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Abstract

This trends article describes the analytical approaches for the in-depth characterization of the protein corona on liposome
nanoparticles. In particular, examples since 2014 are summarized according to the analytical approach. Traditional protein corona
characterizations from in vitro static experiments are provided along with the newly introduced experimental setups for charac-
terization of the protein corona by in vitro dynamic and in vivo studies. Additionally, a special attention is also devoted to the
need for introduction of new experimental workflows for characterization of a much wider array of biomolecules. In the most
recent years, an extension of the protein corona concept to the biomolecular corona was introduced, and the analytical targets are
no longer restricted to proteins, but to other important biomolecules as well, as they can potentially affect the biodistribution and
interaction of nanoparticles with the biological systems. The few recent examples in this field are discussed for the characteri-
zation of metabolites and lipids in the biomolecular corona with examples, also extending the discussion from liposome to other
types of nanoparticles. A final discussion is provided on the potential key role of the most recent omics approaches in the study of
the nano-bio interface, with an overview on top-down proteomics, which allows a better elucidation of proteoforms, and on
lipidomics and metabolomics, which allow a comprehensive untargeted characterization of lipids and metabolites, respectively.
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Introduction

Liposomes are promising vectors in drug delivery due to their
capability of delivering therapeutics via membrane fusion,
with concomitant release of liposome encapsulated cargo,
rather than endocytotic pathways [1]. Many formulations have
been developed and studied in the last two decades; neverthe-
less, only few of them reached the clinical trial stage and even
fewer clinical practices. Despite the huge preclinical investi-
gation, the success rate of liposomes in clinical trials is limit-
ed, mainly due to the complexity of the nano-bio interface. As
previously demonstrated for inorganic nanoparticles by
Dawson and coworkers [2—4], in a biological system, upon

Published in the topical collection Young Investigators in (Bio-)Analytical
Chemistry with guest editors Erin Baker, Kerstin Leopold, Francesco
Riccei, and Wei Wang.

D4 Susy Piovesana
susy.piovesana@uniromal.it

Department of Chemistry, Sapienza Universita di Roma, Piazzale
Aldo Moro 5, 00185 Rome, Italy

contact with any biological fluid, liposomes lose their synthet-
ic identity due to adsorption of biomolecules on their surface,
especially proteins [5, 6]. Several factors are known to affect
protein binding on liposomes, which include the surface
chemistry, topography, curvature, charge, protein affinity,
and protein binding sites [7]. Nevertheless, the classification
of liposomes based on their physico-chemical features is not
sufficient to predict the protein corona formation.
Environmental factors deeply affect the protein corona forma-
tion, and they include temperature, protein concentration, na-
ture of the medium (polarity, ionic strength, and free energy of
the solvent), incubation time, protein source (e.g., serum Vs.
plasma), and organism (e.g., mouse vs. human plasma) [7].
The protein corona has a dynamic nature, which includes
protein-protein interactions, and variations over time are quan-
titative rather than qualitative [8]. It is generally accepted that
the formation of the protein corona provides the synthetic
nanoparticles with a new biological identity. The type of pro-
teins, their relative abundance, and conformation in the pro-
tein corona are now believed to affect blood circulation time,
biodistribution, cellular uptake, and intracellular localization
of nanoparticles [8]. The resulting protein corona was
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demonstrated to significantly affect the physiological and ther-
apeutic outcome, as it mediates recognition by the immune
system and macrophage activation [9], with subsequent re-
moval of the nanovector form circulation [10].

The protein corona effect is, nevertheless, very com-
plex and far from being completely elucidated. The pro-
tein corona formation has been shown to interfere with
targeting strategies and hinder the interaction of a
targeting protein with receptors [11], but at the same
time, this interaction also depends on the protein affin-
ity. In the case of targeting with antibodies, for which
affinity is very high, the targeting specificity can be
largely conserved even in a complex biological milieu,
as human serum [12]. Moreover, in a recent report, it
was suggested that the hindering effects of the protein
corona could be avoided using nanoparticles with anti-
bodies adsorbed on them. Compared to covalently
bound antibodies, this strategy allowed targeting also
in 100% serum or plasma [13]. In this context, not only
the protein composition is important to evaluate a re-
sponse in vivo, but also protein structural features have
been demonstrated to affect the interaction of nanopar-
ticles with cells. For instance, differential centrifugal
sedimentation, immunogold labels, and subsequent im-
age processing have been used to identify the spatial
location of proteins, their functional motifs, and their
binding sites [14]. The study of the orientation and
functionality of key proteins in the corona sheds light
on the mechanisms that mediate most of the early bio-
logical interactions, thus allowing better elucidation of
protein residual biological function and interaction with
cellular receptors [15]. For instance, this approach indi-
cated that only ~3.5% of proteins grafted on the surface
of inorganic nanoparticles have a favorable orientation
for recognition by cellular receptors [16].

There are two main approaches to cope with the protein
corona formation. One strategy relies on preserving the sur-
face functionality of liposomes in vivo by reducing the protein
corona formation. The goal was mainly achieved by surface
coating of the nanovector with hydrophilic polymers, in par-
ticular polyethylene glycol (PEG), which can reduce protein
adsorption [17].

The second strategy relies on better describing the protein
corona composition and guides the protein corona formation
by tuning the liposome formulations, in order to control pro-
tein adsorption and exploit the protein corona for targeting [7].
By this approach, the perspective on the protein corona is
dramatically changed from an obstacle, which hindered
targeting by hiding the targeting moiety, to an opportunity,
by means of which targeting can be achieved by adsorbing
proteins which are then specifically recognized by cells. In
either case, the key role of the protein corona is becoming
increasingly clear, as the final success is strictly dependent
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on the protein corona composition [18]. At the same time,
the importance of the characterization of the protein corona
is not only limited to delivery of therapeutic agents, but it also
finds application in biomarker discovery and personalized
medicine.

Regardless of specific application, the investigation tech-
niques which can be employed for characterization of the
protein corona do not significantly change. The techniques
can be divided into two main groups, i.e., direct or indirect
approaches (Fig. 1) [19]. In the indirect approaches, which are
the most commonly exploited, the protein corona is investi-
gated by measuring changes in the physico-chemical proper-
ties of the nanoparticle-protein complexes, such as size,
charge, density, mass, absorbance, and fluorescence.
However, the direct approaches allow to obtain much more
information. Standard biochemical protein quantification as-
says (i.e., Bradford and bicinchoninic acid assays) can be used
for total protein quantitation. For a qualitative description of
the protein corona composition, the most exploited approach
is based on sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), also coupled with in-gel digestion
and mass spectrometry (MS) protein identification of selected
bands and quantitation [20]. Alternatively, direct shotgun pro-
teomic workflows with in-solution digestion are used and
coupled with chromatography for a comprehensive, both qual-
itative and quantitative, characterization of the protein corona
composition [21]. These techniques provide information
about the identity of the adsorbed proteins, but not on their
structure [19].

In this context, this trends article aims at describing the
most recent approaches in the characterization of nanoparticle
biomolecular corona, significant for nanomedicine applica-
tions. A special emphasis will be devoted to the recently in-
troduced need for characterization of protein corona in in vivo
studies and personalized medicine. Finally, the recent exten-
sion of the protein corona concept to the biomolecular corona
concept will also be described, with selected examples, when
necessary also from studies involving nanoparticles different
from liposomes. The coverage is not meant to be exhaustive,
but to provide an overview of the current research in the field
as well as possible future developments and trends.

In vitro static studies for the characterization
of the protein corona

Most of the studies on liposome protein corona in the last
4 years still rely on the in vitro investigation of proteins under
static conditions. In this context, most works provide a de-
tailed qualitative characterization of the protein corona com-
position by exploiting the typical shotgun proteomic
workflows (Table 1). The approach of these works has not
significantly changed from previous reports [19, 21]. In
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Fig. 1 Graphical overview of the analytical approaches most frequently
employed for the investigation of the protein corona of nanoparticles.
ICP-MS, inductively coupled plasma mass spectrometry; TEM,
transmission electron microscopy; SEM, scanning electron microscopy;
AFM, atomic force microscopy; NTA, nanoparticle tracking analysis;
DLS, dynamic light scattering; FCS, fluorescence correlation

shotgun proteomic works, liposomes are incubated with a bi-
ological fluid (human or animal plasma or serum is the most
used ones) with a dilution ratio of 1:1 which is typically under
physiological conditions (1 h at 37 °C) (Table 1). Afterwards,
the liposome-protein corona complexes are isolated, usually
by centrifugation, but other techniques are sometimes
exploited, in particular size exclusion chromatography
(SEC). The excessive media components are then removed
by washing. By this approach, only the hard corona can be
isolated, as the soft corona, which is the result of second ad-
sorption by protein-protein interactions, is removed in the
procedure. As recently observed, this workflow has an intrin-
sic weakness, as weakly bound proteins are lost and the full
corona may not be characterized [7]. Most studies still provide
only a qualitative composition of the protein corona, even

N —
J Me“‘ Absorbance
' Fluorescence l Charge

Identification:
shotgun proteomics

J— |

+ SDS-PAGE (with
in-gel digestion
and LC-MS/MS
analysis)

* In-solution
digestion with LC-

\MSIMS

' Temperature

spectroscopy; DCS, differential centrifugal sedimentation; QCM, quartz
crystal microbalance; FQ, fluorescence quenching; LDA, laser Doppler
anemometry; TRPS, tunable resistive pulse sensing; CE, capillary
electrophoresis; SPR, surface plasmon resonant; ITC, isothermal
titration calorimetry

though a detailed quantitative study is fundamental to predict
the biological impact.

In vitro dynamic studies
for the characterization of the protein corona

One major drawback of in vitro static studies is that they are
performed under slight agitation rather than under a continuous
flow. This limitation has emerged in the field in the last years and
prompted the development of different experimental conditions
for protein corona formation to mimic the dynamics of blood
flow. In fact, blood moves at very different speeds in the body,
from few micrometers per second (capillaries) up to 60 cm s '
(ascending aorta). The main consequence of flowing is a shear
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protein corona characterizations, even larger differences
emerge from the few studies in which the protein corona
was obtained in vivo. One of the main obstacles in studying
the protein corona from in vivo models that is provided by the
difficulty in separating the protein corona complexes with the
nanoparticles after systemic administration and by the diffi-
culty in recovering them is sufficient amount for analysis [10].
Up to now, only few papers investigated the protein corona
in vivo, exclusively in rodents as animal models (for a recent
overview of such works, we refer the reader to a very recent
review on the topic in [44]). From an experimental perspec-
tive, these works all share the same approach (Fig. 2). The
nanoparticles are intravenously administrated in mice, then
blood is withdrawn, usually after 10 min. Longer administra-
tion times have also been tested and indicated a significant
effect on the corona composition, with fluctuations [33], and
an increase of lower molecular weight proteins over time, in
particular proteins involved in coagulation [32] (Table 1).

Fig. 2 Typical analytical
workflow for proteomic analysis
of the protein corona in in vitro
(green, left side) and in vivo (red,
right side) experiments

Plasma is then prepared by centrifugation and recovered. At
this point, the protein corona-nanoparticle complexes need to
be purified and separated from unbound plasma proteins
(Fig. 2). While inorganic magnetic nanoparticles can be recov-
ered by magnetic decantation, for all other nanoparticle types,
SEC is the technique of choice [44], with only few exceptions
where traditional centrifugation is used [23, 32]. In the case of
liposomes, the protocol developed for doxorubicin encapsula-
tion is used, and the protein complexes are concentrated and
purified from large unbound proteins by ultrafiltration on mo-
lecular weight cutoff (MWCO) membranes (10,000 Da in the
first step, 1,000,000 Da in the second step). In most works, the
subsequent protocol for protein analysis is the same to that
used for in vitro experiments, in which the recovered com-
plexes are washed to obtain the hard corona and then proteins
were analyzed by shotgun proteomics either after SDS-PAGE
with in-gel tryptic digestion [26] or after in-solution tryptic
digestion [35].
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incubation injection
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coated liposomes separation
from blood
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Regardless of the specific proteomic workflow, results in-
dicated a poor correlation between in vitro and in vivo protein
corona characterizations and the in vivo ones [43, 44]. For
example, under in vivo and static in vitro conditions, signifi-
cant differences were found not only in drug release by
temperature-sensitive liposomes [26] but also in the qualita-
tive composition of their protein coronas [35, 41], suggesting
that a more complex protein corona is formed under in vivo
conditions.

Enrichment of disease biomarkers:
the protein corona in personalized medicine

As previously stated, the protein corona composition is strictly
dependent on the protein source, which, in turn, depends also
on the different health conditions (i.c., health vs. disease and
type of disease). In fact, the composition of plasma evolves
during the disease and disease progress. In addition, other fac-
tors have been suggested to affect the plasma composition,
which are strictly dependent on the specific person, and include
age, gender, and ethnicity [43]. Of course, such dependence on
specific individual conditions affects the protein corona com-
position and, consequently, the nano-bio interactions including
efficacy, toxicity, and eventual biological fate. However, the
protein corona formation can be conveniently exploited also
to investigate disease-specific circulating biomarkers, for in-
stance in case of cancer, as the case of the secretome. In this
context, the protein corona gains a new significance, as it be-
comes an analytical enrichment system for biomarkers and, at
the same, a means for the development of tailor-made delivery
systems, which indeed falls in the scope of personalized med-
icine. Differences in the protein corona have been investigated
by the traditional in vitro approach under static conditions using
size and zeta potential analysis along with SDS-PAGE and
principal component analysis. In this case, though particularly
informative, shotgun proteomics with HPLC tandem mass
spectrometry (MS/MS) would not be affordable, as it is ex-
tremely expensive and time consuming [45].

From the protein corona to the biomolecular
corona

As previously explained, the protein corona has evolved from
the in vitro studies to in vivo much recent studies.
Nevertheless, this is not the only evolution. The characteriza-
tion of biomolecules different from proteins is also emerging
in the field and would benefit from the development of the
most recent untargeted strategies of metabolomics and
lipidomics. In fact, different types of biomolecules, such as
lipids, sugars, nucleic acids, hormones, and metabolites in
general, are attracting the attention of the scientific community

@ Springer

in the study of a more general biomolecular corona adsorbed
on nanoparticles (Fig. 3) [46].

For instance, lipids are important bioactive molecules,
which could impact nanoparticle circulation and uptake by
cells, and included macrophages and endothelial cells, which
are responsible for nanoparticle removal from the circulation,
by interaction with scavenger receptors [53]. On a general
discussion, also extending consideration to nanoparticles dif-
ferent from liposomes, the investigation of the biomolecular
corona rather than the protein corona alone is still limited in
the scientific community; nevertheless, few reports further
support the potential key role of different biomolecules
(Table 2). For instance, in a pioneer work on lipid character-
ization in the biomolecular corona, it was demonstrated that
copolymer nanoparticles bind cholesterol, triglycerides, and
phospholipids from the human plasma. The study was per-
formed using SEC for sample fractionation while identifica-
tion was achieved by nuclear magnetic resonance (NMR) and
total lipid enzymatic determination by commercial kits. The
lipid and protein binding patterns corresponded closely with
the composition of high-density lipoproteins [47]. In a recent
study on polystyrene nanoparticles, results from the thermo-
dynamic aspects of the interactions with lipoproteins indicated
the adsorption of not only apolipoproteins but also lipids.
Significant amounts of cholesterol were detected in the bio-
molecular corona on the surface of the nanoparticles even after
washing and centrifugation, i.e., the protocol for isolation of
the hard corona. The results were obtained after incubation
with human plasma, and cholesterol was quantified by a col-
orimetric commercial assay and investigated by isothermal
titration calorimetry and transmission electron microscopy
(TEM) imaging. The proposed dynamics involved an initial
disintegration of the lipoproteins and coverage of the nanopar-
ticle surfaces until saturation, with additional adsorption of
intact lipoproteins in some cases [48]. In this regard, the in-
vestigation of the biomolecular corona would benefit from the
application of the most recent metabolomic technologies and
improvement of the available quantitative analysis in compre-
hensive molecular characterizations.

Lipidomic characterization has recently emerged as a pow-
erful tool in lipid investigation of nanoparticle interaction with
native porcine surfactant as a model. Polymeric nanoparticles
with different surface chemistries were incubated with native
porcine under conventional in vitro conditions, with washing
to isolate the hard corona. Then, phospholipids were extracted
by liquid-liquid extraction (hexane/ammonium formate 1%,
50:40:10 (v/v/v), four times and once with chloroform/metha-
nol, 2:1. (v/v); Table 2). The lipid extract was separated by
normal-phase HPLC and analyzed by triple-quadrupole MS.
From the comparison to the protein corona qualitative and
quantitative characterization, the lipid profile appeared less
discriminant, as results showed a conserved lipid composition
in the coronas of all investigated nanoparticles regardless of
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Protein corona

In-vitro studies on protein
components adsorbed on
nanomaterials

Biomolecular corona

In-vitro and in-vivo studies on
biomolecular components of the

corona: proteins, lipids, metabolitj

Fig. 3 Graphical representation of the changes in the concept of the corona in the nano-bio interface: moving from a protein corona to a more complex
biomolecular corona, made up not only of proteins but also of other potentially significant molecules, in particular lipids and metabolites

their surface properties, whereas marked differences were re-
ported for the protein corona [49].

A similar protocol was recently optimized for characterization
of the lipid components in the biomolecular corona. The method
was developed on cellulose nanofibrils and then extended to
polystyrene and TiO, nanoparticles. Model systems of liposomes
incubated with cellulose nanofibrils were used to optimize the
extraction procedure, by comparison of six versions of the Folch
method. Samples were finally analyzed by reversed phase (RP)
capillary HPLC coupled to MS/MS. The best protocol for lipid
extraction, chosen based on recovery experiments with standard
lipids, was a simple two-step liquid-liquid extraction with chlo-
roform and evaporation under reduced pressure (Table 2). The
method was finally applied to the characterization of the lipid
components in the biomolecular corona also in serum under
conventional in vitro conditions [50].

Apart from the investigation of lipids, a more general
metabolomic approach was also used to screen for additional
small organic molecules. There are only few studies in this
field mainly on inorganic nanoparticles. For instance, carbon-
ate apatite nanoparticles were used to investigate the interac-
tion with metabolites after incubation with cell culture medi-
um containing body fluids. An untargeted metabolomic ap-
proach, based on RP ultrahigh-performance liquid chromatog-
raphy and quadruple time-of-flight MS/MS, was used to iden-
tify the organic compounds that bind to mineral nanoparticles
formed in human body fluids (serum, plasma, saliva, and
urine; Table 2). The results indicated that several organic mol-
ecules are part of the bimolecular corona, including fatty
acids, glycerophospholipids, amino acids, sugars, and amides

[51]. Similar experimental conditions were also used for the
characterization of the organic biomolecular corona on differ-
ent inorganic nanoparticles. The particles were suspended in
two different biological fluids (cell culture medium and sim-
ulated lung fluid) for 24 h, and the complexes were recovered
by the usual centrifugation and washing protocols. In this
case, analytes were derivatized for gas chromatographic anal-
ysis coupled to MS and identified using an untargeted
metabolomic approach (Table 2). More than 200 small organic
compounds were detected and constituted a unique “organic
fingerprint” which allowed distinguishing between the uti-
lized nanoparticles, their surface chemistry, and the biological
fluids based on analyte chemical classes and abundance [52].

Though lacking a comprehensive metabolomic inves-
tigation, metabolites were recently demonstrated to af-
fect the protein corona composition in a function of a
specific disease condition. In particular, in a recent
study, the effect of glucose and cholesterol was consid-
ered, as they are model metabolites for diabetes and
hypercholesterolemia. Molecular dynamic simulations
were employed to probe their influence on the interac-
tion between fibrinogen and polystyrene nanoparticles.
Substantial changes on the binding site were thus iden-
tified, which, in turn, indicate that metabolites can sub-
stantially determine the immune triggering potency of
nanoparticles, which is thus disease dependent and fun-
damental for yielding safe clinical applications. The re-
sults are particularly relevant as the biomolecular corona
can play an underestimated important role in personal-
ized medicine [54].
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Outlook

The need for further knowledge on the protein corona is main-
ly connected with the need of more realistic conditions for
formation of protein corona complexes, which resemble the
entrance way into the body, and distribution from dynamic
body fluids to individual organs and microenvironments, as
recently indicated in several review articles [15].

Nevertheless, improvements in analytical workflows
would also be valuable and desirable in this field, to apply
up-to-date analytical strategies to an important topic, as the
bio-nano interface. From this point of view, little evolution
can be observed in recent papers with respect to previous
reports, as discussed in the previous chapters. Traditional
bottom-up shotgun proteomics is the main technique for indi-
vidual protein corona characterization. While improvements
have been done in proteomic technologies, the analytical strat-
egies for the characterization of the protein corona have
completely lagged behind.

Advancement in the protein corona characterization

Top-down proteomics has been completely overlooked up to
now, but it is mature enough for application for sample com-
plexities of a typical protein corona sample and beyond. Top-
down proteomics has been applied to complex samples, such
as cell lysates, for high-throughput characterization of intact
proteins [55] of hundreds of proteins and proteoforms. Intact
protein analysis would provide more insight into protein com-
plexity, allowing the investigation of proteoforms, i.e., the
different forms of proteins produced from the genome with a
variety of sequence variations, splice isoforms, and myriad
post-translational modifications, which are currently indicated
as the next step in proteomic analysis [56]. By top-down pro-
teomics, not only protein complexity would be better elucidat-
ed, but also improvements in quantitative analysis would most
likely be provided. Protein quantitation by bottom-up ap-
proaches, in either labeled or label-free strategies, is based
on estimating the total amount of a given protein using only
a limited subset of derived peptides. On the contrary, top-
down approaches allow quantitation of the entire protein, as
well as the individual proteoforms, which would give addi-
tional insight and information on the protein corona composi-
tion. This would be particularly relevant, as proteoform-level
abundance information can have important biological conse-
quences, because different proteoforms often vary dramatical-
ly with respect to function [57]. A larger coverage can be
obtained by using fractionation strategies on intact proteins,
such as SEC, for better characterization of low and high mo-
lecular weight proteins [58], or HILIC, the latter particularly
suitable for post-translational modifications analysis, such as
glycosylation, acetylation, and methylation. In this regard, the
analysis of protein post-translational modifications in the

protein corona characterization has been nearly completely
ignored but would potentially provide additional knowledge
on the interaction with cells. For instance, protein glycosyla-
tion was investigated for silica nanoparticles and indicated a
key role of glycans in the interaction with cells, as the removal
of glycans from the protein corona enhanced cell uptake,
resulting in the generation of a pro-inflammatory milieu by
macrophages [59]. The coupling with electrophoretic ap-
proaches would also represent a valuable strategy to improve
the proteome coverage by top-down proteomics: for instance,
capillary zone electrophoresis was recently exploited for deep
top-down proteomics of Escherichia coli in an orthogonal
multidimensional separation platform that coupled SEC and
RP HPLC-based protein prefractionation to capillary zone
electrophoresis coupled to MS/MS. Fractionation is particu-
larly interesting, as it allows the use of common high-
resolution MS instrumentation based on hybrid Orbitrap with-
out a need of the most high-performance Tribrid Orbitrap or
Fourier transform ion cyclotron resonance mass spectrometers
[60]. Also, traditional gel electrophoresis can be a key part of
top-down proteomics. The use of either one-dimensional or
two-dimensional gel electrophoresis can provide essential in-
formation, from protein identity to sample heterogeneity, li-
gand binding, substrate turnover, structural topology, and dy-
namics of assembly [61].

Advancement in the biomolecular corona
characterization

The analytical stagnation in the study of the bio-nano interface
does not only apply to the protein corona. The possible pivotal
role of other organic molecules has been suggested by too few
reports. Again, also in this field, powerful analytical tech-
niques are maturing for the comprehensive characterization
of small organic molecules (metabolomics) or lipids
(lipidomics). In the case of metabolomics, difficulties persist
and need to be tackled, which include the confident identifi-
cation of metabolites, improvement of a dynamic range of
metabolite identification (which is currently restricted to high
or medium abundant compounds), improvement of the quan-
titative analysis in untargeted studies, and finally, the devel-
opment of miniaturized analytical workflows suitable for in-
vestigation of minute sample amounts [62], as the ones of
biomolecular corona. A similar situation is found for
lipidomics [63], but lipid identification in this case is facilitat-
ed by bioinformatics and chemical class less heterogeneity
[64]. In this regard, significant information may be gathered,
for instance, in the study of oxidized lipids, which could better
elucidate issues connected with nanoparticle toxicity.

Thus, although the importance of proteins and, in small
part, of biomolecules in the nanoparticle corona has been long
demonstrated, further efforts are needed to increase knowl-
edge in this regard.
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