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ABSTRACT Pulmonary surfactant (PS) constitutes the first line
of host defense in the deep lung. Because of its high content of
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phospholipids and surfactant specific proteins, the interaction of oo . rl'Pmteins

inhaled nanoparticles (NPs) with the pulmonary surfactant layer is

Pulmonary W
likely to form a corona that is different to the one formed in plasma. 0\ Surfactant Corona Lipids
Here we present a detailed lipidomic and proteomic analysis of NP = x SEssCoos
corona formation using native porcine surfactant as a model. 38
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We analyzed the adsorbed biomolecules in the corona of three NP
with different surface properties (PEG-, PLGA-, and Lipid-NP) after
incubation with native porcine surfactant. Using label-free shotgun analysis for protein and LC—MS for lipid analysis, we quantitatively determined the

corona composition. Our results show a conserved lipid composition in the coronas of all investigated NPs regardless of their surface properties, with only
hydrophilic PEG-NPs adsorbing fewer lipids in total. In contrast, the analyzed NP displayed a marked difference in the protein corona, consisting of up to 417
different proteins. Among the proteins showing significant differences between the NP coronas, there was a striking prevalence of molecules with a
notoriously high lipid and surface binding, such as, e.g., SP-A, SP-D, DMBT1. Our data indicate that the selective adsorption of proteins mediates the
relatively similar lipid pattern in the coronas of different NPs. On the basis of our lipidomic and proteomic analysis, we provide a detailed set of quantitative

data on the composition of the surfactant corona formed upon NP inhalation, which is unique and markedly different to the plasma corona.
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he nanobio interface is defined not
Tonly by nanoparticle—cell interac-

tions, but also by the interaction of
nanoparticles (NPs) with the biological fluid,
that NPs encounter upon entry into a bio-
logical system. This applies to all nano-
materials, regardless of their intended use,
e.g., technical or pharmaceutical, and regard-
less of the route of exposure/application to
the human body."? According to their defi-
nition, so-called “nanomedicines” may range
up to several hundred nanometers in size?
Solid nanoparticles have been found to
interact with a range of proteins in the
blood and extracellular fluids,** attracting
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an entity of adsorbed molecules referred to
as “corona”.® This corona is composed of a
“hard” corona, the strongly bound layer,
driven by high affinity toward the surface,
and a “soft” corona, a layer of proteins,
loosely bound onto the first mentioned,
which is characterized by low affinity and
high exchange rates with other proteins.?’
The hard corona crucially impacts the inter-
action of NPs with cells, therewith determin-
ing directly not only the fate of the NPs, 2"
but also the properties of the NPs such as its
drug release.? The in-depth analysis of the
NP corona has been enabled by label-free
shotgun proteomics.
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Several studies have addressed the adsorption behav-
ior of single proteins and complex fluids with various
nanomaterials, allowing meanwhile a first physical
description of the interaction mode and kinetics.'"'?
However, most studies focused exclusively on the
interaction of NP with plasma. Limited attention has
been paid to other relevant biological fluids. Notably,
the respiratory tract is the most likely path for NPs to
enter the body. In contrast to larger particles, the small
size of NPs enables them to reach the deep lung.
Therefore, both future pulmonary applications of NPs
as drug delivery vehicles and nanotoxicological con-
siderations, e.g., addressing the inhalation of respirable
dust, crucially require data addressing the fate of NPs
after deposition in the deep lung.'>'*

The air-blood barrier is built by alveolar epithelial
cells type-1 (AT-l), which can be as thin as 25 nm and
are differentiated from alveolar epithelial type-2 cells
(AT-Il). The alveoli and its cells, although very thin,
withstand enormous pressure and size changes during
the breathing cycle. To prevent the alveolar sacs from
collapsing and conglutination at the end of exhalation,
the surface tension at the air-cell interface is lowered
by a thin liquid layer which is enriched by lipids and
proteins, the “pulmonary surfactant” (PS) that is se-
creted by AT-ll cells. PS displays an unique composi-
tion, which reduces the surface tension to values lower
than 2 mN/m and maintains such low tensions during
the moderately long periods of time required for the
lungs to be emptied. The mechanisms of this effect are
yet to be completely understood, but are a result of the
synergistic interaction between the prevailing lipids
and characteristic proteins. Until now, four pulmonary
surfactant associated proteins (SP-A, -B, -C, and -D)
have been identified in PS, which can be divided in
two groups. The two highly hydrophobic SP-B and SP-C
modulate and dynamize the behavior of the lipid
layers. Together with the saturated amphiphilic sur-
face active dipalmitoylphosphatidylcholine (DPPC), the
major lipid constituent of PS, and a whole range of
other (mainly phospho-) lipids, the phase transition
temperature of the PS layer is matched to around the
physiological temperature of 37 °C. Between 25—41 °C
PS assembles into an impressive set of highly orga-
nized lamellar structures, exhibiting a conspicuous
coexistence of ordered and disordered phases.'*~"”

The two hydrophilic proteins, ie, SP-A and SP-D,
belong to the collectin family and are connected to
the innate immune response.'® At least SP-A is also asso-
ciated with the lipid membranes and takes part in the
organization of the lipid—protein complexes. Although
SP make up for only about 5% in total, they are essential
for the PS to fulfill its physiological function. Moreover,
only 5% of the PS are composed of other proteins which
differ from the plasma proteome likewise.'”"®

This peculiar composition of the PS layer likely leads
to the formation of a NP corona which is substantially
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different from the NP corona formed in plasma. While
we have previously investigated the composition of a
plasma corona on NPs in great detail>*° only little is
known about the interaction of airborne NPs with the
highly complex PS fluid. We showed recently, that SP-A
adsorption can have an influence on the uptake of NPs
into alveolar macrophages, but this effect was equal-
ized in the presence of lipids.?' Kapralov et al. found an
enhanced macrophage uptake of single-walled carbon
nanotubes (SWCNT) in the presence of SP-D, which was
further increased in the presence of phospholipids
(PL).>2 Furthermore, phosphatidylserine coated SWCNT
were preferably taken up by macrophages.?®> Notably,
both phospholipids and proteins adsorb to carbon
nanotubes after inhalation,”® and in return, SWCNT
also alter the lipidomic profile of the lung tissue.?*
Sachan et al. performed a series of atomic force micros-
copy experiments, which showed that hydrophobic
NPs are interacting strongly with a model surfactant
layer composed of DPPC, DPPG and SP-C, adsorbing at
least two layers of phospholipids.?>2°

In the present study, we comprehensively analyzed
the corona which is formed around NPs after contact
with the PS, which is obviously the first body fluid
encountered after deposition in the deep lung. As the
PS contains proteins as well as lipids, we have quanti-
tatively addressed both components using label-free
shotgun proteomics in combination with LC—MS lipi-
domic analysis to comprehensively characterize the
complex composition of the PS corona. Using three
types of NPs, differing in their surface properties and
hydrophobicity, our data enabled the first complete
proteomic and lipidomic analysis of the NP corona
as formed after incubation with native pulmonary
surfactant.

RESULTS AND DISCUSSION

How to Probe the Pulmonary Surfactant Corona? The
plasma protein NP-corona is likely one of the most
intensively investigated topics in nanobiosciences,’
which is also facilitated by the fact that human plasma
is quite easily accessible. In contrast, PS is typically
obtained by bronchoalveolar lavage (BAL) and the
availability of BAL fluid is rather limited. BAL maybe
performed on healthy volunteers by bronchoscopy,
which is a rather invasive procedure and produces only
small amounts of BAL fluid, insufficient for thoroughly
studying nanobio interactions.

Experiments in small animals such as mice are of
high importance for toxicity evaluation,?”?® in consid-
eration of the fact that the true mode of exposure can
be assessed realistically only in vivo. For the sake of
animal welfare, however, in vivo or ex vivo experiments
in small animals are not desirable as a standard screen-
ing procedure of the nanomaterial corona in PS.

For medical purposes, only few different animal-
derived surrogates of PS are commercially available.
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TABLE 1. Top 20 Most Abundant Proteins Found in pPS and Crude Plasma® as Determined by Label-Free Shotgun

Proteomics”
native surfactant
proteins rel. abundance [%]

pulmonary surfactant-associated protein A 10.19 +0.39
serum albumin 5.77 +0.18
sodium-dependent phosphate transport protein 2B 231 +0.1
tubulin alpha-4A chain 221 40.04
fibronectin 2.3 +0.07
myosin-9 2.09 +0.11
deleted in malignant brain tumors 1 protein 1.99 +0.1
complement (5 1.85 40.09
actin, cytoplasmic 1 1.80 +0.10
complement 3 1.68 +0.19
pulmonary surfactant-associated protein B 139 +0.71
Ig alpha-1 chain C region 1.28 +0.08
hemoglobin subunit beta 1.3 40.01
I-xylulose reductase 1.14 +0.06
tubulin beta-4B chain 1.02 +0.07
tubulin alpha-1A chain 1.02 +0.07
calcium-activated chloride channel regulator 1 0.96 +0.04
polymeric immunoglobulin receptor 0.94 +0.03
AP-2 complex subunit beta 0.94 4-0.08
serotransferrin 0.92 40.03

crude plasma (taken from*°)

proteins rel. abundance [%]
serum albumin 23.15 +4.80
alpha-2-macroglobulin 11.04 +0.98
complement 3 8.80 +0.39
lg gamma-1 chain C region 7.70 +0.77
serotransferrin 5.01 +0.24
alpha-1-antitrypsin 460 +0.86
haptoglobin 3.51 4036
apolipoprotein A-| 3.26 4-0.60
lg kappa chain C region 242 +0.16
lg gamma-2 chain C region 2.20 +0.25
complement (4-A 2.09 +0.14
Ig alpha-1 chain C region 2.07 +0.31
lg gamma-4 chain C region 2.05 +0.06
hemopexin 1.79 +0.13
ceruloplasmin 135 +0.12
Ig lambda chain C regions 0.91 +0.04
alpha-1-antichymotrypsin 0.89 40.05
interalpha-trypsin inhibitor heavy chain H2 0.88 +0.07
complement factor H 0.81 40.07
Ig mu chain C region 0.80 40.08

“ Although there are serum proteins among the most abundant proteins in the pPS preparation, most proteins do not occur in plasma. The most abundant protein in pPS is the
collectin SP-A, which is responsible for lipid organization and part of innate host defense. Additionally, the highly hydrophobic SP-B is present among the top 20 proteins.

Proteins occurring in both lists are marked bold.

These preparations are basically organic extractions
from minced or lavaged animal lungs such as Survanta
(AbbVie, bovine minced lung), Alveofact (Lyomark,
bovine lavaged lung), or Curosurf (Chiesi, porcine
minced lung). All preparations have in common that
proteins are depleted to prevent immunogenic reac-
tions. The hydrophobic SP-B and SP-C, however, have
a reduced immunogenicity and are essential for the
surface lowering effects of the PS, and therefore remain
in the extracts.?® Recently Pohlmann et al. introduced
an inhaler with an artificial phospholipid mixture with
a recombinant SP-C.3° These preparations mimic the
physical properties of the native surfactant, the real
corona of NPs, nevertheless, remains not accessible.
Furthermore, Beck-Broichsitter et al. were able to show
that the physiological function of a simple artificial
surfactant lipid mixture is inhibited after contact with
polymeric NPs.3" This effect was diminished with in-
creasing complexity of the preparation, with a native
PS preparation being nearly unaffected. Looking for an
adequate surrogate of human PS, we have chosen a
native PS preparation obtained from pigs, which has
been demonstrated to feature all essential components
and physiological functions.'®*?~3* Porcine pulmonary
surfactant (pPS) can be obtained from BAL of slaugh-
tered pigs' lungs, a scheme of the preparation process is
shown in Figure S1 in the Supporting Information.
Having selected an adequate model, further diffi-
culties become obvious. Unlike with proteins alone, the
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lipid-based membranes of PS make the investigation of
the NP corona challenging. Essential for its physiologi-
cal function, the PS structures show high fluidity in the
lungs. This effect is facilitated by its phase transition
temperature. At 37 °C, PS lipid layers are at the edge of
a critical structural transition, resulting in a very dynamic
behavior of the exposed surfaces and the possibility for
inhaled particles to interact with the lipids and the
proteins which are strongly associated with the former.
At lower temperatures, NPs will interact with accessible
molecules only in the relatively more fluid regions and
this will not result in the formation of a realistic corona,
regarding the high evidence for lipid—protein inter-
actions."3>73” The influence of temperature on the
colloidal behavior of pPS as observed by dynamic light
scattering at 4 and 37 °C is shown in Supplemental
Figure S2. At 4 °C (Figure S2A), pPS presents itself as sta-
ble, liposome-like vesicles, whereas at 37 °C (Figure S2B),
there are no defined peaks visible in the DLS measure-
ments. The peaks are heavily scattering, as the lipid
layers perpetually interact with each other, changing
size within seconds and offering different epitopes
toward intruding NPs.

The structural dynamics and the self-organization
of large membrane complexes result in sedimenta-
tion of the surfactant in in vitro experiments. We
compared three different methods to separate the
NPs together with their corona from the incubation
fluid (Supplemental Figure S3). Unfortunately, simple
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Figure 1. Comparison of the proteins found in crude plasma® and native Surfactant (pPS) by means of their cumulated
relative amount per gene ontology annotations (GO slim, STRAP 1.5). Although GO slim terms generalize the annotations, a
different distribution of the composition is obvious. Predominantly, catalytic activity, interaction with cells and organisms,

and plasma membrane are increased in pPS.

centrifugation as proposed for plasma by Monopoli
et al.*® turned out to be not feasible in PS as the vesicle-
like lipid—protein complexes of PS are also prone to
sedimentation (Figure S3A). Tenzer et al.>® showed that
the separation of NPs from plasma can rapidly be
achieved by centrifugation through a cushion of higher
density. In our experiments, however, the surfactant
alone still showed sedimentation, although density
was adequately adjusted (Figure S3B). While in another
study Monopoli et al.*® found no major impact of
different separation methods on the observed corona
in plasma, we found for pPS that only magnetic sepa-
ration (Figure S3C) resulted in clear separation of
the NPs from the incubation fluid. Because magnetic
separation avoids the influence of sedimentation and
lesser forces are applied, a clear separation from the
background was achieved, as indicated by a negligible
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pellet in the blank control (compare first column of
Figure S3A—C).

In order to be able to use magnetic separation, we
chose magnetite loaded NPs which are commercially
available with rather different surface chemistry: NPs
with phosphatidylcholine-(fluidmag-lipid; chemicell
GmbH, Germany; further referred to as “Lipid-NP”)
and PEG5000-coating (nanomag-D PEG5000; micromod
Partikeltechnologie GmbH, Germany; further referred to
as “PEG-NP”). Furthermore, we decided to include also
magnetite-loaded NPs made of poly(lactic-co-glycolic
acid) (PLGA-NP), a well-accepted pharmaceutical exci-
pient, potentially also to be used in future inhalation
nanopharmaceuticals.

Proteomic and Lipidomic Profile of Native Porcine Pulmonary
Surfactant Preparation. By comparing the top 20 most
abundant proteins in crude plasma and pPS (Table 1),
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Figure 3. Relative lipid distribution in the pPS corona of PLGA-, PEG-, and Lipid-NPs after 1 h incubation at 37 °C and repeated
magnetic separation, in comparison to crude pPS by lipid class (A) and overall chain length of phospholipids (B). The lipid
corona of the NPs differs from the composition found in pPS, but it is comparable among the particles. GPIno and Cholesterol
are decreased in the corona, while GPChol is increased. This is accompanied by an increased adsorption of lower chain length
(B) phospholipids in the NPcorona (sat: saturated PL, unsat: unsaturated PL).

molecular function tree, structural activity and catalytic
activity are increased, while in plasma, more proteins
show antioxidant and enzyme regulator activity. Inter-
action with cells and organisms is increased in the pPS
proteome, implying the interaction with cells such as
macrophages as well as intruding pathogens. More
proteins in pPS are connected with the plasma mem-
brane and the cytoplasm.

Additionally to the divergent protein composition,
PS is mainly composed of lipids. Thus, we determined
the lipid composition to a high level by LC—MS analysis.
An overview of the found lipids is presented in Table 2.
As reported before, the main constituent of PS was
the saturated glycerophosphocholine (GPChol) DPPC.
While cholesterol was ignored for a long time, it is now
recognized as an important constituent, which influ-
ences the fluidity of PS membranes.*’ We determined a
cholesterol concentration of 7.9 wt % in the prepara-
tion, meeting earlier reported values.*' Glyceropho-
sphoinositol (GPIno) was the second most abundant
lipid class, adding up to 16.8 wt %, similar to the
findings of Blanco et al.>? Beside glycerophosphogly-
cerols (GPGlyc) (5.9 wt %) and glycerophosphoethano-
lamines (GPEth) (2.0 wt %), we also found traces of
glycerophosphoserine (GPSer) and sphingomyelin
(SM) (0.1 and 0.2 wt % respectively). Although the lipid
mixture is very complex, the majority of lipids were
only found in traces, while just a few lipids add up to a
large extent. Our approach is to date the most detailed
lipid analysis of a porcine pPS preparation which con-
firmed and extended the values found in the litera-
ture.3%*? The protein—lipid ratio was found to be about
1:10 as described before with a protein and lipid con-
centration in the crude pPS preparation of ~3 mg/mL
and ~32 mg/mL respectively. These data indicate that
the interaction of NPs with PS, and in particular the
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corona formed upon contact with this peculiar body
fluid, is clearly different to the one formed after inter-
action of NPs with plasma.

The Lipid Corona of Nanoparticles in Pulmonary Surfactant.
After 1 h incubation of NPs with pPS at 37 °C and
repeated magnetic separation, the lipids were ex-
tracted as described in the Materials and Methods
section and analyzed by normal phase LC—MS. The
comparison of the absolute lipid amount which at-
taches to the NP surface (Figure 2) reveals that the NPs
adsorb significantly different amounts of lipids per m?
surface area in the order PEG- (0.12 mg/m?), PLGA-
(0.38 mg/m?) Lipid-NPs (0.61 mg/m?). This binding
affinity mirrors the hydrophobicity of the NPs, albeit
an attraction of lipids by the hydrophilic PEG-NPs was
not to be expected in the first place. Zuo et al. demon-
strated by molecular dynamics simulation, that the
interaction of a hydrophilic NP with a DPPC/POPG/
SP-C/SP-B layer was diminished and therewith the
localization in the layer shortened, in comparison to a
lipophilic NP.%3

The relative distribution of lipids in the corona of
all three particles (Figure 3) differed from the relative
amount of lipids found in crude pPS. We observed
significant changes in concentration of GPChol which
was increased on NPs (in average by 11.2% and 9.6%,
saturated and unsaturated respectively); all other
classes showed decreased concentrations (Figure 3A).
Simultaneously, PL with total chain lengths of 32 and
30 carbons (corresponding to the length of both acyl
chains), which is less than the average chain length,
preferably bound to the NPs. This applied to all NP
coronas, notwithstanding their surface properties
(Figure 3B). The assumption, that the higher fluidity
of the short-chain PL comes along with their location in
the most dynamic regions of PS structures in which
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their exposure and interaction with surfaces is facili-
tated, remained speculative.

We observed only minor changes in the lipid corona
among the nanoparticles. The comparison of the re-
lative lipid composition in the corona of PLGA- and
Lipid-NPs revealed no significant changes, indicating a
highly similar lipid corona. In comparison with the PEG-
NPs, cholesterol was slightly increased in the corona of
PLGA- and Lipid-NPs (both by 1.1%, see Supporting
Information, Table S1), while GPIno(34:1) was increased
by 1.3% on PLGA-NPs; the other changes were less
than 0.1% and not regarded as relevant. The top 10
most abundant lipid species (Supporting Information,
Table S1) further revealed that about 90% of the corona
of NPs consists of only ten lipids and their analysis
might be regarded as sufficiently accurate for future
interaction studies. Although PEG- and Lipid-coated
NPs can be regarded as oppositely functionalized, the
difference in the lipid corona composition was only
minimal. Therefore, our data suggested, that the hypo-
thesis that nanoparticles preferably adsorb some lipids
over others is questionable, although future studies
should address NP surface charge as a factor possibly
influencing lipid adsorption. However, the number of
lipid bilayers forming around NPs is unknown and so is
the amount of lipids which is in direct contact with
the NP surface. Our lipidomic data indicated that the
multilayered composition of the pPS may mask the
surface of the respective NPs.

We therefore concluded that the lipid binding on
the PEG-NP surface, although weaker than on the
hydrophobic particles, is likely mediated by proteins.
To prove this hypothesis, NPs were incubated with the
organic PS extract Alveofact (containing only the sur-
factant lipid fraction and the hydrophobic Surfactant
associated proteins B and C) under the same conditions
and using the same amount of lipids per NP (~20 ug
phospholipids/ug NPs). As revealed by thin layer chro-
matography (Supporting Information, Figure S4A, only
GPChol as most distinctive band shown), lipids were
only adsorbed to the Lipid-NPs, but—in contrast to
incubation with complete pPS—no longer to the
PLGA-NPs or PEG-NPs. The adsorption behavior of
lipids could not be enhanced by addition of serum
proteins in an equal amount as the protein concentra-
tion in our pPS preparation (Figure S4B). Presuming
an identical phase behavior of the protein-depleted
Alveofact vesicles and pPS, the binding of PEG- and
PLGA-NPs must be influenced by the capabilities to
bind lipid-attracting proteins.

The Protein Corona of Nanoparticles in Pulmonary Surfactant.
Because of the high lipid content of the samples, the
absolute amount of proteins that adsorbed to the sur-
face of NPs could only be estimated. Both the estima-
tion based on the shotgun proteomics and the analysis
by bicinchoninic acid assay indicated that the ratio
of protein to lipid did not change and remained
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Figure 4. (A—C) Direct comparison of the relative composi-
tion of the protein corona on the three different NPs against
each other by terms of fold change and ppm change.
(The proteins are identified by their gene name: SFTPA1 —
Pulmonary surfactant-associated protein A, HBB — Hemo-
globin subunit beta, DMBT1 — Deleted in malignant brain
tumors 1 protein, SFTPD — Pulmonary surfactant-associated
protein D, MYH9 — Myosin-9, MYH3 — Myosin-3, ACTB —
Actin, cytoplasmic 1, DCXR — L-xylulose reductase, GAPDH —
Glyceraldehyde-3-phosphate dehydrogenase, BPIFP1 — BPI
fold-containing family B member 1, FCN-1 — Ficolin-1,
FCN2 — Ficolin-2, FN1 — Fibronectin, TUBA1A — Tubulin
alpha-1A chain, ALB — Albumin, C5 — Complement C5,
CAMP — Cathelicidin antimicrobial peptide, CCT2 —
T-complex protein 1 subunit beta, EEF1IA1 — Elongation
factor 1-alpha 1, SLC34A2 — Sodium-dependent phosphate
transport protein 2B, APOA1 — Apolipoprotein A-l, ALDH2 —
Aldehyde dehydrogenase 2, PKM2 — Pyruvate kinase PKM).
Only proteins with a significant change (p < 0.05) are shown.
Red vertical lines indicate a fold change threshold of +2, red
horizontal line an arbitrary threshold of 2000 ppm.

approximately 1:10 on all particles (data not shown)
in agreement with former results by Kapralov et al.??
At the first sight of the protein corona composition,
the adsorption behavior appeared comparable with
the lipid corona: The most abundant proteins on the
NPs (Table 3) did not reflect the concentration in the
supply of native surfactant (Table 1). By comparing the
distributions of proteins in the corona of NPs by means
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of molecular weight, isoelectric point and overall hy-
drophobicity (GRAVY score), no adsorption pattern,
based on these properties, became visible (Supporting
Information, Figure S5). There were however differences
among the NPs regarding individual proteins. On all
three NPs, the four most abundant proteins in all three
NPs were tubulin alpha-4a-chain, actin cytoplasmic 1,
hemoglobin subunit beta and L-Xylose reductase, with
other tubulins within the top 25. These peptides do not
appear to be directly linked to PS functions, and may
constitute contaminations of the pPS with cytoplasmic
proteins which were introduced during BAL. Hemo-
globin has been recently described as synthetized
and secreted by type Il pneumocytes together with
pulmonary surfactant complexes,***> and modified
variants of the hemoglobin beta chain have been iden-
tifiled as strongly associated with surfactant mem-
branes.*® The ubiquitous actin, myosin and tubulin
present in microtubules, have been found to play a
role in surfactant secretion.*” Tubulin was also found to
strongly interact with GPChol vesicles.*® L-xylulose
reductase is suspected to be membrane-bound and
might interact with GPIno.

Next, we performed pairwise comparisons of pro-
teins adsorbed to the different NPs based on signifi-
cant differences in fold change (Figure 4), which is a
parameter for binding affinity, and the overall concen-
tration change (Appm). Interestingly, the proteins
which stand out by either Appm, fold change or both,
are largely connected to the immune system (Table 4
summarizes the most interesting proteins). We ex-
pected proteins to differ in their concentration among
the NPs coronas according to their affinity toward
the pristine nanomaterial. With an applied threshold
of £2 fold change and 2000 Appm, all but 6 proteins
are excluded: SP-A (gene name: SFTPAT1), SP-D (SFTPD),
Cathelicidin antimicrobial peptide (CAMP), Myosin-3
(MYH3), Apolipoprotein A-l (APOA1), and Sodium-
dependent phosphate transport protein 2B (SLC34A2).
The collectin SP-A was present in all three coronas,
although decreased in comparison to the pPS reser-
voir, but with increasing concentrations in the order
PEG- < PLGA- < Lipid-NPs. It is known that SP-A readily
interacts with phospholipids and can therefore directly
bind to Lipid-NPs, as well as the still hydrophobic
PLGA-NPs. The mode of binding, by either a targeted
binding by its carbohydrate recognition domain or
unspecific with its hydrophobic tail, remains to be
clarified. Binding of SP-A to the PLGA-NP surface could
already be an explanation for a consecutive lipid
binding. The concentration of SP-D in PLGA- and
Lipid-NPs was rather low (714 and 2977 ppm
respectively); in the corona of PEG-NPs, however, the
collectin was increased to 11757 ppm, and reached
with a fold change of 14.7 compared to PLGA-NPs and
4.0 to Lipid-NPs the top 20 proteins with a higher
concentration than SP-A. SP-D is also known to interact

plasma (from>°)

Not detected
Not detected
Not detected
Not detected
32563

Not detected
Not detected
Not detected
Not detected

abundance [ppm]

pPS
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+4+ 4+ 51190
+ 1736.3
6689.6
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19865.7
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+H+
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+++ +
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40+
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relevant annotations

protein
Binds pathogen-associated molecular patterns, membrane associated, excreted by macrophages

Interacts with SP-D, binds to bacteria, receptor activity, membrane associated

PL- binding and organization, carbohydrate binding, host defense
Binds LPS, modulates cell response, binds PL

Carbohydrate binding, interaction with PL, host defense

Binds to bacteria, antibacterial, exosome associated
Involved in surfactant synthesis, membrane-associated

PL and Chol binding

name (gene symbol)
lowest relative concentration. © No statistical difference.

Sodium-dependent phosphate transport protein 2B (SL(34A2)
Deleted in malignant brain tumors 1 protein (DMBT1)
BP!I fold-containing family B member 1 (BPIFB1)

(athelicidin antimicrobial peptide (CAMP)
Ficolin 1/2 (FCN1, FCN2)

Surfactant Protein D (SFTPD)
Myosin-3 (MYH3)

Apolipoprotein A-| (APOAT)

TABLE 4. Adsorption Pattern of Proteins above the Threshold of 2000 Appm and +2 Fold Change and Other Selected Proteins, Known to Be Part of Host Defense and/or Capable of Binding Lipids

That Are Varying among NPs Sorted by Their Affinity Towards the Three NPs®

fold change >2/<—2 AND Appm >2000 Surfactant Protein A (SFTPAT)

fold change >2/<—2 OR Appm >2000
4+ = highest relative corona concentration, +

RAESCH ET AL. VOL. XXX = NO.XX = 000-000 = XXXX “*JNULJ\)

WWwWW.acsnano.org



LA
69 K‘«t((“,:’

feges

385

hydrophilc NP

hydrophobic NP

arbitrary protein

lipids

Figure 5. Schematic cartoon of the proposed interaction mechanism of NPs with the pulmonary surfactant layer: Hydrophilic
NPs (green) penetrate through the lipid layers.** After opsonization by proteins, the lipid binding to the NPs is determined by
the lipid—protein interactions. Hydrophobic NPs (blue) can directly interact with the lipid layers and therewith attract mainly

proteins that are directly associated with the lipids.

with PL membranes by unspecific hydrophobic bind-
ing especially to GPIno, but to a lesser extent than
SP-A,"® which can explain the found lipid adsorption to
PEG-NPs. CAMP, which was found mostly on Lipid- and
PLGA-NPs, is a antibacterial peptide, readily interacting
with membranes and phospholipids. It is part also
part of the host defense and a protein that one would
expect to find on an lung-intruding particle.** The
presence of the lipophilic APOA1 in the NP corona in
PS is not surprising, as it is commonly found in the
plasma corona. SLC34A2 is a phosphate transporter,
assumed to be involved in PS genesis. It is membrane
bound and highly expressed in the lungs, why it shows
tendencies, however, to bind certain NPs cannot be
explained. The same applies to MYH3, a rather untypical
protein to be found in such a corona with no obvious
connection to the PS known so far, although Myosin-18A
was identified as a receptor for SP-A.>° Another inter-
esting protein is deleted in malignant brain tumors
1 protein (DMBT1), whose alternative name is Surfactant
pulmonary-associated D-binding protein. In our results,
DMBT1 however does not associate with SP-D concen-
tration, but the opposite. It is preferably found on Lipid-
before PLGA- and PEG-NPs. DMBT1 is expressed by
macrophages and alveolar tissue, partly integrated into
membranes, which shows its lipid binding capability
and was found to be binding itself to gram-positive
and gram-negative bacteria.”' BPI fold-containing family
B member 1 (BPIFB1) and Ficolin 1 4 2 (FCN1, FCN2) are
two other proteins within one of the selected thresh-
olds which are capable of binding pathogens and
interact with lipids. Table 4 reveals that the same pro-
teins that tend to adsorb to Lipid-NPs, also interact with

RAESCH ET AL.

the PLGA-NPs, although to a lesser extent. PEG-NPs,
however do not fit this adsorption pattern, their corona
is dominated by the enrichment of SP-D. Of the men-
tioned 9 proteins, only 4 (APOA1, CAMP, FCN1, and
FCN2) are commonly found in plasma. Since serum
proteins did not mediate a lipid binding (Figure S4A),
one could speculate, that one or more of the remain-
ing proteins are responsible for the observed corona
formation.

CONCLUSION AND OUTLOOK

Upon contact of nanoparticles with pulmonary sur-
factant, a corona is formed which consists of both
proteins and lipids. Obviously, such surfactant corona,
as it will form around inhaled nanoparticles encounter-
ing the alveolar lining fluid first, is clearly different to a
plasma corona where the lipid components are miss-
ing. Pulmonary surfactant from porcine source (pPS) is
from physiological, biochemical and biophysical view-
points a realistic model for the simulation of the PS
layer. Our results show that pPS is also suitable for
studying the interactions of PS with nanomaterials. We
found a similar lipid composition in the corona of PEG-,
PLGA-, and Lipid-NPs, but lower absolute amounts in
the corona of the hydrophilic PEG-NPs. The lipid bind-
ing to PEG-NPs could not be explained by physico-
chemical, nor annotated properties of the found
proteins, which differed on the NPs, most notably on
PEG-NPs. Neither a lipid-binding effect by single pro-
teins, nor interplay of many proteins can be excluded.
Among the several hundred proteins identified, there
were only a few showing significantly changing abun-
dancies among the three NPs. Those, however, are
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mostly capable of binding epitopes of, e.g., surfaces of
bacteria and viruses and furthermore to interact with
lipids. It is therefore not unlikely that these proteins
mediate lipid binding to even rather hydrophilic NPs,
such as, e.g., PEGylated ones. Subsequent adsorption of
lipids and proteins would equalize the outer surface of
coronas formed even around rather different NPs and
thus facilitate their interaction with the lung surfactant
system (see scheme in Figure 5, left).

A certain limitation of our current study is that we
had to rely on magnetic separation. Although we
found this to be the most suitable way, future studies
might evaluate other possibilities for separating NPs
from the native surfactant, making the corona of
nonmagnetic NPs also accessible. Depending on the
mode of separation, the corona of NPs after contact
with PS might not be as readily distinguishable in
“hard” and “soft corona”, given that there are not only
single molecules, but a complex of interacting struc-
tures present in the alveolar lining fluid. Since there is
always a strong attracting force between the lamellar PS
structures and the adsorbed lipid corona, the applied
shear forces will determine the amount of vesicular
structures attached to the NPs. The binding strength
of the hydrophilic NPs toward the lamellar structures of
the PS might be depending on the strength of inter-
action of adsorbed proteins with lipids as illustrated
in Figure 5. By evaluating the binding of PS lipid frac-
tion in the presence of single PS proteins, this could be

MATERIALS AND METHODS

Reagents. Phospholipid standards were purchased from
Avanti Polar Lipids (Alabaster, AL), poly(p,.-lactide-co-glycolide)
(Resomer RG 503 H) from Evonik (Essen, Germany). Magnetic
PEG-NP (nanomag-D PEG 5000) and Lipid-NP (fluidMAG-Lipid)
were ordered from Micromod (Rostock, Germany) and Chemi-
cell GmbH (Berlin, Germany) respectively, and were used as
received. All other reagents and solvents were purchased from
Sigma-Aldrich (Munich, Germany).

Broncho Alveolar Lavage Fluid (pBALF). Lungs from freshly
slaughtered pigs were chosen in the slaughterhouse by their
apparent intact, nondamaged appearance and lavaged imme-
diately with 2—4 L of physiological 0.9% sodium chloride
solution under application of gentle massage. Clear pBALF
was centrifuged (Rotina 420R + rotor 4794, Hettich) for 5 min
at 2000 rpm and 4 °C for cell debris removal and frozen until
further purification.

Native Surfactant Preparation (pPS). pPS was purified according
to a modified method of Shelley et al.*® as described by Taeusch
et al>® In short, thawed pBALF was centrifuged for 1 h at
31000 rpm and 4 °C in an Optima L-90K (Beckman Coulter)
equipped with a TYPE 70 Ti rotor and the supernatant was
discarded. The accumulated pellets were dissolved in a solution
of 16% (w/v) sodium bromide and 0.9% sodium chloride, over-
laid with a layer of 13% NaBr + 0.9% NaCl and a subsequent layer
of 0.9% NaCl. pPS vesicles with a density higher than 1.10 g/cm?®
were separated by density gradient centrifugation (2 h,
28000 rpm, 4 °C, without brakes) in a swinging bucket rotor
(SW 40 Ti, Beckman Coulter). In a final centrifugation step (1 h,
31000 rpm, 4 °C), the obtained pPS was purified from excess
sodium bromide. The white pellets of 8 pig lungs were pooled
and stored at —80 °C until usage. Protein (3 mg/mL) and

RAESCH ET AL.

addressed further, although the access to intact iso-
lated surfactant proteins is limited. On the basis of our
results, the analysis of the complex fluid could be
broken into some more basic analysis due to the fact
that the lipid corona seems not to change and consists
mostly of just a few different lipid species.

The next logical steps to a further understanding of
the PS corona would be a time-dependent resolution
of the adsorption behavior, to elucidate the kinetics
and prove which biomolecules have an affinity for the
surface of NPs. In future, it also needs to be evaluated,
how exactly the presence of this lipid—protein corona
influences the interaction of nanomaterials with cells.
As previous studies from our and other groups
showed,?'*? the corona has an impact on the fate of
inhaled NPs when interacting with the biological bar-
riers of the lung. A further point which needs to be
addressed is to which extent lipid mono- and bilayer
adsorb the NPs. Simple size measurements by DLS are
not feasible as the vesicles of PS (as visible in Figure S2)
interfere with the NP signal. For this reason, the poly-
dispersity of NPs in the presence of PS is challenging to
determine.

Prospective studies will help understanding this very
important part of the bionano-interface and will there-
with also help to understand the toxicity of incidentally
inhaled nanomaterials, as well as to improve the
on-purpose delivery of nanomedicines to the deep
lung.

phospholipid concentration (34 mg/mL) were approximated
by bicinchoninic acid assay (Sigma-Aldrich, USA) and phos-
phorus assay™* respectively.

Preparation of Magnetic PLGA-Nanoparticles. Magnetic PLGA-NPs
were prepared by an emulsification-evaporation method.>
Oleic acid-coated primary magnetite nanoparticles with dia-
meters of ~10 nm were coprecipitated as described else-
where.*® Briefly, poly(p,.-lactide-co-glycolide) and magnetite
primary nanoparticles were dissolved in chloroform and mixed
with a water phase containing 2.5% poly(vinyl alcohol). After tip
sonication (Digital Sonifier, Branson; conditions: 1 min, 30%
amplitude, on ice) the volume was expanded by addition of
water and the chloroform was evaporated overnight. Magnetic
PLGA-NPs were purified by separation in a magnetic separator
(Merck Millipore, USA) and filtered through a 0.45 um cellulose
acetate membrane to remove primary particle agglomerates.
Particle mass concentration was determined gravimetrically.

Particle Characterization. All used particles were characterized
by Dynamic Light Scattering (Zetasizer Nano ZSP; Malvern
Instruments, USA), Nanoparticle Tracking Analysis (Nanosight
LM10; Malvern Instruments), Transmission (JEM 2011; Jeol,
Japan) and Scanning Electron Microscopy (EVO HD 15; Zeiss,
Germany). All particles used were in the same size- and number-
concentration range, with a negative zetapotential; the results
of the characterization can be found in the Supporting Informa-
tion (see Table S2, Figure S6).

Incubation and Separation of NPs. pPS was diluted in tris-
buffered saline (TBS = 150 mM NaCl, 5 mM Tris, pH 7.4) to meet
a ratio of 1:2 (ug NPs to ug proteins in pPS). Before the addition,
the NP dispersions were vortexed and sonicated briefly in an
ultrasonic bath. The incubation took place at 37 °C and 400 rpm
shaking in order to prevent pelleting of surfactant. An incubation
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time of 1 h was regarded as sufficient for reaching equilibrium,
as previous studies showed a very fast corona formation within
minutes.” NPs with the adherent protein and lipid corona were
separated magnetically and the supernatant was discarded. The
pellet was washed three times by redispersionin 1.5 mLTBS and
repeated magnetic separation. After the last washing step, the
remaining liquid was centrifuged for 5 min at 10 000 rpm and
the supernatant discarded. The pellets were frozen at —80 °C
until further analysis.

Lipid Extraction. The frozen NP-pPS pellets were lyophilized
(Christ Alpha 2—4 LSC, Martin Christ GmbH) and four times
extracted under agitation and sonication with a mixture of IPA:
Hexane:Ammonium formate 1% 50:40:10, and once with
chloroform:methanol 2:1. Exhaustive extraction was controlled
by thin layer chromatography. The solvent was evaporated
(Concentrator Plus, Eppendorf) and the samples dissolved in
IPA:Hexane:Ammonium formate 1% 50:40:10. Blank particles
(i.e.,, w/o pPS) were extracted as control. Cholesterol was sub-
sequently determined by enzymatic reaction (Amplex Red
Cholesterol Assay Kit, Thermo Fisher Scientific).

Normal-Phase Phospholipid Separation. Phospholipids were ana-
lyzed after normal phase liquid chromatography as recom-
mended by the LIPID MAPS consortium.?” Briefly, 10 uL of the
organic extract were injected in an LC-System consisting of
Accela Autosampler, Accela PDA and Accela 1250 pump (Thermo
Fisher Scientific, San Jose, CA), equipped with a 150 x 2.1 mm
column (Triart Hilic, YMC, Japan) at 40 °C with a constant flow of
250 uL/min. PL were eluted using a gradient of isopropanol/
hexane (60/40 + 0.1% formic acid = solvent A) and isopropanol/
hexane/1% ammonium formate buffer (50/40/10 + 0.1% formic
acid = solvent B). The starting conditions were 15% solvent B,
after 3 min increase to 90% solvent B at 9 min, 100% solvent B
at 11 min and a decrease to 90% solvent B again. Afterward,
solvent B concentration was decreased to 15% over 1 min and
re-equilibrated for five min. These conditions allowed the elution
of the lipid classes phosphatidylcholine (GPChol), -glycerol
(GPGlyc), -ethanolamine (GPEth), -serine (GPSer), -inositol
(GPIno) and sphingomyelins (SM) and furthermore lysophospha-
tidylcholine (.-GPChol) as discrete peaks.

Electrospray Mass Spectrometry of Phospholipids. From LC, sam-
ples were directly infused into a triple quadrupole mass spectro-
meter (TSQ Quantum Access Max, Thermo Fisher Scientific, San
Jose, CA), equipped with an electrospray ionization source
(HESI-II). lonization conditions: spray voltage 3500 V; vaporizer
temperature 250 °C; sheath gas pressure 20 au; ion sweep
gas pressure 0 au; aux gas pressure 35 au; capillary temperature
270 °C; tube lens offset 101 au; skimmer offset 10 au; collision
gas pressure 1.3 mTorr. During method development, the PL
peaks were scanned for the individual masses as follows:
GPChol, SM, and -GPChol: precursor +184 m/z, CE 30; GPGlyc:
NL + 172 m/z, CE 13; GPEth: NL + 141 m/z, CE 18; GPIno:
precursor —241 m/z, CE 46; GPSer: NL —87 m/z, CE 28. To
increase scan time and therewith signal strength, the found
ions were monitored in SIM. A total of 277 distinct masses were
measured in each run. Each PL species was quantified against an
external standard curve of the respective PL class (except for
SM, which was compared to the GPChol standard). Xcalibur
(Thermo Fisher Scientific, Version 2.2) was used for data acquisi-
tion, MzMine (Version 2.10) for data processing.58 The method
was validated for its linearity, limit of detection, limit of quanti-
fication, intra- and interday comparison for each individual
phospholipid class. Because of the immense differences in
concentration between GPChol and the other PL classes, all
samples were analyzed at two different concentrations to
achieve results in the linear range for all classes.

Label-Free Shotgun Analysis. Isolated nanoparticle-surfactant
complexes were suspended in 7 M urea, 2 M thiourea and 2%
of CHAPS (all components purchased from Roth) to elute NPs
bound proteins. Protein digestion, nanoscale reversed phase
liquid chromatography and label-free quantitative proteomic
analyses of protein corona components by mass spectrometry
using ion-mobility enhanced data-independent acquisition
were performed as described in detail previously.>*° Relative
total amounts—expressed as ppm (parts per million) of total
protein—were automatically calculated within each sample
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based on the TOP3 quantification approach in the ISOQuant
software as previously described.?°

Protein Annotation. Because of the unsatisfactory annotations
of porcine proteins in existing databases, all porcine proteins
were blasted against the human Swiss-Prot database and the
homologue human protein chosen based on E-value and Score.
Proteins were annotated with STRAP 1.5.°° Gravy Score was
calculated according to Kyte-Doolittle.

Statistical Tests. For the detection of significantly different
data we applied the moderated t-test,*° also known as limma.
We used the limma package®’ available from the Bioconductor
software project,%? which provides a free implementation of this
test for the R computing environment.®® Although the moder-
ated t-test was originally intended for the analysis of gene
expression data arising for example from microarray analyses,
its use is not restricted to such data.’* The moderated t-test is
comparable to Student's t-test in that both methods employ the
means to compare the data of both groups for a specified
protein and, thus, to estimate the protein's significance in the
current comparison. The crucial difference between the two
approaches concerns the calculation of variance. Student's
t-test computes the variance of a protein only based on the
data of that protein. The moderated t-test uses information
from all proteins to calculate the variance by fitting a linear
model and employing the empirical Bayes approach.®® Using
this method we obtained a p-value for each protein and each
comparison. To control the false discovery rate we adjusted
the p-values in each comparison according to the Benjamini—
Hochberg procedure.®® Finally, only proteins and lipids with
adjusted p-values less than 0.05 were reported as significantly
different.
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