo relevance, since dilution is known to influ-
ence dynamic equilibrium reactions relevant for corona
formation.*"*® Depleted, disease-state-associated, or patient-
specific protein solutions may be used with the current diges-
tion protocol, but cellular fractions require modifications to
the microfluidics and additional separation steps. Both the SC
and the HC can be studied at different time-points with
sufficient sensitivity to analyse individual biological replicates.
Sensor technologies can be developed for other nanoparticle
technologies (excluding metallic). Hence, the presented work-
flow answers significant methodological limitations in the
field.>*'**%°* Moving “beyond the protein corona”, the work-
flow will be modified for other omics methodologies - for
lipids, nucleic acids, and sugars - to provide a more holistic
picture of biocorona formation in different biological
matrices.™*>

Materials and methods
Preparation of ICG liposomes

The liposomes were prepared for immediate use with a pre-
viously reported protocol with modifications.?* 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distear-
oyl-sn-glycero-3-phosphocholine (DSPC), 1-stearoyl-2-hydroxy-
sn-glycero-3-phosphocholine  (Lyso PC), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE), and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N [methoxy( polyethylene
glycol)-2000] (DSPE-PEG) were bought from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). All other compounds were
bought from Sigma-Aldrich (St Louis, MO, USA). Briefly, the
lipids were dissolved in chloroform at molar ratios of
75:15:10:4 for DPPC:DSPC:Lyso PC:DSPE or DSPE-PEG,
respectively (10 pumol of total lipids). The liposomes were
formed by a thin film hydration method followed by extrusion
through a polycarbonate membrane. Chloroform was evapor-
ated by heating to 60 °C and gradually reducing the pressure
to 70 mbar under a nitrogen flow in a vacuum rotary evapor-
ation system (Biichi R-114, Biichi Labortechnik AG, Flawil,
Switzerland). The resulting thin lipid layer was hydrated at
60 °C for 1 h with 500 puL of HEPES buffer solution (20 mM
HEPES, 140 mM sodium chloride, pH 7.4, 280 mOsm kg_l)
including ICG (0.2 pmol). The formulations differ in regards of
presence of PEG (formulations 2 and 3) and ICG (formulations
1 and 2). During the hydration, ICG is stabilized within the
bilayer in case of formulation 1, or by clustering with PEG
chains in case of formulation 2. The samples were then
extruded 11 times (60 °C) through a polycarbonate membrane
(pore size of 100 nm) with a syringe extrusion device (Avanti
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Polar Lipids). The samples were quickly cooled down and
stored in a refrigerator. The samples were diluted with the
HEPES buffer to the final lipid concentration of 1.5 mM prior
to the measurements.

Physicochemical characterization

Liposome hydrodynamic diameters were measured in tripli-
cate at 25 °C using a Zetasizer APS DLS instrument (Malvern
Instruments, Malvern, United Kingdom). These are derived
from relative signal intensity distributions, and are reported as
a mean and S.D. of the particle size, and the polydispersity
index (PDI). The liposome surface charge was determined by
(-potential measurements in triplicate at 25 °C in DTS 1070
folded capillary cells (Malvern Instruments) using a Zetasizer
Nano ZS instrument (Malvern Instruments). Surface charge is
reported as the mean with S.D.

Endotoxin determination

The Pierce LAL chromogenic endotoxin quantitation Kkit
(Thermo Fisher Scientific, Waltham, MA, USA) was used
according to manufacturers’ instructions, with a Thermomixer
C heat-block (Eppendorf AG, Hamburg, Germany) and endo-
toxin-free consumables for incubation. A SpectrostarNano
plate reader (BMG Labtech, Ortenberg, Germany) was used to
determine endotoxin content by linear fitting of A495 nm on the
accompanying MARS software v 2.40. Endotoxin content is pre-
sented visually from (+) indicating 1.0 EU ml~" to above range
at (+++). Inhibition and enhancement controls and transmis-
sivity measurements were conducted to rule out assay
interference.

Plasma

Human plasma frozen within 24 hours (FFP24) was obtained
under a research permit from the Finnish Red Cross Blood
Service (Helsinki, Finland). O-type whole blood anticoagulated
with 1:10 citrate-phosphate-dextrose (CPD) was separated at
room temperature using a CompoMat G5 automatic blood pro-
cessing system (Fresenius Kabi, Bad Homburg, Germany). The
CPD-anticoagulated plasma may contain at most 0.030 mmol
of citric acid monohydrate, 0.056 mmol of adenine, 2.30 mmol
of glucose monohydrate, 14.6 mmol of glycine, 2.15 mmol of
mannitol, 0.88 mmol of sodium chloride, 4.80 mmol of
sodium citrate, and 1.43 mmol of sodium dihydrogen phos-
phate dihydrate, as well as trace amounts of di-2-ethylhexyl
phthalate (DEHP) plastic softener used in the packaging. The
plasma was frozen for transport, thawed at 37 °C for aliquoting
in aseptic conditions within 36 hours of phlebotomy, and
stored at —80 °C until use. The volunteer donors have provided
their informed consent for research use but their gender and
identities are anonymized by the supplier.

Liposome capture biosensor

Gold-plated SPR102-AU sensor chips (BioNavis Ltd, Tampere,
Finland) were cleaned by boiling for 5 min in H,0, : NH; : H,O
(volume ratios 1:1:5) and washing with Milli-Q water (Merck
KGaA, Darmstadt, Germany). Adapting a protocol described
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earlier,”® the sensors were immersed in 0.2 mg ml "
pPTHMMAA (synthesized according to Albers et al.**) in a solu-
tion of 99.5% (w/w) ethanol (Altia Oyj, Rajamiki, Finland) and
Milli-Q water (8:2) to form a self-assembled monolayer (SAM)
by a thiol-graft-to-gold reaction at room temperature for 1 day.
The SAM-surfaces were flushed with Milli-Q and ethanol 70%
(w/w), and dried with N, (g) (Oy Aga Ab, Espoo, Finland). The
SAM pTHMMAA tris-ends were activated by 1 M bromoacetic
acid (Merck KGaA) in 2 M sodium hydroxide (Honeywell
Riedel-de-Haén, Morris Plains, NJ, USA) for 15 min, followed
by 10 min in 80 mg ml™" EDC (Merck KGaA) and 20 mg ml™*
NHS (Merck KGaA) in sodium diphosphate buffer (Honeywell
Fluka, Morris Plains, NJ, USA). The sensors were immersed for
10 min in 30 mg ml™" decylamine suspension and treated for
1 min with 1 M 2-aminoethanol (pH ~ 8.5). The sensor was
characterized with polarization modulation-infrared reflec-
tion-adsorption spectroscopy (PM-IRRAS), quartz crystal
microbalance (QCM) and contact-angle measurements in
addition to MP-SPR. The functionalized pTHMMAA-BDA
sensors were washed and dried as described earlier and stored
at 4 °C. Sensor development and characterization are
described in detail in the ESL.{

Multi-parametric surface plasmon resonance (MP-SPR) studies

The measurements were conducted with an MP-SPR Navi™
220A (BioNavis Ltd) using 670 nm and 785 nm incident laser.
To enable the use of undiluted plasma, the autosampler loops
were replaced by two flow channels with 0.51 mm Tygon
LMT-55 (Saint-Gobain Performance Plastics, Paris, France) and
0.51 mm PEEK (IDEX Health & Science, Wallingford, CT, USA)
tubing connected to a PEEK flow cell (BioNavis Ltd), with an
Ismatec ISM596D digital peristaltic pump (Cole-Parmer
GmbH, Wertheim, Germany). Liposome immobilization and
plasma interaction measurements were conducted at a flow
rate of 50 pL min~" with the flow cell temperature at 20 °C.
The pTHMMAA-BDA sensors were subjected to running buffer
(HEPES 10 mM, NaCl 150 mM, pH 7.4) until the SPR senso-
gram signal stabilized. The same liposome formulation was
injected into both channels for ca. 10 min, followed by
running buffer to remove uncaptured liposomes. Human
FFP24 plasma was thawed rapidly up to 90% in a 37 °C water
bath and vortexed to ensure heat homogeneity before injection
into both channels.®" After switching from plasma to buffer
injection, the entire SC fraction (~20 min corona) was col-
lected into an Eppendorf Protein LoBind tube (Eppendorf AG),
moved immediately to —20 °C. After the SPR signal stabiliz-
ation, the running buffer was continued for 20-30 min to
remove all loosely bound biomolecule species, followed by
injection of a 0.1% Rapigest SF (Waters Inc., Milford, MA,
USA) bolus and collection of the HC fraction. Flow-through
plasma on a saturated uncoated sensor was used as the source
control for proteomics analysis. Sensor-eluted corona and
source plasma samples were tried overnight at 30 °C using an
Eppendorf Concentrator Plus (Eppendorf AG) in aqueous solu-
tion mode, and digested or stored as pellets at —20 °C until
digestion. All liposome formulations were measured in tripli-
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cate (‘biological replicates’) using dedicated sensors up to
three times. The pTHMMAA-BDA sensors were rejuvenated
with CHAPS 20 mM (Sigma-Aldrich), ethanol 70% (Altia Oyj)
and Milli-Q water (Merck KGaA), and stored immersed in
CHAPS at 4 °C. After use, the microfluidic system was washed
with a mock sensor as described earlier, with CHAPS replaced
by Hellmanex II 2% (Hellma Analytics, Miillheim, Germany).

MP-SPR biophysical analysis

MP-SPR Navi™ LayerSolver™ version 1.2.1 (BioNavis Ltd) was
used for thickness d and refractive index n analysis using two
wavelengths (670 nm and 785 nm). For the light-absorbing
ICG liposomes, an algorithm was used to solve complex refrac-
tive index n + ik and thickness d simultaneously using the two
different wavelength spectra from the same time point from
multiple full SPR spectra in a numerical iteration
procedure.”>* SC refers to the combination of a denser
corona layer (embedded HC) together with a diffuse layer of
weakly interacting proteins.*’ Calculations of surface-mass
density (I) and effective layer thicknesses (I,) of the protein
corona were conducted using analysis based on Jung model,®
as described in the ESL{ For non-ICG liposomes,
LayerSolver™ was used only for correcting the bulk contri-
bution in shift of SPR peak angular minimum during the
injection of plasma. Diameters of non-ICG liposomes, derived
from the ratios of Jung model responses from the two wave-
lengths, were used in the modelling.

Sample preparation for proteomics

Three independent biological replicates from all three formu-
lations were resuspended after drying in 50 mM ammonium
bicarbonate buffer (AMBIC), pH 7.8, supplemented with 0.1%
RapiGest SF (Waters Inc.). The source plasma pool was solubil-
ized in 0.2% RapiGest SF (Waters Inc.) prior to resuspension.
The protein concentration of the source plasma and each
sample was determined with a standard BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). Samples were
either diluted further or pipetted directly to a final volume of
50 pl in AMBIC, such that the final protein amount used for
preparation of tryptic peptides was 7 pg. Tryptic peptides were
prepared using In-Solution Tryptic Digestion and Guanidination
Kit (Thermo Fisher Scientific) according to manufacturer’s
instructions but without the final guanidination step. After over-
night digestions, formic acid was added ad 0.1% and incubated
for 45 min at 37 °C to remove Rapigest SF, followed by centrifu-
gation at 13 000 rpm for 15 min to remove particulate debris.

Nanoliquid chromatography tandem mass spectrometry

Samples were transferred into 250 pl autosampler microvials
(Thermo Fisher Scientific) and loaded into an Easy-nLC 1200
(Thermo Fisher Scientific) coupled to an Orbitrap Fusion MS
(Thermo Fisher Scientific). Chromatographic separation of
about 100 ng of peptides was carried out in commercially
packed Acclaim PepMap C18 columns (2 pm, 100 A, 75 mm,
15 cm; Thermo Fisher Scientific). The peptides were loaded in
buffer A (5% acetonitrile and 0.1% formic acid) and eluted
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with a 1 h linear gradient from 5% to 30% buffer B (80% aceto-
nitrile and 0.1% formic acid). Three biological replicates were
sequentially injected with two 15 min wash runs and a 1 h
blank run alternated between distinct “treatments”. Mass
spectra were acquired using a Top 20 data-dependent method
with an automatic switch between full MS and MS/MS (MS2)
scans. The Orbitrap analyser parameters for the full MS scan
were resolution of 120 000 mass range of 350 to 1800 m/z, and
AGC target of 4e5 ions, whereas those for MS2 spectra acqui-
sition were resolution of 30 000, AGC target of 5e4 ions, with
an isolation window of 2 m/z and dynamic exclusion of 30 s.
Column chromatographic performance was routinely moni-
tored with intermittent injections of 50 fmol of a commercially
available BSA peptide mix (Bruker Corp., MA, USA), as well as
evaluating double-wash runs for carry-over peptides.

Proteomics data processing and analysis

Protein groups identification and quantification were carried
out with the MaxQuant®’ software package v1.6.1.0, with the
UniProtKB human FASTA file containing 86725 entries to
which 245 commonly observed contaminants and all reverse
sequences were added. Each sample was injected 3 times, and
the match between runs feature in MaxQuant was
implemented to transfer identifications between technical
replicates. Identification of co-fragmented peptides in all MS/
MS spectra was enabled with the second peptides option in
MaxQuant. All other peptide and protein identification para-
meters were used in their default settings in MaxQuant.
Differential abundance analysis and hierarchical clustering
were carried out with the Perseus®® data analysis software v.
1.5.6.0. Abundance values were log2 transformed, protein
identifications classified as being only identified by site, and
reverse sequences and potential contaminants were filtered
out from the main data frame. Additionally, only identifi-
cations with non-zero intensity values in all three biological
replicates from at least one ‘treatment’ were retained for com-
parisons. Abundance intensities of identified proteins across
each sample were median-normalized. For relative fold change
estimation, missing intensity values of unidentified protein
groups were replaced by random numbers drawn from a
normal distribution to mimic low abundance measurements,
using the impute from normal distribution function in
Perseus. The lowest protein intensity values for each sample
were assigned to the remaining proteins with missing quantifi-
cation values to enable differential abundance estimation.
Multiple hypothesis testing (ANOVA) was performed with a
Benjamini-Hochberg FDR of 0.05. Only ANOVA-significant pro-
teins were retained for two-sample comparisons via T-tests.
Protein groups with a greater than 1.5-fold change in abun-
dance between selected contrast sets were considered signifi-
cantly different. Unless otherwise specified, all reported fold-
changes are on a log 2 scale.

Pathway and additional data analysis

Gene set and functional enrichment analyses were carried out
with Genemania (http:/genemania.org/), EnrichR (http:/amp.
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pharm.mssm.edu/Enrichr/) or the FunRich tool,”® as indi-
cated. Additional data analysis and statistics was conducted
with Prism 7.0d for Mac OS X (GraphPad Software Inc., La
Jolla, CA, USA).

Conclusions

We present a workflow that combines in situ optical analysis of
the protein corona by MP-SPR coupled with sensitive nLC-MS/
MS analysis of the hard and soft corona subsections. The syn-
thesis of a reusable pTHMMAA-BDA-biosensor for liposome
capture and reduced sensor protein binding is presented. For
proof-of-concept, corona formation on regular liposomes and
light-triggered liposomes was studied under dynamic con-
ditions in 100% human plasma, revealing significant formu-
lation-dependent differences in the structure and composition
of both corona subsections. Separate clusters for HC and SC
suggest differences in the ensuing biological responses for
these corona subtypes. The clinically-optimized formulation
covered with PEG-ICG clusters (F2) formed a distinct SC signa-
ture; it contained proteins reported to mediate nanoparticle
stealth properties, previously reported only in the HC. This
highlights the importance of complementary soft corona
characterization to obtain a holistic picture of the acquired
biological identity. The relative enrichment of stealth-mediat-
ing proteins on all liposome surfaces suggests that lipids alone
may induce their selective accumulation in the corona regard-
less of pegylation. Pegylated surfaces accumulated more mole-
cules on their surfaces and formed thicker coronas, overper-
formed by the repellent properties of phosphatidylcholine
groups on bare liposomes, but this “harvesting” may be
necessary for the stealth effect mediated by hydrophilic coat-
ings. While surface mass densities were similar for the corona
subsections, thickness and protein-to-lipid values clearly dis-
cerned between the different formulations. Combined, both
the physical structures and the proteomic compositions of the
coronas were modulated by the surface coating of the liposome
and the constituent lipid composition. Notably, this is the first
time that truly complementary proteomic compositions for a
hard and soft corona have been reported along with non-inva-
sively obtained in situ physical parameters in one experiment.
By facilitating studies on tailored, personalized, and artificial
coronas with liposomes and lipid nanoparticles, the workflow
has potential to advance nanomedical development and clini-
cal translation especially in the field of drug delivery.
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