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ABSTRACT The adsorption of proteins and their layering onto nanoparticle surfaces

has been called the “protein corona”. This dynamic process of protein adsorption has
been extensively studied following in vitro incubation of many diﬀerent nanoparticles
with plasma proteins. However, the formation of protein corona under dynamic, in vivo
conditions remains largely unexplored. Extrapolation of in vitro formed protein coronas
to predict the fate and possible toxicological burden from nanoparticles in vivo is of
great interest. However, complete lack of such direct comparisons for clinically used
nanoparticles makes the study of in vitro and in vivo formed protein coronas of great
importance. Our aim was to study the in vivo protein corona formed onto intravenously
injected, clinically used liposomes, based on the composition of the PEGylated liposomal
formulation that constitutes the anticancer agent Doxil. The formation of in vivo protein
corona was determined after the recovery of the liposomes from the blood circulation of CD-1 mice 10 min postinjection. In comparison, in vitro protein
corona was formed by the incubation of liposomes in CD-1 mouse plasma. In vivo and in vitro formed protein coronas were compared in terms of
morphology, composition and cellular internalization. The protein coronas on bare (non-PEGylated) and monoclonal antibody (IgG) targeted liposomes of
the same lipid composition were also comparatively investigated. A network of linear ﬁbrillary structures constituted the in vitro formed protein corona,
whereas the in vivo corona had a diﬀerent morphology but did not appear to coat the liposome surface entirely. Even though the total amount of protein
attached on circulating liposomes correlated with that observed from in vitro incubations, the variety of molecular species in the in vivo corona were
considerably wider. Both in vitro and in vivo formed protein coronas were found to signiﬁcantly reduce receptor binding and cellular internalization of
antibody-conjugated liposomes; however, the in vivo corona formation did not lead to complete ablation of their targeting capability.
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C

haracterization of nanoparticles (NPs)
in the biological milieu has been the
focus of intense research over the
past few years. It has been repeatedly reported that the synthetic identity of nanomaterials is instantly modiﬁed once they
are dispersed in a bioﬂuid, because of their
tendency to interact with their surrounding
biomolecules. Proteins physisorbed on NP
surfaces form a complex bioshell, termed
“protein corona”,1 the composition of which
is shaped by the physicochemical characteristics of NPs.24 This dynamic process of
HADJIDEMETRIOU ET AL.

protein adsorption alters NP surface properties and is therefore considered to
play a critical role in their overall biological
behavior. Experiments performed in vitro
demonstrated that the cytotoxicity,3,5,6 cellular internalization711 and targeting capability1214 of NPs signiﬁcantly diﬀer in the
absence and presence of protein corona.
The interaction of proteins with nanomaterials has been a crucial factor for their
design over the years. Early protein adsorption studies in the 80s and 90s aimed to
develop adsorption-resistant nanomaterials
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signiﬁcantly diﬀer compared to in vitro incubation with
rat serum.
The aim of the present study was to investigate the
formation of protein coronas on clinically used liposomes following their intravenous administration in
mice and determine the corona impact on the cellular
internalization of the protein-coated liposomes recovered from blood circulation. A PEGylated liposome
composition (HSPC:Chol:DSPE-PEG2000) that constitutes the basis of the anticancer agent Doxil was
employed in this study because of its established
clinical proﬁle for the treatment of various neoplastic
indications.30,31 In order to investigate the inﬂuence
of in vivo protein corona formation on actively
targeted NPs, a monoclonal antibody-conjugated
version of the above liposome system was prepared
by use of a clinically trialed (full IgG) hCTMO-1, targeting the MUC-1 transmembrane glycoprotein. The
up-regulation of MUC-1 antigen in the majority of
epithelial cancers constitutes this an attractive target
for cancer immunotherapy. In addition, bare (nonPEGylated) liposomes (HSPC:Chol) were also studied
in comparison to determine the role of PEG in the
suppression of the protein corona formation in vitro
and in vivo. The protein coronas formed after intravenous administration of the three liposome nanoscale
systems in CD-1 mice were characterized by recovering
the liposomes from blood circulation 10 min postinjection. In parallel, in vitro protein corona, formed by
incubation of liposomes with CD-1 mouse plasma,
was also characterized. In vivo and in vitro formed
protein coronas were compared in terms of structure,
composition and impact on the cellular internalization
of the recovered liposomes.
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to prevent opsonisation of NPs, and thus to increase
their blood circulation time.15 A major breakthrough
was the surface coating of nanoparticles with the
hydrophilic polymer polyethylene glycol (PEG), which
imparts steric stabilization and reduces the interaction
of NPs with serum proteins.1618 Although PEGylation
is still the most widely used antiopsonisation strategy,
it cannot fully prevent protein adsorption.1921 The
PEG layer has also been found to interfere with the
interaction of nanoparticles with cells19,22 in a rather
unpredictable manner depending on the molecular
weight and branching of the PEG molecules.
Further surface functionalization of PEGylated NPs
with targeting ligands was thought to alleviate the
negative impact of PEG on the cellular internalization of NPs. According to this strategy, NPs will not
only circulate longer in blood, but also recognize and
bind to speciﬁc receptors expressed by target cells.23
Despite the great amount of preclinical and clinical
research work performed in the ﬁeld of such actively
targeted nanomedicines, their use in the clinical setting is yet to be established. In addition to physiological barriers that limit targeted NP accumulation
into speciﬁc sites in the body, interaction of NPs
with plasma proteins is considered to be one of the
main reasons why ligand-targeted nanomedicines
have failed so far in the clinic.1214
Although the formation of protein coronas on the
NP surface has been extensively investigated in vitro,
the extrapolation of in vitro based studies to predict the
identity and fate of NPs in vivo remains doubtful.20
Incubation of NPs with low serum concentration or
with only one protein species are considered oversimpliﬁed to simulate the complexity of the in vivo
situation. To date, in the vast majority of protein corona
studies NPs are characterized after their incubation
with human plasma, with the ensuing assumption that
the protein content and identity formed under such a
static biological environment may reﬂect protein corona formation in vivo. However, important aspects like
the dynamic nature of NPs in blood ﬂow, interaction
with moving cells, the molecularly vastly richer environment, or the impact of immune responses triggered
after NP injection cannot be mimicked by in vitro
incubation protocols in plasma.
Very few earlier studies have investigated the interaction of nanoscale particles with proteins after in vivo
administration.2427 These studies used only one
characterization technique, gel electrophoresis, which
suﬀers from poor protein separation and low detection sensitivity.28 More sophisticated characterization
of the protein corona formed in vivo onto superparamagnetic nanoparticles was only recently reported
by Sakulkhu et al.29 This study suggested that the
composition of protein corona formed onto the speciﬁc NPs used (PVA-coated iron oxide NPs, ∼90 nm
diameter) after in vivo (intravenous) administration can

RESULTS
Physicochemical Characterization of Liposomes and Protein
Corona-Coated Liposomes. The chemical composition and
some physicochemical characteristics of bare, PEGylated and monoclonal antibody-conjugated, targeted
liposomes engineered for this study are summarized in
Figure 1. The lipid composition and molar ratios among
the individual components were chosen to match the
exact liposome composition of the clinically used liposomal doxorubicin agent (Doxil). Targeted liposomes
were prepared by the postinsertion of anti-MUC-1 antibody into preformed PEGylated liposomes, resulting in
the presentation of the antibody at the outer surface of
the lipid bilayer as previously described.15,32 Antibody
density on the surface of targeted liposomes was
found to be 28.86 μg Ab/μmol lipid at Ab:lipid 1:500
molar ratio, which corresponds to approximately 14 Ab
molecules/liposome (Figure S1).
Dynamic light scattering (DLS), ζ-potential measurements and negative stain transmission electron
microscopy (TEM) were performed prior to plasma
incubations to analyze the properties and morphology
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Figure 1. (A) Physicochemical characterization of liposomes. Mean hydrodynamic diameter (nm), ζ-potential (mV) and
polydispersity index (PDI) are shown. Values represent the average and standard error from three independent experiments.
(HSPC, hydrogenated soy phosphatidylcholine; DSPE-PEG2000, 1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[methoxy(polyethylene glycol)-2000; CHOL, cholesterol). (B) Schematic description of the experimental design including
in vivo and in vitro protein corona formation. In the case of the in vivo corona formation, liposomes were administered
intravenously (i.v.) via the tail vein (n = 3 CD-1 mice/group; 3 independent experiments replicated) and 10 min postinjection
were recovered by cardiac puncture. The plasma was then separated from the recovered blood by centrifugation. The in vitro
corona was allowed to form on liposomes after incubation with isolated CD-1 mouse plasma for 10 min at 37 °C
(3 independent experiments replicated). In vivo and in vitro protein-coated liposomes were puriﬁed from unbound proteins
and used for cellular internalization studies.
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Figure 2. The eﬀect of protein corona formation on the physicochemical characteristics of liposomes. Mean diameter (nm)
and ζ-potential (mV) distributions are depicted for (A) bare; (B) PEGylated; and (C) targeted liposome systems, before and
after their interaction with CD-1 mouse plasma in vitro and in vivo.

of bare liposomes. All three liposome systems had
a mean hydrodynamic diameter between 110 and
130 nm and a negative surface charge of 2030 mV.
All liposomal formulations displayed low polydispersity
values (<0.06) indicating a narrow size distribution
(Figure 1A; Figure 2). TEM imaging showed welldispersed, round shaped vesicles, their size correlating
that of DLS measurements (Figure 3A).
Protein corona has been described to form very
rapidly following incubation of NPs with plasma
proteins.33 Because of this and the fact that bare (nonPEGylated) liposomes have a short blood circulation
half-life, we chose to assess protein corona formation
10 min postincubation with plasma (in vitro corona) or
postinjection (in vivo corona). To investigate the formation of a protein corona onto the vesicle surface in vivo,
liposomes were ﬁrst administered intravenously via tail
vein injection into CD-1 mice and 10 min postinjection
liposomes were recovered by cardiac puncture as
shown in Figure 1B. Plasma was then prepared from
recovered blood by centrifugation (see Experimental
Section for further details). Protein corona was allowed
to form onto vesicles in vitro as previously described by
others,3436 by incubating the three liposome systems
with CD-1 mouse plasma at 37 °C for 10 min under
continuous agitation to mimic as much as possible the
in vivo conditions. To conﬁrm that the commercially
available plasma used for our in vitro studies had the
same composition as the plasma obtained from the
in vivo experiments we performed mass spectrometry
(Figure S2).
A protocol was developed in this study for the
isolation of liposomes from unbound and loosely
bound plasma proteins by combination of size
HADJIDEMETRIOU ET AL.

exclusion chromatography and membrane ultraﬁltration. Although centrifugation has been the predominant methodology for the separation of proteincoated NPs following their exposure to biological ﬂuids,
for low-density NPs, such as liposomes, this method
may not be applicable. In addition, strong centrifugation forces may modify the NP-protein interactions and
promote protein aggregation. Size exclusion chromatography has been used previously for the separation
of liposomes from proteins.37 However, to ensure the
separation of large proteins and protein aggregates,
further membrane ultraﬁltration was employed as
a second puriﬁcation step (Figure S3). The protocol
developed here is thought to allow only the retention
of the tightly adsorbed proteins onto the liposome
surface, also referred to as the “hard corona”.
Liposomes were recovered and isolated from the
blood circulation of CD-1 mice, as well as from in vitro
incubation in CD-1 mouse plasma. The surface charge
of liposomes shifted toward more negative values after
their interaction with plasma proteins both in vitro and
in vivo (Figure 2; Table S1). Dynamic light scattering
measurements of protein corona-coated liposomes
demonstrated that their size distribution broadened
(larger polydispersity index). Formation of a protein
corona can be usually manifested as an increase in the
mean nanoparticle diameter since a layer of protein
molecules is deposited onto their surface. In the case of
liposomes, however, due to their elastic, softer structure the interaction with proteins is more complex,
and it can lead to an increase in their mean diameter
or to a reduction due to osmotically driven “shrinkage”,
as previously reported by others38 and also observed
here (Table S1).
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Figure 3. Morphological and structural characterization of liposomes before and after protein corona formation in vitro and
in vivo by electron microscopy. (A) Negative stain TEM imaging showing the interaction of plasma proteins with bare,
PEGylated and targeted liposomes, recovered from the blood circulation of CD-1 mice 10 min postinjection and from in vitro
incubation with isolated CD-1 mouse plasma; and (B) Cryo-EM imaging of targeted liposomes before and after their in vitro
and in vivo interaction with plasma proteins. All scale bars are 50 nm.

The overall colloidal characteristics of the liposomes
recovered from the blood circulation of CD-1 mice
were similar to those observed for liposomes isolated
from in vitro plasma incubation. Also, the structural
integrity of all liposome systems after recovery and
isolation from blood (in vivo) or plasma (in vitro) as
shown by TEM remained intact (Figure 3A).
Characterization of Protein Corona. TEM revealed that
the structure of the protein corona formed onto liposomes in blood (in vivo) and in plasma (in vitro) was
dramatically different morphologically. An expanded
network of linear fibrillar structures formed only in
the case of in vitro corona, while the in vivo corona
appeared to have a more compact structure adsorbing
onto the vesicle surface (Figure 3). Cryo-EM of the
MoAb-conjugated (targeted) liposome system provided
further evidence to confirm that the structure of the
HADJIDEMETRIOU ET AL.

corona forming around the liposomes after in vitro
plasma incubation resulted in the assembly of fibrillar
structures contrary to that observed in vivo (Figure 3B).
The absence of fibrillar structures in CD-1 mouse plasma
alone (without liposomes) (Figure S2) was a further
indication that the assembly of the fibrillar structures
observed was a result of the interaction with liposomes;
however, more work would be needed to explore this
further.
The next step was to quantitatively and qualitatively compare the in vitro and in vivo protein adsorption proﬁles for the three diﬀerent types of liposomes.
To compare the amount of proteins adsorbed, we
calculated the protein binding ability (Pb), deﬁned as
the amount of protein associated with each μmol
of lipid. As shown in Figure 4A, Pb values determined
from in vitro incubation of each liposome type with
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Figure 4. Comparison of protein adsorption proﬁles of bare, PEGylated and targeted liposomes after in vivo and in vitro
protein corona formation. (A) Comparison of the amount of proteins adsorbed onto bare, PEGylated and targeted
liposomes. In the case of targeted liposomes the amount of protein contributed by the conjugated Ab has been
subtracted. Pb values (μg of protein/μM lipid) represent the average and standard error from three independent
experiments, each using three mice per liposome system. * indicates p < 0.05 and ** indicates p < 0.01. (B) EZ-Blue
stained SDS-PAGE gel of proteins associated with liposomes in vitro and in vivo. Selected area indicates the anti-MUC1 Ab.
(C) Venn diagrams report the number of unique proteins identiﬁed in the in vitro and in vivo formed coronas and their
respective overlap. (D) The eﬀect of PEGylation and anti-MUC-1 Ab conjugation on the protein motifs observed in vitro and
in vivo. Venn diagrams report the number of unique proteins identiﬁed in each of the three liposomal formulations and
their respective overlap.

plasma were of the same range to those determined
for liposomes isolated from the blood circulation of
CD-1 mice. Therefore, the total amount of protein bound
onto each liposome type was considered equivalent.
However, comparison between bare and PEGylated
liposomes indicated twice the amount of total protein
adsorbed. Among PEGylated and targeted liposomes,
total protein absorbed was almost of equal amounts
in vitro; however, the presence of the full IgG antibody
at the distal end of liposomes seemed to considerably
increase the amount of blood proteins adsorbed in vivo.
We attribute this phenomenon to the 34 unique proteins adsorbed only onto targeted liposomes in vivo
as shown in Figure 4D that possibly interacted with anti
MUC-1 IgG antibody via proteinprotein interactions.
HADJIDEMETRIOU ET AL.

Proteins associated with all liposome types in vitro
and in vivo were separated by SDS-PAGE and visualized
with Coomassie Brilliant Blue staining (Figure 4B). Qualitative diﬀerences were observed between the in vitro
and in vivo protein coronas for all the three liposomal
formulations. In agreement with protein quantiﬁcation results, bare liposomes were found to adsorb the
highest amount of proteins. Only minor diﬀerences
were observed between protein coronas that formed
onto PEGylated and targeted liposomes in vitro,
whereas the corresponding in vivo adsorption proﬁles
signiﬁcantly diﬀer. SDS-PAGE also conﬁrmed that the
targeting MoAb remained attached on the surface of
targeted liposomes after the in vitro and in vivo protein
corona formation and subsequent processing.
VOL. 9

’

NO. 8

’

8142–8156

’

8147

2015
www.acsnano.org

ARTICLE
Figure 5. Most-abundant proteins (top-20) identiﬁed in the in vitro and in vivo protein corona of bare, PEGylated and targeted
liposomes by LCMS/MS. Relative protein abundance (RPA) values represent the average and standard error from three
independent experiments. The three ﬁbrinogen chains found are shown in bold.

A comprehensive identiﬁcation of proteins associated with liposomes was performed by mass spectrometry. The Venn diagrams in Figure 4C illustrate the
number of common and unique proteins between
the in vitro and in vivo protein coronas formed. Protein
adsorption proﬁles in vitro considerably diﬀer from
those observed in vivo. A signiﬁcantly higher number
of unique proteins were observed for the in vivo protein
coronas formed onto all three liposome types. These
results illustrated that in vitro incubation with plasma
proteins should be considered an oversimpliﬁcation
of limited value as a predictor of the complex in vivo
protein corona formation.
The relative protein abundance (RPA) of identiﬁed
proteins was also determined. Figure 5 summarizes the
20 most abundant proteins of the in vitro and in vivo
formed protein coronas onto bare, PEGylated and
targeted liposomes. Apolipoproteins, immunoglobulins
and complement proteins were the most abundant
classes of protein molecules present in both the in vitro
and in vivo protein coronas. RPA values demonstrated
that for each liposome type, ranking of the most abundant proteins was diﬀerent in vitro and in vivo. Interestingly, protein coronas that formed in vitro onto all liposome types comprised of considerably greater amounts
of the three ﬁbrinogen chains (shown in bold) compared
to in vivo formed coronas (Figure S4). The interaction of
HADJIDEMETRIOU ET AL.

ﬁbrinogen with nanoparticles has been investigated
before,3941 reporting that ﬁbrinogen changes conformation and forms interparticle bridges upon surface
binding.41 The high content of ﬁbrinogen molecules
in the case of in vitro coronas could also corroborate
the presence of the ﬁbrillar structures observed consistently by electron microscopy only when liposomes
were allowed to interact in vitro with plasma proteins
(Figure 3).
Even though the focus of this study is the formation
of protein corona on clinically used liposomes, the protocol suggested can be applied to investigate in vivo
corona formation onto diﬀerent types of long circulating NPs. TEM images of plasma-recovered PEGylated
liposomes (Figure 3) and carbon nanotubes (Figure S5)
demonstrated that the absence of strong centrifugation forces, in this protocol, allows the recovery of well
dispersed protein-coated NPs that retain their structural
integrity, while TEM shows the presence of the protein
molecules adsorbed onto their surface.
Cellular Internalization Studies. Considering the differences observed between the in vitro and in vivo formed
protein coronas, we performed confocal fluorescence
microscopy experiments to investigate their effect
on the internalization efficiency of liposomes. For this
purpose, fluorescently labeled liposomes were prepared
by the incorporation of the fluorescent hydrophobic
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Figure 6. Cellular uptake studies of DiD labeled liposomes and protein-coated liposomes recovered from the circulation
of CD-1 mice 10 min postinjection and from in vitro incubation with isolated plasma. (A) Confocal microscopy imaging of
MCF7 cells shows the eﬀect of protein corona on the internalization of DiD-labeled (red signal) bare and PEGylated
liposomes 24 h after incubation. Confocal microscopy imaging of MCF7 cells (MUC-1þve) and C33a cells (MUC-1-ve) shows
the eﬀect of protein corona on the targeting capability of DiD labeled (red signal) anti MUC-1 targeted liposomes. Nuclei
were counterstained with DAPI (blue signal). (B) Fluorescence intensity measurements of the confocal microscopy images
shown in A; * indicates p < 0.05 and *** indicates p < 0.005.

dye, DiD, in their phospholipid bilayer. Human epithelial
cancer cells were incubated with liposomes before and
after purification from in vitro incubation with mouse
plasma and recovery from in vivo blood circulation
(Figure 1). The use of MUC-1-positive (MCF-7) and
MUC-1-negative (C33a) cell lines, allowed us to investigate
the effect of protein coronas on receptor binding and
internalization capability of the MoAb-targeted liposomes.
HADJIDEMETRIOU ET AL.

First, we examined the internalization of liposomes
before their interaction with plasma proteins, 24 h postincubation with MCF-7 cells. As illustrated in Figure 6,
PEGylation inhibited the cellular uptake of liposomes.
However, conjugation of the (anti-MUC-1) Ab signiﬁcantly improved their cellular internalization, indicating
binding speciﬁcity of the Ab to its antigen (MUC-1) and
receptor-mediated endocytosis. To further conﬁrm that
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DISCUSSION
Any nanoparticle (NP) surface can be instantly
modiﬁed once injected in the bloodstream by the
formation of a protein corona.1 According to this
paradigm, the importance of the protein corona has
been postulated as a determinant factor for the pharmacological and toxicological proﬁle of NPs and will
HADJIDEMETRIOU ET AL.

impact signiﬁcantly on their therapeutic capacity.
Despite tremendous interest and a multitude of highquality work that has reported the formation and
characteristics (including the molecular composition)
of the protein corona around NPs of diﬀerent parametrization,11,4245 there is no report in the literature
to describe the protein corona formed in vivo while in
blood circulation onto NPs that are clinically used.
Early antiopsonisation studies highlighted that
the amount of protein adsorbed onto liposomes
can be used as an indicator of liposome longevity in
blood circulation. Although these studies attempted
to determine the amount of protein adsorbed onto
diﬀerent types of liposomes after their recovery from
in vivo blood circulation, they did not investigate the
molecular composition of protein corona.2427 Here,
we attempted to oﬀer a comprehensive comparison
between the protein coronas that formed in vitro and
in vivo on clinically established, PEGylated liposome
systems of nanoscale dimensions. Bare (non-PEGylated)
and antibody-targeted versions of the same liposome
composition were investigated, to determine the ability
of surface PEGylation to suppress protein adsorption,
corona formation, as well as the eﬀect of the protein
corona on the targeting (binding and internalization)
capability of liposomes within mammalian cell cultures.
Electron microscopy allowed assessment of liposome morphology after their interaction with plasma
proteins in vitro and in vivo for 10 min, to indicate that
in both cases liposomes remained structurally intact.
Interestingly, all three liposome types incubated with
mouse plasma in vitro resulted in the formation of
ﬁbrillar structures that interacted with the vesicles
leading to extended clustering (Figure 3). These results
provide previously unreported direct evidence of
nanoparticle-mediated ﬁbrillation in a complex biological ﬂuid in vitro and should be investigated further
more thoroughly. In contrast, no ﬁbrillar structures
were observed onto liposomes isolated following their
in vivo blood circulation. This could be explained by the
diﬀerence in protein composition between the in vitro
and in vivo formed protein coronas (Figures 5 and S4).
In the case of promotion of a ﬁbrillation process,
the predominant hypothesis currently is that NPs can
potentially act as platforms for protein adsorption and
can enhance the probability of unfolded proteins to
self-assemble.46 The eﬀect of diﬀerent NPs on the
ﬁbrillation process has been mainly investigated in solutions of model-amyloidogenic proteins, under controlled
conditions that promote protein aggregation.4649
Whether ﬁbrillation can occur in a more complex
biological ﬂuid, where non-amyloidogenic proteins will
compete for surface interactions onto the NP surface
remains unexplored. Our data here strongly suggests
that distinct diﬀerences exist between the in vitro and
in vivo protein coronas that render the need for much
more work beyond the scope of this study to draw
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the internalization of targeted liposomes was due to the
speciﬁc binding between Ab with the MUC-1 antigen,
MUC-1-negative cells were incubated with targeted
liposomes. 1 h postincubation, targeted liposomes
were found to be internalized only by the MUC-1positive cell line, whereas no detectable signal obtained
in the case of MUC-negative cells (Figure S6). The weak
signal observed 24 h postincubation of MUC-negative
cells with targeted liposomes could be attributed to the
internalization of liposomes by nonspeciﬁc interactions.
The eﬀect of corona formation on the liposome
cellular uptake was then studied. The isolation of
liposomes from unbound and loosely bound proteins
prior to cellular internalization experiments, allowed
us to investigate how the in vitro and in vivo formed
coronas impacted on liposome-cell interactions.
Confocal microscopy demonstrated that although
the overall uptake of bare liposomes within MCF-7
cells was diminished by both the in vitro and in vivo
protein coronas, the eﬀect was more pronounced in
the case of in vitro corona-coated liposomes (Figure 6).
PEGylated liposomes were very poorly internalized
both before and after their interaction with plasma
proteins, indicating that protein corona formation on
the surface of PEGylated liposomes did not activate
alternative pathways of internalization.
The importance of protein corona formation in
determining liposome-cell interactions prompted us
to evaluate its eﬀect on actively (antibody) targeted
liposomes. As depicted in Figure 6, both in vitro and
in vivo protein coronas inhibited the interaction between the anti-MUC-1 antibody and the MUC-1 receptor, leading to reduced liposome internalization.
However, the in vitro protein corona seemed to have
a more signiﬁcant inhibitory eﬀect. MoAb-targeted
liposomes recovered from blood circulation, seemed
to be able to bind and internalize into MUC-1 positive
cells despite the presence of the in vivo protein corona
on their surface. We attributed that to the incomplete
surface coating of the liposomes by the in vivo corona
(as observed in Figure 3B) that allowed some antibodies to bind to MUC-1 receptors and initiate endocytosis into antigen-positive cells. Cell internalization
experiments as early as 1 h after the incubation of cells
with liposomes in the absence of serum in the cell culture
media, before and after their in vitro and in vivo interaction with plasma proteins, further demonstrated the
negative impact of the formed protein coronas on their
binding and internalization eﬃciency (Figure S6).
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liposome type. Pozzi et al. have previously reported
signiﬁcant overlap in the nature of protein molecules
adsorbed onto cationic liposomes with and without
PEG coating.19 In agreement with our data PEGylation
reduced the total amount of protein adsorbed onto
the liposomes (Figure 4), but had a minor eﬀect on the
molecular consistency of the protein coronas. Interestingly, the targeted liposome systems that contained
a full IgG MoAb at the distal end of some PEG chains
led to corona formation of higher total protein content.
The association of more proteins onto the surface of NPs
in the presence of large molecular weight biological
targeting ligands may also be relevant to other clinically
used targeted, PEGylated constructs (e.g. PEGylated
monoclonal antibody therapeutics such as Cimzia).
The diﬀerent structural conﬁguration and composition among the in vitro and in vivo formed protein
coronas in our study, prompted us to assess their eﬀect
on the internalization of the liposomes within human
epithelial cancer cells. It is now well-established that
interactions of NPs with cells will be aﬀected by the
tightly bound corona proteins.51 According to previous
ﬁndings, the protein corona can either facilitate10,11,52
or inhibit23 the internalization of NPs. Confocal microscopy experiments in this study (Figure 6) demonstrated that both in vitro and in vivo protein coronas
had an overall inhibiting role in the interactions of all
liposomes with cells and their subsequent cell uptake.
In addition, and in agreement with the literature, our
data showed that modiﬁcation of liposomes with a
PEG surface layer reduced protein binding on the
surface of liposomes,19 but simultaneously inhibited
the interaction of liposomes with cells.22 Pozzi et al.
recently suggested that the protein corona formed
around PEGylated liposomes could determine receptor-binding and initiate endocytosis-mediated
cell internalization, therefore could be exploited as
an alternative strategy to achieve targeted delivery.53
Such strategy could only be eﬀective if target cells
overexpressed the receptors speciﬁc to the coronaforming proteins, as has been discussed by others.54
For example, cationic liposome/DNA complexes have
been shown to speciﬁcally interact with vitronectin
upon their incubation with human plasma, which enhances their uptake by cancer cells expressing vitronectin Rνβ3 receptor.52 Nevertheless, in our study the
inhibiting impact of PEGylation on the cellular internalization of liposomes was not alleviated following
either in vitro or in vivo corona formation, even though
this can be cell type speciﬁc.
Engineering of targeted liposomes with antibodies
at the distal end of some of the PEG chains coating the
vesicle surface was used as a strategy to interrogate the
role of protein corona formation on receptor binding
and cellular internalization. Conjugation of the full
IgG anti-MUC-1 antibody dramatically improved their
cellular internalization in serum-free conditions, while
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correlations between nanoparticle characteristics and
the complexities of the interacting plasma environment
(in vitro or in vivo; mouse or human) that may initiate or
promote a process of ﬁbrillation.
This work can also contribute to the discussion
whether the incubation of NPs with plasma proteins
in vitro can be considered as an accurate prediction of
protein adsorption in vivo. Proteins bound onto intravenously injected liposomes and onto liposomes incubated with isolated plasma were quantitatively and
qualitatively characterized. Although the total amount
of liposome-associated proteins did not signiﬁcantly
vary in vitro and in vivo, protein corona in vivo was
much more complex in terms of composition (Figure 4).
The importance of characterizing plasma protein
adsorption in vivo in order to more accurately predict the fate of liposomes was ﬁrst emphasized
by Chonn et al. in the early 90s.25 In their study, gel
electrophoresis was employed to demonstrate that
while the amount of proteins attached on circulating
liposomes correlated with that observed from in vitro
plasma incubation, the type of proteins adsorbed considerably varied. A more precise comparison between
the in vitro and in vivo formed protein coronas was very
recently reported for non-clinically used, PVA-coated
superparamagnetic NPs after their intravenous administration in rats.29 In agreement with our results, mass
spectrometry-based proteomic analysis in that study
showed that the protein corona composition signiﬁcantly diﬀered between the in vitro and in vivo conditions; however, no information about the structural
characteristics of the forming corona were oﬀered.
On a broader context, our ﬁndings suggest that even
though in vitro incubations of NPs with plasma proteins improve our understanding of the principles
and mechanism of protein corona formation and selfassembly, their extrapolation to predict the pharmacological fate of NPs or their toxicological impact
should be made with extreme caution. On the other
hand, study of the in vivo protein coronas, although
more reﬂective of the true biological environment with
all its complexities, it is more challenging and limited
by the low levels of recovered NPs. Moreover, it is also
important to comprehend the potential limitations of
extrapolating data from mice to humans. Caracciolo
et al. have recently demonstrated that the in vitro
incubation of PEGylated and non- PEGylated liposomes with mouse and human plasma results in
diﬀerent protein coronas suggesting that this could
be a possible reason why some liposomal formulations
work well in mice but fail to provide similar eﬃcacy in
humans.50
Identiﬁcation of the corona proteins enabled us to
correlate the liposome type with the protein molecules
adsorbed both in vitro and in vivo. The majority of
protein molecules were identical in terms of composition, but diﬀered in total amount depending on the
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EXPERIMENTAL SECTION
Materials. hCTMO1; anti MUC-1 IgG antibody (Ab) (150 kDa)
was a kind gift from UCB (UK). Hydrogenated soy phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (ammonium salt) (Mal-DSPEPEG2000) were purchased from Avanti Polar Lipids (USA), while
cholesterol and 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic
acid (HEPES) were purchased from Sigma (UK).
Preparation of Liposomes. Liposomes were prepared by thin
lipid film hydration method followed by extrusion. Figure 1A
shows the liposomal formulations employed, their lipid composition and the molar ratios. Briefly, lipids of different types
were dissolved in chloroform:methanol mixture (4:1) in a total
volume of 2 mL, using a 25 mL round-bottom flask. Organic
solvents were then evaporated using a rotary evaporator (Buchi,
Switzerland) at 40 °C, at 150 rotations/min, 1 h under a vacuum.
Lipid films were hydrated with ammonium sulfate 250 mM
(pH 8.5) at 60 °C to produce large multilammer liposomes. Small
unilamellar liposomes were then produced by extrusion though
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Notably, no report today has studied the eﬀect of
protein corona formation on the targeting capability of
clinically developed targeted NPs or targeted liposomes.
Many types of actively targeted liposomes have reached
clinical trials, but have failed clinically despite their outstanding in vitro and in vivo preclinical performance. One
of the reasons for this discrepancy could be attributed to
the ﬁndings of this study and others, suggesting signiﬁcant loss of targetability and cellular uptake due to protein
corona formation. However, the presence of a protein
corona alone is not thought to be the sole reason for the
therapeutic shortcomings of antibody-targeted liposomes,
since eﬃcacious tumor eradication has been repeatedly
reported using diﬀerent types of targeting ligands for different in vivo preclinical (commonly rodent) models.5760
The role of the protein corona on clinically developed
liposomes should therefore be considered one of the contributing factors that will determine their pharmacological
and biological performance, but not the sole critical factor.
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plasma protein adsorption (in vitro or in vivo) and the
formation of the protein corona were shown to signiﬁcantly inhibit binding and uptake. However, in the
case of in vivo protein corona formation, targeted
liposome binding and internalization was more preserved and not entirely abolished (Figure 6). The impact of protein corona formed in vitro on the targeting
capability of NPs has been investigated previously
for silica,12,55 gold14 and polymeric NPs.56 According
to Salvati et al. the binding speciﬁcity of surface-bound
transferrin for its receptor was lost in the presence
of plasma proteins.12 In that study, silica NPs (50 nm)
grafted with PEG of various lengths with bound transferrin at their distal ends were incubated with lung
epithelial cells in the presence and absence of serum
proteins. Indeed, protein corona formed and blocked
the transferrin-dependent internalization of NPs.
The attachment of additional PEG chains on transferrin-targeted NPs did not improve their overall internalization eﬃciency. More recently, Dai et al.14 further
investigated the eﬀect of PEG coating density and
backﬁlling the surface of Herceptin-targeted, gold
NPs (50 nm). This study concluded on some further
design principles in order to allow restoration of binding speciﬁcity (lost due to protein corona formation) by
coating with shorter PEG chains the NP surface, while
allowing the targeting moiety to dangle from the distal
end of longer PEG chains. In contrast, the targetability
of EGR targeted silica NPs (97 nm) and huA33 mAbfunctionalized polymeric nanoparticles (PMA) (2 μm)
has been shown to be retained in the presence of
protein corona.55,56 The contradictory results of these
studies are not surprising, considering the unique
character and morphology of the protein corona for
each nanomaterial and the diﬀerent binding aﬃnities
of the ligand-nanoparticle conjugates to their particular target receptors.56

CONCLUSION
This study has revealed that the molecular complexity of the in vivo protein corona forming on clinically
developed liposomes cannot be adequately predicted
by their in vitro plasma incubations. Such complexity
can lead to sharply diﬀerent structural characteristics
of the in vivo corona compared to that forming in vitro.
Despite the substantial diﬀerences observed in the
composition and morphology between in vitro and
in vivo formed protein coronas, both restricted cellular
internalization and compromised the targeting capability of MoAb-conjugated liposomes. We anticipate
that this work will provide impetus for many more
studies needed to reveal the characteristics of the
forming in vivo protein coronas on diﬀerent NP types
and surface characteristics and their impact on the
overall biological proﬁle of these nanoparticles.

800 and 200 nm polycarbonate filters (Whatman, VWR, UK)
10 times each and then 15 times through 100 and 80 nm
extrusion filters (Whatman, VWR, UK) using a mini-Extruder
(Avanti Polar Lipids, Alabaster, AL).
For the preparation of Targeted liposomes, PEGylated liposomes were ﬁrst prepared as mentioned earlier followed by
postinsertion of anti-MUC-1 mal-DSPE-PEG2000 micelles using
the previously described15 procedure. Mal-DSPE-PEG2000
micelles were prepared as followed: mal-DSPE-PEG2000 lipid
was dissolved in chloroform:methanol mixture (4:1) in a
total volume of 1 mL in a 25 mL round-bottom ﬂask. Organic
solvents were then evaporated with a rotary evaporator (Buchi,
Switzerland), at 40 °C, at 150 rotations/min, under 1 h vacuum.
mal-DSPE-PEG2000 lipid ﬁlm was hydrated with HBS (20 mM
HEPES, 150 mM NaCl, pH 7.4), at 60 °C. Anti-MUC-1 antibody was
ﬁrst thiolated as describe in Figure S1A by mixing with Traut's
reagent (2-iminothiolane, Sigma, UK) at Ab:Traut's reagent
molar ratio of 1:20 for 1 h at room temperature with continuous
stirring at concentration of 10 mg Ab/mL buﬀer (25 mM HEPES,
140 mM NaCl, 3 mM EDTA, pH 8). Unreacted Traut's reagent was
removed using Sephadex G50 column equilibrated with deoxygenated HBS (pH 7.4). The coupling reaction was run by mixing
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Protein Corona Formation after in Vitro Incubation with CD-1 Mice
Plasma. The in vitro formed corona was allowed to form using
the same liposome concentration (2.25 mM) as that extracted
in 1 mL of plasma from intravenously injected animals. For all
in vitro protein binding studies, 2.25 mM of liposomes (180 μL of
12.5 mM) were incubated with 820 μL of CD-1 female mouse
plasma (Seralab, UK, Batch # UU3110812) for 10 min at 37 °C in
orbital shaker at 250 rpm setting to mimic in vivo conditions.
Separation of Corona-Coated Liposomes from Unbound and Weakly
Bound Proteins. Liposomes recovered from in vitro and in vivo
experiments were separated form excess plasma proteins by size
exclusion chromatography followed by membrane ultrafiltration. Immediately after in vitro and in vivo incubations, 1 mL of
plasma samples was loaded onto a Sepharose CL-4B (SIGMAAldrich) column (15  1.5 cm) equilibrated with HBS. Stewart
assay in each chromatographic fraction (1 mL) revealed that
liposomes were eluted in fractions 4,5 and 6 (Figure S3). Fractions
containing liposomes were then pooled together and concentrated to 500 μL by centrifugation using Vivaspin 6 column
(10 000 MWCO, Sartorious, Fisher Scientific) at 9000 rpm Vivaspin
500 centrifugal concentrator (1 000 000 MWCO, Sartorious,
Fisher Scientific) was then used at 9000 rpm, to further concentrate the samples to 100 μL and to ensure separation of proteincoated liposomes from the remaining large unbound proteins.
Liposomes were then washed 3 times with 100 μL HBS to remove
weekly bound proteins. To validate the separation of proteincoated liposomes from unbound proteins, the same procedure
was performed with a control of plasma without liposomes
(Figure S3).
Size and Zeta Potential Measurements Using Dynamic Light Scattering
(DLS). Liposome size and surface charge were measured using
Zetasizer Nano ZS (Malvern, Instruments, UK). For size measurement, samples were diluted with distilled water in 1 mL cuvettes.
Zeta potential was measured in disposable Zetasizer cuvettes
and sample dilution was performed with distilled water. Size and
zeta potential data were taken in three and five measurements,
respectively
Transmission Electron Microscopy (TEM). Liposomes of different
compositions were visualized with transmission electron microscopy (FEI Tecnai 12 BioTwin) before and after their in vitro and
in vivo interaction with plasma proteins. Samples were diluted
to 1 mM lipid concentration, then a drop from each liposome
suspension was placed onto a Carbon Film Mesh Copper
Grid (CF400-Cu, Electron Microscopy Science), and the excess
suspension was removed with a filter paper. Staining was
performed using aqueous uranyl acetate solution 1%.
Cryoelectron Microscopy. TEM grids of liposomes were prepared in a FEI Vitrobot using 3 μL of sample absorbed to freshly
glow-discharged R2/2 Quantifoil grids. Grids were continuously
blotted for 45 s in a 95% humidity chamber before plungefreezing into liquid ethane. Data were then recorded on a Polara
F30 FEG operating at 200 kV on a 4K Gatan Ultrascan CCD
(charge-coupled device) in low-dose mode. CD images were
recorded between 0.5 and 5.0 μm defocus at a normal magnification of 39 000 and at 3.5 Å/pixel (1 Å = 0.1 nm) and had a
maximum electron dose of <25 electrons/Å2.
SDS-PAGE Electrophoresis. Proteins associated with 0.05 μM
of liposomes were mixed with Protein Solving Buffer (Fisher
Scientific) for a final volume of 40 μL and boiled for 5 min at
90 °C. Samples were then loaded in 420% Precise Tris-HEPES
Protein Gel (Thermo Scientific). The gel was run for 1 h at 100 V,
until the proteins neared the end of the gel, in 50 times diluted
Tris-HEPES SDS Buffer (Thermo Scientific). Staining was performed with EZ Blue Gel Staining reagent (Sigma Life Science)
overnight followed by washing in distilled water for 2 h.
Quantification of Adsorbed Proteins. Proteins associated with
recovered liposomes were quantified by BCA Protein assay kit,
as described earlier. Pb values, expressed as μg of protein/μM
lipid were then calculated and represented as the average (
standard error of three independent experiments. In the case
of targeted liposomes the amount of protein contributed by the
conjugated anti-MUC1 Ab (28.86 μg Ab/μmol lipid).
Mass Spectrometry. Proteins associated with 0.05 μM of liposomes were mixed with Protein Solving Buffer (Fisher Scientific)
for a final volume of 25 μL and boiled for 5 min at 90 °C.
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thiolated Ab with mal-DSPE-PEG2000 micelles at 1:10 molar
ratio in HBS (pH 7.4) overnight at room temperature. All Ab
conjugation reactions were performed at oxygen free conditions.
At the end of the reaction any uncoupled mal-DSPE-PEG2000
groups were blocked by mixing with cysteine HCl to a ﬁnal
concentration of 1 mM for 30 min. Ab micelles were then
concentrated to 1 mL by centrifugation using Viva spin 6 columns
(Sartorius, ﬁsher) at 9000 rpm for 1012 min. Mal-DSPE-PEG2000
Ab micelles were then post inserted into preformed PEGylated
liposomes at Ab:lipids molar ratios 1:500, by 1 h incubation at
60 °C. Targeted liposomes were then separated from nonincorporated mal-DSPE-PEG2000 Ab micelles by using Sepharose
CL-4B column in HBS (pH 7.4). Postinsertion eﬃciency was
determined by collecting elution fractions (1 mL each) and
analyzed spectrophotometrically for the presence of Ab (BCA
protein assay) and liposomes (Stewart's assay) (Figure S1B).
For the BCA assay, a 6-point standard curve was generated
by serial dilutions of BSA in HBS, with the top standard at a
concentration of 2 μg/mL. BCA reagent A and B were mixed at a
ratio of 50:1 and 200 μL of the BCA mixture were dispensed into
a 96-well plate, in duplicates. Then, 25 μL of each standard or
unknown sample were added per well. The plate was incubated
for 30 min at 37 °C, after which the absorbance was read at
574 nm on a plate reader (Fluostar Omega). Protein concentrations were calculated according to the standard curve. To
quantify lipid concentration, 20 μL of each samples was mixed
with 1 mL of chloroform and 500 μL of Stewart assay reagent in
an Eppendorf tube. The samples were vortexed for 20 s followed
by 1 min of centrifugation at 13 000 rpm. 200 μL of the chloroform phase was transferred to a quartz cuvette. The optical
density was measured on a using Cary 50 Bio Spectrophotometer (Agilent Technologies) at 485 nm. Lipid concentration
was calculated according to a standard curve.
The conjugation of the anti-MUC-1 antibody to mal-DSPEPEG2000 micelles was also conﬁrmed by SDS-PAGE electrophoresis (Figure S1C). Brieﬂy, 10 μL of targeted liposomes were
mixed with 10 μL of Protein Solving Buﬀer (Fisher Scientiﬁc) and
then boiled for 5 min at 90 °C. Twenty μL of each sample were
then loaded in 10% Precise Tris-HEPES Protein Gel (Thermo
Scientiﬁc). The gel was run for 1 h at 100 V in 50 times diluted
Tris-HEPES SDS Buﬀer (Thermo Scientiﬁc). Staining was performed with EZ Blue Gel Staining reagent (Sigma Life Science)
overnight followed by washing in distilled water for 2 h.
Preparation of DiD-Labeled Liposomes. To prepare DiD-labeled
liposomes for cellular uptake studies, 5 mol % of DiD (Life
Technologies) in ethanol (1 mg/mL) was added to the
lipid mixture and liposomes were prepared by thin lipid film
hydration method as described earlier. Lipid films were kept
protected from light and purified by passing them though
Sepharose CL-4B column (SIGMA-Aldrich) equilibrated with
HBS (pH 7.4).
Animal Experiments. Eight to ten week old female CD1 mice
were purchased from Charles River (UK). Animal procedures
were performed in compliance with the UK Home Office Code
of Practice for the Housing and Care of Animals used in Scientific
Procedures. Mice were housed in groups of five with free access
to water and kept at temperature of 1922 °C and relative
humidity of 4565%. Before performing the procedures, animals
were acclimatized to the environment for at least 7 days.
Protein Corona Formation after in Vivo Administration. CD1 mice
were anesthetized by inhalation of isoflurane and liposomes
were administered intravenously via the lateral tail vein, at a
lipid dose of 0.125 mM/g body weight. This specific concentration was chosen because it is the equivalent lipid concentration
to that of doxorubicin-loaded liposomes administered in preclinical studies to achieve a final doxorubicin dose of 5 mg/kg
body weight.6163 Ten minutes after injection, liposomes
were recovered from the blood by collection of ∼0.5 mL blood
samples, by cardiac puncture using K2EDTA coated blood
collection tubes. Plasma was prepared by inverting 10 times
the collection tubes to ensure mixing of blood with EDTA
and subsequent centrifugation for 12 min at 1300 RCF at 4 °C.
Supernatant was collected into Protein LoBind Eppendorf Tubes.
The plasma samples obtained from three mice were pooled
together.
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MWNSCk ¼

(NSC=MW)k
N

∑ (NSC=MW)i
i¼1

 100

(1)

where, MWNSCk is the percentage molecular weight normalized NSC for protein k and MW is the molecular weight in kDa
for protein k. This equation takes into consideration the protein
size and evaluates the contribution of each protein reﬂecting its
relative protein abundance (RPA).
Internalization Studies. C33a, a human, cervix carcinoma cell
line (ATCC, USA) and MCF-7, human breast cancer cells (ATCC,
USA) were used for the in vitro internalization studies. C33a cells
were cultured in advanced RPMI-1640 (Roswell Park Memorial
Institute) supplemented with 10% FBS (Fetal Bovine Serum),
1% L-Glutamine and 1% penicillin/streptomycin. MCF-7 cells
were grown in MEM (Minimum Essential Media) supplemented
with 10% FBS and 1% penicillin/streptomycin. Cells were grown
in a humidified 37 °C/5% CO2 incubator and passaged when
they reached 80% confluence for a maximum of 20 passages,
in order to maintain exponential growth.
MCF7 cells or C33a cells were seeded onto a coated glass
bottom, 8 well chamber slide (Millicell EZ SLIDE, MerckMillipore) (8000 cells/well). After 24 h of cell culture expansion,
cells were transfected in serum free conditions with 0.15 mM of
either DiD-labeled bare liposomes, liposomes recovered from
intravenous injection into CD-1 mice or from in vitro incubation
with isolated plasma for 1 h and 24 h. Naïve cells were used
as controls. For the 24 h experiment, FBS was added 4 h after
incubation to each well to achieve a ﬁnal serum concentration
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of 10% and cells were incubated at 37% in 5% CO2 for 20 h.
The cells were then washed three times with PBS. After that,
cells were ﬁxed by methanol precooled in 20 °C. Slides were
mounted with Vectashield medium containing DAPI (Vector
Laboratories) to stain the nuclei and coverslips were added.
Images were collected on a Leica TCS SP5 AOBS inverted
confocal using a 63 oil objective. The confocal settings were
as follows, pinhole 1 airy unit, scan speed 1000 Hz unidirectional, format 1024  1024. Images were collected using
the 405 nm (20%) and 633 nm (20%) laser lines, respectively.
To eliminate cross-talk between channels, the images were
collected sequentially. ImageJ (Fiji distribution) software was
used to determine the ﬂuorescence intensity.
To further conﬁrm that the internalization of targeted
liposomes was due to the interaction of Ab with MUC-1 antigen,
MCF7 cells and C33a cells were also incubated at 37% in 5% CO2
for 1 h with DiD-labeled targeted liposomes (before their
interaction with plasma proteins) (Figure S6). Cells were then
washed three times with PBS and ﬁxed by methanol precooled
in 20 °C. Slides were mounted with Vectashield medium
containing DAPI (Vector Laboratories) to stain the nuclei and
coverslips were added. Images were collected on a Leica TCS
SP5 AOBS inverted confocal microscope as described for the
24 h internalization experiment.
Statistical Analysis. Statistical analysis of the data was performed using IBM SPSS Statistics software. One-way analysis of
variance (ANOVA) followed by the Tukey multiple comparison
test were used and p values <0.05 were considered significant.
Conflict of Interest: The authors declare no competing
ﬁnancial interest.
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Samples were then loaded in 10% Precise Tris-HEPES Protein
Gel (Thermo Scientific). The gel was run for 35 min 100 V, in
50 times diluted Tris-HEPES SDS Buffer (Thermo Scientific).
Staining was performed with EZ Blue Gel Staining reagent
(Sigma Life Science) overnight followed by washing in distilled
water for 2 h.
Bands of interest were excised from the gel and dehydrated
using acetonitrile followed by vacuum centrifugation. Dried gel
pieces were reduced with 10 mM dithiothreitol and alkylated
with 55 mM iodoacetamide. Gel pieces were then washed
alternately with 25 mM ammonium bicarbonate followed
by acetonitrile. This was repeated, and the gel pieces dried by
vacuum centrifugation. Samples were digested with trypsin
overnight at 37 °C.
Digested samples were analyzed by LCMS/MS using an
UltiMate 3000 Rapid Separation LC (RSLC, Dionex Corporation,
Sunnyvale, CA) coupled to a LTQ Velos Pro (Thermo Fisher
Scientiﬁc, Waltham, MA) mass spectrometer. Peptide mixtures
were separated using a gradient from 92% A (0.1% FA in
water) and 8% B (0.1% FA in acetonitrile) to 33% B, in 44 min
at 300 nL min1, using a 250 mm  75 μm i.d. 1.7 μM BEH
C18, analytical column (Waters). Peptides were selected for
fragmentation automatically by data dependent analysis.
Data produced were searched using Mascot (Matrix Science
UK), against the [Uniprot] database with taxonomy of [mouse]
selected. Data were validated using Scaﬀold (Proteome Software, Portland, OR).
The Scaﬀold software (version 4.3.2, Proteome Software Inc.)
was used to validate MS/MS based peptide and protein identiﬁcations and for relative quantiﬁcation based on spectral
counting. Peptide identiﬁcations were accepted if they could
be established at greater than 95.0% probability by the Peptide
Prophet algorithm with Scaﬀold delta-mass correction. Protein
identiﬁcations were accepted if they could be established at
greater than 99.0% probability and contained at least 2 identiﬁed peptides. Protein probabilities were assigned by the Protein
Prophet algorithm. Proteins that contained similar peptides and
could not be diﬀerentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Semiquantitative assessment of the protein amounts was conducted using
normalized spectral countings, NSCs, provided by Scaﬀold
Software. The mean value of NSCs obtained in the three
experimental replicates for each protein was normalized to
the protein MW and expressed as a relative quantity by applying
the following equation:19
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