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In vivo protein corona patterns of lipid
nanoparticlesy
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M. Mahmoudi*®" and A. Lagana®

In physiological environments (e.g. the blood), nanoparticles (NPs) are surrounded by a layer of
biomolecules referred to as a ‘protein corona’ (PC). The most tightly NP-bound proteins form the
so-called hard corona (HC), the key bio-entity that determines the NP's biological identity and
physiological response. To date, NP-HC has been almost exclusively characterized in vitro, while
NP-protein interactions under realistic in vivo conditions remain largely unexplored. In this study, we
thoroughly characterized the in vivo HC of a NP formulation that forms around lipid nanoparticles with
a lipid composition equal to that of clinically used liposomal amphotericin B (AmBisome®) after the
recovery of the NPs from the blood circulation of FVB/N mice 10 minutes post intravenous
administration. In vitro HC formed by 10 minutes incubation of NPs in FVB/N mouse plasma was used
for comparison. Here we show that the biological identity (i.e. size, zeta-potential and aggregation state)
of NPs in vivo is significantly different from that acquired in vitro. Furthermore, the variety of protein
species in the in vivo HC was considerably larger. The present work has demonstrated that
characterization of the in vivo HC is essential to provide an accurate molecular description of the
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Introduction

Upon entering physiological environments (e.g., blood and
interstitial fluids), nanoparticles (NPs) are surrounded by a layer
of biomolecules referred to as a ‘protein corona’ (PC)." Quick
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biological identity of NPs in physiological environments.

binders are typically, but not necessarily, the more abundant
proteins and are substituted over time by those proteins with
higher affinity for the NP surface.> At equilibrium, the long-
standing PC of tightly bound proteins form the ‘hard’ corona
(HC), which controls the NP fate in vivo and is the interface
“seen” and processed by cells.* Factors shaping the HC are
classified in three categories, specifically NP physicochemical
properties (e.g. size, zeta-potential, and morphology),>*® bio-
logical media (e.g. protein source,”* protein concentration,
and (local)-temperature)'*** and exposure time.'*® To investi-
gate the effect of these factors on the HC, NPs are typically
exposed to static plasma or serum. On the other side, the NP-
protein interactions under realistic in vivo conditions have been
poorly understood.” Amongst underestimated factors, shear
stress and variation of plasma proteins (in both protein content
and conformation'®) could be extremely relevant. Indeed, bodily
fluids are dynamic in nature and exhibit macroscopic velocities
that are largely dependent on body zones. In the human body,
flow velocities range from a few micrometers per s (in the
capillaries) up to 60 cm s~ (in the ascending aorta). In recent
investigations, we compared size, surface charge, and compo-
sition of the HCs formed under static vs. dynamic incuba-
tion.™?° Notably, the HC formed in a dynamic flow was found to
be largely different from its ‘static’ counterpart thus making
a correlation between in vitro data and in vivo data challenging.
Recent studies by Hadjidemetriou et al.>"** have reported on the
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Fig.1 In biological media nanoparticles adsorb biomolecules to form
a biomolecular ‘corona’, referred to as “protein corona”, which confers
a new biological identity to the particles. The nanoparticle—protein
interactions under realistic in vivo conditions have been poorly
explored so far. A key question is whether the spontaneous coating of
nanoparticles in vivo differs from that formed following in vitro
incubation.

HC of NPs after in vivo administration. The HC of PEGylated
liposomal doxorubicin (Doxil®), one of the leading approved NP
product used in cancer therapy, was fully characterized after the
recovery of NPs from the blood circulation of CD-1 mice.
Notably, in vivo HC of Doxil® was different in morphology with
respect to that formed in vitro and, most importantly, exhibited
a much larger variety of molecular species. These results have
demonstrated that comparing in vitro-in vivo HCs has deep
implications for in vitro-in vivo extrapolations and will be of
great importance to exploit the NP-HC for therapeutics and
diagnostics (Fig. 1). Among other applications, this will allow
understanding the drug specificity of existing, clinically
approved NP formulations, as well as their therapeutic failures.

Between NP-based drug delivery systems, liposomes are
considered as a versatile delivery tool that has been investigated
for formulating a vast variety of drugs and imaging agents.
Recently, the liposome-HC is an emerging as an opportunity for
targeted delivery on nanomedicines* and early cancer detec-
tion.** In this study, we thoroughly characterized the in vitro and
in vivo HCs of a lipid NP made of hydrogenated soy phospha-
tidylcholine (HSPC), 1,2-distearoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DSPG), and cholesterol (Chol). Lipid composition
and molar ratios of the lipid species were chosen to match the
exact liposome composition of the clinically-used liposomal
AmBisome®.”®> AmBisome® is the first amphotericin B agent
and is indicated for the treatment of severe systemic and/or
deep mycoses, empirical treatment of presumed fungal infec-
tions, treatment of cryptococcal meningitis in HIV-infected
patients and treatment of visceral leishmaniasis. Antifungal
drugs are also prophylactically administered to patients who
have an increased chance of getting fungal infections such as
cancer patients. Our aim was to compare the in vitro and in vivo
HC of clinically used liposomal AmBisome®. This is a key issue
and is addressed here for the first time.

Results and discussion

In a couple of recent papers,”>** Hadjidemetriou et al. compared
the in vitro and in vivo protein coronas formed around
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PEGylated liposomal formulation that constitutes the anti-
cancer agent Doxil®. Of note, the variety of protein species in
the in vivo corona was much wider than in its in vitro counter-
part. In addition, different protein patterns for the most
abundant common proteins were found. For instance, the in
vivo formed coronas showed a drastic reduction in fibrinogen
content. In summary, two main conclusions were given. First,
Hadjidemetriou et al. clarified that in vivo administration could
not be mimicked by in vitro incubation protocols in plasma.
Second, it appeared clear that in vitro incubation with plasma
proteins could be an oversimplification as a predictor of the
complex in vivo protein corona formation. Anyway, some of us
have recently shown that composition of the liposome-HC
strongly depends on the functional chemical groups that
constitute the lipid surface.”® Here we wondered whether
conclusions about in vivo corona could be generalizable to all
kind of liposomes. To provide new insight, we chose
AmBisome® because it is reference drug for treatment of fungal
infections or visceral leishmaniasis and is included in the
World Health Organization (WHO) essential medicines list. The
chemical composition and the physicochemical characteristics
of liposomes that were fabricated for this study are summarized
in Fig. S1 in the ESI.T The lipid composition and molar ratios of
the individual lipid species matched the liposome composition
of the clinically approved liposomal AmBisome®. Size and zeta-
potential of liposomes were characterized before i.v. adminis-
tration (Table S1 in the ESIT). Synthesized liposomes were small
in size with a mean hydrodynamic diameter, Dy, of about
190 nm. Liposomes had a negative zeta-potential of —61.2 mV.
As mentioned above, the exposure time is a critical factor that
shapes the composition of HC. Time-evolution of in vitro HC
was recently reported for liposomes.” We demonstrated that
the HC is rapidly established (¢ < 1 min) and evolves with time.
Exposure time was therefore considered for the experimental
design of this study. To identify the appropriate circulation time
in the blood, AmBisome® liposomes were i.v. administered via
tail vein injection into FVB/N mice and recovered by cardiac
puncture 5 min, 10 min and 20 min post-injection. Plasma was
then prepared from recovered blood by centrifugation and HC
was isolated as explained in the Experimental section. SDS-
PAGE was used to compare the total amount of protein adsor-
bed at different exposure times. Temporal changes in the
protein pattern let us conclude that in vivo HC of AmBisome®
liposomes changes with time. As Fig. S2 in the ESIf clearly
shows, the amount of proteins associated with liposomal
AmBisome® was maximum at ¢ = 10 min. Thus this exposure
time was used in the following. Following 10 minutes in vitro
incubation the hydrodynamic diameter of AmBisome® lipo-
somes increased (Dy; = 330 nm), their size distribution (Fig. 2,
panel A) broadened as demonstrated by larger polydispersity
index (Table S1 in the ESIT), while their surface charge was less
negative than that of bare liposomes (Fig. 2, panel B; Table S17).
DLS results are consistent with particle aggregation and are in
good agreement with TEM images reported in Fig. 2, panel C.
The observed decrease in zeta-potential is a well know effect due
protein adsorption that produces a normalization of particles’
surface charge.* On the other side, Fig. 2, panel D, shows that in

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25493d

Open Access Article. Published on 04 January 2017. Downloaded on 1/11/2026 12:48:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Intensity (%)

200nm

00 50 o
Zeta-potential (mV)

Intensity (%)

Intensity (%)

200nmi

100 50 0
D, om) Zeta-potential (mV)

Fig. 2 (A) Representative dynamic light scattering (DLS) intensity
distribution of liposomal AmBisome® following 10 minutes incubation
in FVB/N mouse plasma. (B) Representative zeta-potential distribution
of liposomal AmBisome® after 10 minutes incubation in FVB/N mouse
plasma. (C) Representative transmission electron microscopy (TEM)
images of AmBisome®-protein complexes after 10 minutes in vitro
incubation. (D) Representative DLS intensity distribution of liposomal
AmBisome® after the recovery of the NPs from the blood circulation
of FVB/N mice 10 minutes post intra venous (i.v.) administration. (E)
Representative zeta-potential distribution of liposomal AmBisome®
after the recovery from the blood circulation of FVB/N mice 10
minutes post i.v. administration. (F) Representative TEM images of
AmBisome®—protein complexes after 10 minutes in vitro incubation.
The plasma proteins establish a highly dynamic aura surrounding each
NP, hence, the phenomenon was nicknamed protein “corona” in
analogy to the aura surrounding the Sun.

vivo incubation induced a smaller increase in the mean diam-
eter of liposomes (Dy = 260 nm). Zeta-potential of liposomal
AmBisome® in vivo was higher than in vitro (Fig. 2, panel E;
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Fig. 3 (A) Venn diagram displays the number of proteins identified
onto the surface of AmBisome® following in vitro (violet) and in vivo
(red) incubation. 223 proteins were found in common, while 44 and
277 plasma proteins were unique for the single coronas. (B)
Percentage of total protein of corona proteins classified according to

their calculated molecular mass and (C) isoelectric point.
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Table S11). DLS results were supported by TEM experiments
showing single particles with a layer of adsorbed proteins
(Fig. 2, panel F) and, in general, a minor occurrence of particle
clusters (Fig. S3 in the ESIT). The biological identity of lipo-
somes in vivo is controlled by the structure and composition of
the HC,* which can be exploited for active targeting of NPs.*”**

It could hinder the direct contact between the bare liposome
surface and cell receptors or it may trigger an immune
response, in which case liposomes could be eliminated from the
bloodstream before reaching target cells.

A key question is also whether it is the HC itself, by proteins
engaged from biological milieu, which determines the bio-
distribution of liposomes in vivo. Identification of proteins
bound to liposome surface is a necessary step to answer this
question and was made by liquid chromatography (LC) tandem
mass spectrometry (MS/MS). The Venn diagram in Fig. 3, panel
A, illustrates the number of common and unique proteins
between the in vitro and in vivo coronas. Globally, more than five
hundred proteins were identified. This result is in very good
agreement with previous studies, which showed that the lipo-
some-protein corona usually consists of some hundreds of

Table 1 Top 25 most abundant proteins identified in the in vitro
protein corona of clinically approved liposomal amphotericin B
(AmBisome®) following 10 minutes incubation of NPs in FVB/N mouse
plasma. Proteins common to in vitro and in vivo coronas are high-
lighted in gray

In vitro
MW RPA SD
# Top 25 proteins (kDa) (%) (%)
1 Fibrinogen beta chain FIBB 55 16.69 0.53
2 Fibrinogen gamma chain FIBG 49 14.48 0.59
3 Serum albumin ALBU 69 4.80 0.03
4 C4b-binding protein C4BPA 52 2.37  0.08
5 Coagulation factor XIII B F13B 76 1.51 0.05
chain
6 Coagulation factor XIII A F13A 83 1.47 0.05
chain
7 Actin, cytoplasmic 2 ACTG 42 1.44 0.11
8 Fibronectin FINC 273 1.42 0.04
9 Alpha-1-antitrypsin 1-3 A1AT3 46 1.31 0.04
10 Ig kappa chain C region IGKC 12 1.23 0.13
11 Serine protease SPA3K 47 1.22 0.05
inhibitor A3K
12 Serotransferrin TRFE 77 1.14 0.04
13 Peroxiredoxin-2 PRDX2 22 1.11 0.07
14  Alpha-1-antitrypsin 1-2 A1AT2 46 1.11 0.04
15 Plasminogen PLMN 91 1.05 0.01
16  Apolipoprotein A-I APOA1 31 1.00 0.13
17 Thymosin beta-4 TYB4 6 0.91 0.09
18 Antithrombin-III ANT3 52 0.83 0.02
19 Carbonic anhydrase 2 CAH2 29 0.83 0.09
20 Beta-2-glycoprotein 1 APOH 39 0.82 0.03
21  Vitronectin VINC 55 0.78 0.03
22 Apolipoprotein E APOE 36 0.77 0.04
23 Alpha-1-antitrypsin 1-4 A1AT4 46 0.68 0.8
24 Band 3 anion transport B3AT 103 0.68 0.02
protein
25 Ig mu chain C region IGHM 50 0.67 0.04
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proteins.>*** Of note, the in vivo HC was much more enriched
than its in vitro counterpart. In detail, 267 and 500 proteins were
identified in the in vitro and in vivo HCs respectively, with only
40% of protein species (223 proteins) being in common between
the two coronas. To predict the NP's behavior in vivo, accurate
quantification of the HC is a mandatory step. To this end, the
relative protein abundance (RPA) of each identified protein was
determined as explained in the Experimental section. First, we
classified proteins according to their molecular weight (MW). As
Fig. 3, panel B, clearly shows, the in vitro HC is mainly enriched
of proteins with MW between 50 and 60 kDa (37%), while the in
vivo HC is preferentially composed of low MW proteins (i.e. <20
kDa, 31%). Further bioinformatic analysis (Fig. 3, panel C)
showed that 88% and 73% of the in vitro and in vivo HC proteins
have isoelectric point (pI) < 7.

This is in good agreement with the zeta-potential results of
Fig. 2, panel C, showing that, at physiological pH, the liposome-
PC exhibited an overall negative charge. Tables 1 and 2 list the
25 most-abundant proteins found on the in vitro and in vivo HCs
of AmBisome® liposomes. While the 25 hits constitute roughly
60% of the in vitro HC, they represent a minor fraction of the in
vivo HC (=30%). According to the results of Hadjidemetriou

Table 2 Top 25 most abundant proteins identified in the in vivo
protein corona of clinically used liposomal amphotericin B
(AmBisome®) after the recovery of the NPs from the blood circulation
of FVB/N mice 10 minutes post intra venous administration. Proteins
common to in vitro and in vivo coronas are highlighted in gray

Invivo
MwW RPA SD

# Top 25 proteins (kDa) (%) (%)
1 Serum albumin ALBU 69 4.07  0.11
2 Fibrinogen beta chain FIBB 55 2.28  0.06
3 Apolipoprotein C-III APOC3 11 2.14 0.15
4 Actin, cytoplasmic 2 ACTG 42 211 0.22
5 Fibrinogen gamma chain FIBG 49 1.81  0.08
6 Alpha-1-antitrypsin 1-3 A1AT3 46 1.45  0.14
7 Ig kappa chain C region IGKC 12 1.41 0.24
8 Alpha-1-antitrypsin 1-2 A1AT2 46 1.34  0.07
9 Actin, alpha cardiac ACTC 42 1.24  0.06

muscle 1
10  Apolipoprotein A-I APOA1 31 112 0.05
11 Serine protease SPA3K 47 1.12 0.06

inhibitor A3K
12 Serotransferrin TRFE 77 112 0.02
13 Ig mu chain C region IGHM 50 0.97  0.02
14  C4b-binding protein C4BPA 52 0.96  0.01
15  Apolipoprotein E APOE 36 0.96  0.05
16  Apolipoprotein C-1I APOC2 11 0.78  0.04
17 Vitronectin VINC 55 0.74 0.08
18  Myosin light polypeptide 6 MYL6 17 0.70  0.04
19  14-3-3 protein zeta/delta 1433Z 28 0.70  0.08
20  Ras-related protein Rap-1b RAP1B 21 0.69  0.05
21 Complement C3 COo3 186 0.66  0.02
22 Peroxiredoxin-2 PRDX2 22 0.66  0.09
23 Tropomyosin alpha-4 chain ~ TPM4 28 0.64  0.13
24  ATP synthase subunit beta, ATPB 56 0.64  0.03

mitochondrial
25  Alpha-2-macroglobulin A2M 166 0.63  0.03
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et al.,”* our findings confirm the higher heterogeneity of the in
vivo HC on its in vitro counterpart. Among the 25 most abun-
dant proteins, it is noteworthy to observe that only 14 proteins
were in common (Fig. 4, panel A). Considering the 25 hits of
both coronas, Fig. 4, panel B, shows that the largest fraction of
the in vitro HC proteins have MW between 50 and 60 kDa (21%),
while the in vivo HC is mainly composed of proteins with MW
between 40 and 50 kDa (9%). We also observe that proteins with
5 < pl < 6 are the main components of both coronas (34% and
19% for in vitro and in vivo HCs respectively, Fig. 4, panel C).
Afterward, all the HC proteins were categorized according to
their physiological function (Fig. 5). First, percentages of iden-
tified proteins were appreciably altered between the two
coronas. Notably, the in vivo HC was less enriched of comple-
ment proteins.

This result is in very good agreement with the conclusions of
a recent study" showing that the PC that forms around NPs in
circulating biological media is less enriched of complement
factors with respect to its counterpart formed in vitro."

Although being a great influential factor for PC-protein
interactions, dynamical nature of bodily fluids has been largely
ignored in the PC literature. Nonetheless, this result might be
relevant for in vivo applications, since lower levels of comple-
ment proteins are associated with prolonged NP circulation in
the blood. The main dissimilarity was found for C1QC, a protein
of the classical complement pathway with a known opsonin
activity. C1QC associates with the proenzymes C1r and C1s to
yield C1, the first component of the serum complement system.
The in vivo HC was also less enriched of coagulation proteins,
a relevant class of plasma proteins that activate cells of the
immune system by toll-like receptors (TLRs).** For instance,
fibrinogen induces macrophage chemokine secretion through
TLR 4. A PC enriched with complement and coagulation
proteins would promote the particle uptake by immune cells
and, in turn, its removal from the bloodstream. Fig. 5 also
shows that the in vivo HC of AmBisome® liposomes was much
more enriched of lipoproteins. There are several receptors for
apolipoproteins on the cell plasma membrane with potential
implication in targeted drug delivery.”***** Among identified
lipoproteins, the main difference was observed for APOC2 that
binds to scavenger receptor class B type 1 (SRBI) thus mediating
the lipid transfer between low and high-density lipoproteins
and cells of several tissues. Aside from relevance for targeted
drug delivery, apolipoproteins have been reported to behave as
dysopsonins, reducing adsorption of typical opsonins (i.e.
complement proteins and immunoglobulins) and extending the
circulation time of liposomes in vivo. The incubation procedure
had a minor impact, if any, on the binding of acute phase
proteins and ‘other proteins’ (i.e. relevant proteins not included
in any of the previous classes) to the surface of AmBisome®
liposomes. Lastly, we observe that neither the in vitro nor the in
vivo HC were enriched of immunoglobulins (Igs). We have
recently demonstrated that plasma proteins bind specifically to
functional chemical groups onto the lipid surface and that the
affinity of each lipid species for plasma proteins is affected by
the co-presence of other species in the lipid bilayer.*® Thus, we
are prompted to conclude that the deficiency of Igs is likely to be

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) Venn diagram displays the number of the top 25 proteins identified onto the surface of AmBisome® following in vitro (violet) and in

vivo (red) incubation. 14 proteins were found in common, while 11 plasma proteins were unique for the single coronas. (B) Percentage of total
protein of the top 25 corona proteins classified according to their calculated molecular mass. (C) Percentage of total protein of the top 25 corona
proteins categorized according to their isoelectric point.

COMPLEMENT COAGULATION LIPOPROTEINS
’ = g?iiA T . Fi38 & =M APOC1
6- F13A 7 B APOB
B CO3 ——] B ANT3 APOA5
" B CFAl 304 [ A2AP 6 [ APOA4
2 Bl CO8A @ FA12 2 B APOA2
g i I cosB g . FAS £ 5 I APOAT
[ Bl CO08G & I FIBG o I APOC3
g m Cco9 g 20+ B FINC g BN APOC4
= & = C10A 2 B KNG E o BN APOE
2, m ci08 3 B PLMN : BN APOH
m ciac 104 B PROZ 2 APOM
I CFAB THRB I cLus
H BN CFAH == 1 . B APOC2
ol—— — _ |mmcos o o
in vitro  in vivo in vitro  invivo in vitro in vivo
TISSUE LEAKAGE ACUTE PHASE OTHERS
8 B ACTG 5 B LBP 8 B AMBP
Bl GELS B ITH3 HBA
e — K1C10 s ITH2 e BN HBB1
o K1C16 4 B TH o = HBB2
@ = '}gg:é 2 Bl HPT @ - BN LG3BP
£ 5 B KIC17 8 3 - A 2 5 W TREE
2 r I A1AT4 2
o m K22E o a Il HRG
5 4 B | mm KoCT75 g B A1AT3 g 4+ m TTHY
[ —_— ACTC e o B AIAT2 I
"Cz 34— B ACTN1 E A1AG1 '§ 3
*.1 . ACTN4 s = &l
B K2C1 14
1 [ K2C5 1+
B KiC14
0- Il TBA1A 0 T r 0-
invitro  invivo invitro invivo invitro  invivo

Fig. 5 Bioinformatic classification of corona proteins. Percentage of total

AmBisome®.

related to its specific lipid composition of liposomal
AmBisome®. According to findings of Hadjidemetriou et al.*
We confirmed that the variety of proteins forming in vivo corona
of AmBisome® was much wider. Equally, in vivo corona
comprised considerably much lower amounts of the three
fibrinogen chains compared to in vitro formed corona. On the
other side, here we also show that in vivo corona was

This journal is © The Royal Society of Chemistry 2017

proteins identified in the in vitro and in vivo hard coronas of

significantly less enriched of complement proteins, while it
comprised higher amounts of lipoproteins with respect to its in
vitro counterpart. This has not been observed before. Our
findings imply that changes in protein pattern profiles can
highly dependent on the lipid composition of NPs. It should be
underlined that HC varies across animal species. Some of us
have shown that the HC that forms around NPs in mice and
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humans can be markedly different from each other.'® Recently,
Sahneh et al** have demonstrated that biocorona evolves
differently in rodents and humans and that such different time
evolution may have a deep impact on NPs' biodistribution
across species.

Experimental
Preparation of liposomes

Hydrogenated soy phosphatidylcholine (HSPC), 1,2-distearoyl-
sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DSPG),
cholesterol (Chol) were purchased from Avanti Polar Lipids
(Alabaster, AL). AmBisome-like liposomes were synthesized
according to these molar ratios HSPC : DSPG : cholesterol
(2.5 :1:1.2).* Liposomes were dissolved in chloroform and the
solvent was evaporated under vacuum for 2 hours. Lipid films
were then hydrated with phosphate saline buffer (PBS) to obtain
a final lipid concentration of 10 mg mL~". The obtained lipo-
some solutions were extruded 20 times through a 0.05 pm
polycarbonate filter with the Avanti Mini-Extruder (Avanti Polar
Lipids, Alabaster, AL). The liposomes used in this study have
a diameter of approximately 180 nm. This value is larger than
that of AmBisome® (100 nm). Anyway, their lipid composition
that has recently been identified as a main factor shaping the
liposome-protein corona,* is equal to that of AmBisome®.

In vitro incubation

For in vitro incubation the following steps were carried out: (i)
blood was collected from three mice by tail venipuncture using
TM BD P100 Blood Collection System tubes containing K2EDTA
and protease inhibitor (Franklin Lakes, NJ, USA 7). Approxi-
mately 800 L of blood was recovered from each mouse. Blood
samples were not pooled; (ii) three aliquots of liposomal
AmBisome® (volume = 25 puL; lipid concentration = 10 mg
mL ' total lipid/sample = 0.25 mg) were mixed with three
blood samples (volume = 500 pL). Thus, this procedure resulted
in the preparation of three independent samples (biological
replicates) at lipid/blood ratio (w/v) = 0.5 mg mL~; (iii) mixed
solutions were incubated for 10 minutes at 37 °C. They were not
pooled, but analyzed separately.

In vivo incubation

Eight to ten week old female FVB/N mice were purchased from
Charles River (UK). Mice were housed in groups of eight with
free access to water and kept at temperature of 19-22 °C and
relative humidity of 45-65%. Before performing the procedures,
animals where acclimatized to the environment for at least 7
days. All animal experiments were carried out in accordance
with the U.K. Animals (Scientific Procedures) Act, 1986 and
associated guidelines, EU Directive 2010/63/EU for animal
experiments. In vivo incubation was made of the following
steps: (i) three FVB/N mice were anesthetized by inhalation of
isoflurane; (ii) 100 pL liposomal AmBisome® were administered
to each mouse. Since total blood volume for FVB/N mice is
around 2 mL, this procedure resulted in a lipid/blood ratio =
0.5 mg mL ™" (i.e. the same lipid/blood ratio used for in vitro
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experiments); (iii) ten minutes after liposome injection, blood
was recovered by cardiac puncture using TM BD P100 Blood
Collection System tubes containing K2EDTA and protease
inhibitor (Franklin Lakes, NJ, USA). Approximately 800 L of
blood was recovered from each mouse. Recovered samples were
not pooled. They were treated and analyzed separately.

Protein assay

Immediately after in vitro an in vivo incubation, samples were
centrifuged at 1800 rpm for 10 min at 4 °C. Supernatant was
stored in LoBind tubes (Eppendorf) at —80 °C. When used,
aliquots were thawed at 4 °C and then left to warm at room
temperature. According to literature, the HC of AmBisome® was
separated form excess plasma proteins by size exclusion chro-
matography and membrane ultrafiltration. Following both in
vitro and in vivo incubation, 500 L of plasma samples was
loaded onto a Sepharose CL-2B (Ge Healthcare Life Sciences)
and equilibrated with PBS. Among ten collected chromato-
graphic fractions, 3, 4 and 5 were pooled together and
concentrated to 250 pL by centrifugation using Vivaspin 6
column (MWCO 10 000 Da, Sigma Aldrich, USA) at 3000 rpm.

To concentrate the samples to 100 pL Vivaspin 500 centrif-
ugal concentrator (MWCO 10 000 Da, Sigma Aldrich, USA) was
used at 3000 rpm. This step also allowed separating protein-
coated liposomes from large unbound proteins. Liposome-
protein complexes were finally washed 3 times with cold PBS to
remove weekly bound proteins (the soft corona). Separation of
protein-decorated liposomes from excess plasma proteins was
validated using pure plasma (ie. without liposomes) as
a control. Ten microliters of each sample re-suspension was
used to quantify the amount of adsorbed proteins using the
Protein Assay reagent (Pierce, Thermo Scientific, Waltham, MA,
USA), according to manufacturer's protocol. Briefly, 10 micro-
liters were placed into a 96-multiwell plate and then was added
150 pL of Protein Assay reagent. The measures were performed
in triplicate. The multiwell was covered, mixed on a plate
shaker, and incubated at room temperature for 5 min. The
absorbance of each sample, standard and blank was measured
with the Glomax Discover System (Promega, Madison, WI, USA)
at 660 nm. The protein concentration was calculated using the
standard curve.

In solution digesting and desalting

The protein pellets obtained from precipitation were re-
suspended in 50 pL of a denaturant buffer composed of 8 mol
L™" urea in 50 mmol L™ NH,HCO,, then 2.5 pL of DTT
200 mmol L™ in 50 mmol L' NH,HCO; were added and finally
incubated for 1 hour at 37 °C. Following protocols already
described,” the protein extract was enzymatically digested
before nanoLC/MS/MS analysis. After overnight digestion at
37 °C, the reaction was quenched by the addition of HCOOH.
Digested samples were desalted using an SPE C18 column
(Bond Elut 1CC LRCC18, Varian, Palo Alto, CA, USA). Peptides
were eluted from the SPE column with 0.5 mL ACN-H,O
(50 : 50, v/v) solution containing 0.05% TFA and then vacuum
dried. Each sample was reconstituted with 0.1% HCOOH
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solution. Digested samples were stored at —80 °C until nanoLC-
MS/MS analysis.

Nanoliquid chromatography tandem mass spectrometry

Tryptic peptides were analyzed using a Dionex Ultimate 3000
(Sunnyvale, CA, USA) nanoLC system connected to a hybrid
mass spectrometer LTQ Orbitrap XL (Thermo Fisher Scientific
Bremen, Germany), equipped with a nanoelectrospray ion
source. Peptide mixtures were enriched by injecting 10 mL (ca.
3.3 mg) of sample on line into a 300 mm i.d. 5 mm Acclaim
PepMap100 C18 (5 mm particle size, 100 A pore size) p-pre-
column (Dionex), using a premixed mobile phase H,O-ACN
95 : 5 (v/v) containing 0.1% HCOOH at 10 mL min " flow-rate.
Peptide mixtures were separated by reversed-phase chroma-
tography on in-house manufactured 25 cm fritless silica
microcolumns with 75 mm i.d. The column was packed with
ReproSil-Pur C18-AQ 2.2 mm resin (Dr Maisch GmbH,
Ammerbuch, Germany). The mobile phase was H,O (A) and
ACN (B), both with 0.1% (v/v) HCOOH. After a 5 min isocratic
step at 5%, B was linearly increased from 5% to 30% within
125 min and then to 45% in 10 min. After that B was increased
to 80% within 10 min and kept constant for 10 min. Then, B was
decreased to 5% within 1 min and kept constant for the
following 20 min to rinse the column. Separation was per-
formed at a flow rate of 300 nL. min~". MS spectra were collected
over an m/z range of 400-1800 at 60 000 resolution, operating in
the data dependent mode to switch automatically between
Orbitrap-MS and LTQ-MS/MS acquisition. Following the “TOP5
strategy”, MS/MS spectra were collected for the twenty five most
intense ions with a charge state greater than 1, using a dynamic
exclusion of 60 s. CID was performed with normalized collision
energy set at 35 V. All samples were analyzed in triplicate in
order to assess the additional variation introduced in the
measurements by the experimental procedure and to increase
the number of identified proteins.

Data analysis and protein validation

Raw data files, obtained from Xcalibur software, were subjected
to Proteome Discover (1.2 version, Thermo Scientific) for data-
base search using Mascot (version 2.3.2 Matrix Science). Data
were searched against the SwissProt database (57.15 version,
20 266 sequences). The built-in decoy search option of Mascot
was used. Enzymatic digestion with trypsin was selected, along
with maximum 2 missed cleavages, peptide charges +2 and +3,
a 10 ppm precursor mass tolerance and 0.8 Da fragment mass
tolerance; acetylation (N-term), oxidation (M) and deamidation
(N, Q) were used as dynamic modifications; carbamidomethy-
lation (C) was used as static modification. The Scaffold software
(version 3.1.2, Proteome Software Inc.) was used to validate
MS/MS-based peptide and protein identifications and for label-
free relative quantitation based on spectral counting. The
peptide and protein probabilities were set to minimum 95%
and 99%, respectively, with at least one identified peptide. For
protein quantitative analysis, Scaffold software allows the
normalization of the spectral countings (normalized spectral
countings, NSCs) and offers various statistical tests to identify
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significant abundance differences in two or more categories.
The mean value of NSCs obtained in the three experimental
replicates for each protein was further normalized to the
protein molecular weight (MWNSC) and expressed as the rela-
tive protein quantity by applying the following equation:**

(NSC)
MWNSCy = NM$ x 100 (1)

NSC

> (v,

where MWNSC; is the relative protein abundance (RPA), i.e. the
percentage molecular weight normalized NSC for protein k and
MW is the molecular weight in kDa for protein k. This correc-
tion considers the protein size and evaluates the actual contri-
bution of each protein reflecting its relative protein abundance
in the HC. RPA of all identified proteins was given as average +
standard deviation (S.D.) from nine samples (i.e. three technical
replicates for each of the three biological replicates).

Size and zeta-potential experiments

All size and zeta-potential measurements were made on a Zeta-
sizer Nano ZS90 (Malvern, U.K.) equipped with a 5 mW HeNe
laser (wavelength 2 = 632.8 nm) and a digital logarithmic
correlator. Bare liposomes were diluted 1: 100 with distilled
water. Size and zeta-potential results are given as mean =+
standard deviation of five replicates. To perform size and zeta-
potential experiments 20 pL of liposome-HC complexes were
diluted with 980 pL of distilled water (final volume = 1 mL).
This experimental procedure was maintained for proteomics
experiments, with the exception of using 3-fold increase volume
of complexes reaching the minimum sample volume required
for accurate protein identification and quantification with
nanoLC-MS/MS.** Size and zeta-potential of liposome-HC
complexes were given as average + S.D. from nine samples (i.e.
three technical replicates for each of the three biological
replicates).

Transmission electron microscopy

Transmission electron microscopy (TEM) images were captured
fast using a ZEISS EM10 operating@60 keV. These conditions
prevented any radiation damage originating from electron
beam. Liposomes were visualized before and after their in vitro
and in vivo interaction with plasma proteins. 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. To avoid the
occurrence of any fake morphological information, we did not
use any staining agent (e.g. osmium tetroxide, uranyl acetate,
lead citrate) of those traditionally employed for enhancing the
image intensity contrast by interaction of the heavy-metal salts
with lipids and proteins.

All the experimental procedures carried out in this study
were in compliance with the UK Animals (Scientific Procedures)
Act 1986 and associated guidelines, EU Directive 2010/63/EU,
and were approved by the Ethic Committee on Animal Use of
the University of Camerino.
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Conclusion

With a few exceptions, static incubation in biological media is
the only experimental procedure followed so far to investigate
the bio-nano-interactions between NPs and biological systems.
This is the first study to investigate the HC of liposomal
Amphotericin B (AmBisome®) under realistic in vivo conditions.
Our results revealed the HC that forms around AmBisome® in
vivo is markedly different from its in vitro counterpart. Specifi-
cally, the in vivo HC was found to be more heterogeneous than
that formed in vitro. Notably, both the number and the relative
abundance of identified proteins changed in vivo. Our results
indicate that the blood flow dynamics has a tremendous impact
on the HC. Thoroughly characterization of the HC protein
coronas under realistic in vivo conditions for liposomal
chemotherapeutics is therefore compulsory to advance our
understanding of their overall clinical performance. Future
exploitation of HC will need an accurate mapping of corona
proteins®® as well as evaluating whether binding epitopes are
presented suitably on the NP surface. This is a largely unex-
plored factor in the field of bio-nano-interactions that is
currently under investigation in our laboratory.
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