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Nanoparticles (NPs) are paving the way for improved treatments for difficult to treat diseases diseases; however,
much is unknown about their fate in the body. One important factor is the interaction between NPs and blood
proteins leading to the formation known as the “protein corona” (PC). The PC, consisting of the Hard (HC) and
Soft Corona (SC), varies greatly based on the NP composition, size, and surface properties. This highlights the
need for specific studies to differentiate the PC formation for each individual NP system. This work focused on
comparing the HC and SC of three NPs with different matrix compositions: a) polymeric NPs based on poly(lactic-
co-glycolic) acid (PLGA), b) hybrid NPs consisting of PLGA and Cholesterol, and c) lipidic NPs made only of
Cholesterol. NPs were formulated and characterized for their physico-chemical characteristics and composition,
and then were incubated in human plasma. In-depth purification, identification, and statistical analysis were
then performed to identify the HC and SC components. Finally, similar investigations demonstrated whether the
presence of a targeting ligand on the NP surface would affect the PC makeup. These results highlighted the
different PC fingerprints of these NPs, which will be critical to better understand the biological influences of the
PC and improve future NP designs.

1. Introduction

Nanoparticles (NPs) represent one of the most innovative tools in the
medical field. They can offer a wide range of potential advantages to
drug delivery, such as the ability to a) incorporate a broad range of
characteristically diverse active substances (Duskey et al., 2017; Sigg
et al.,, 2016; Zu et al., 2021); b) stabilize and protect molecules from
degradation in different biological environments (Duskey et al., 2021;
Duskey et al., 2020a; Fornaguera and Garcia-Celma, 2017); c) be
surface-modified for specific targeted delivery (i.e. to tissue, cell types,
or intra-cellular receptors) (Amini et al., 2021; Hoyos-Ceballos et al.,
2020; Pederzoli et al., 2019); d) selectively modulate drug release (i.e.
prolonged or retarded release) (Bagheri et al., 2021; Dinu et al., 2016;
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Warsi, 2021). NPs used for medical applications should be non-toxic,
cause a limited immune response activation, and be site-specific to
limit negative off-target effects (Tewabe et al., 2021). Nevertheless, once
intravenously dosed, their biological effects can be very difficult to
predict due to the various interactions of the NPs with proteins in the
blood. These interactions lead to the formation of various layers around
the NP surface, termed “the protein corona” (PC), made up of numerous
blood proteins that can affect the fate of the NPs; moreover, the
composition of this PC is usually hard to predict, necessitating thorough
analyses for each NP system (Tosi, 2017).

The PC absorbed on the surface of NPs is very complex, but can
generally be broken down into two distinct layers: 1) the more stable
and slowly exchanging Hard Corona (HC) which interacts more
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intimately with the surface of the NPs, and 2) the more dynamic and
weakly associated Soft Corona (SC) (Garcia-Alvarez and Vallet-Regi,
2021; Lundqvist and Cedervall, 2020; Milani et al., 2012; Tenzer et al.,
2013). The composition of the two PCs has been shown to influence
circulation and biodistribution (Bertrand et al., 2017; Chinen et al.,
2017; Falahati et al., 2019; Ke et al., 2017; Shanwar et al., 2021; Tekie
et al., 2020), drug targeting (Dai et al., 2015; Mahmoudi et al., 2015;
Prapainop et al., 2012), cellular uptake (De Paoli et al., 2014; Francia
et al., 2019; Lesniak et al., 2012; Yan et al., 2013), and toxicity (Bélteky
et al., 2019; Dobrovolskaia et al., 2014; Nystrom and Fadeel, 2012;
Shannahan et al., 2015) of both organic and inorganic NPs. These dif-
ferences can be further complicated by biological parameters such as
protein concentration (Caracciolo et al., 2011; Monopoli et al., 2011;
Partikel et al., 2019a), exposure time (Barran-Berdon et al., 2013; Natte
et al., 2013; Ren et al., 2022), and temperature (Mahmoudi et al., 2014,
2013), which could vary from patient to patient or be due to a patho-
logical state. For these reasons, the study of the PC is considered an
urgent issue in the field of NP characterization as a necessary require-
ment to better predict the biological identity, biological consequences,
and therapeutic outcomes of NPs (Ahsan et al., 2018; Kopac, 2021;
Monopoli et al., 2012; Nguyen and Lee, 2017).

The formation of the PC, both the HC and SC, is influenced not only
by the characteristics of the blood composition, but also by the NP
characteristics. In particular, the composition (Caracciolo et al., 2015),
hydrophobicity (Gessner et al., 2000; Lindman et al., 2007; Moyano
et al., 2012), physical characteristics such as size and surface charge
(Dobrovolskaia et al., 2009; Lacerda et al., 2010; Lundqvist et al., 2008;
Tenzer et al., 2011), shape (Chakraborty et al., 2011; Garcia-Alvarez
et al., 2018), and surface modifications with targeting ligands or coat-
ings (Almalik et al., 2017; Ashby et al., 2014; Pederzoli et al., 2018; Saha
et al., 2016). All of these factors are interconnected and can influence
critical variations in the PC fingerprint between delivery systems. This
leads to the conclusion that there is no “universal” PC. Each individual
factor ranging from the matrix, surfactant, size, and morphology can
have important effects on the PC composition. Therefore, it is crucial to
analyse the PC for each NP to determine which factors play the most
important roles and which proteins lead to the strongest effects on the
delivery of the NPs in vivo.

The present work aims to characterize the entire PC of three NPs with
different compositions: 1) polymeric NPs that form solid matrix cores
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composed of poly-lactic co-glycolic acid (PLGA NPs), 2) hybrid NPs
composed of a homogeneous matrix of PLGA and cholesterol (MIX NPs),
and 3) solid-core lipidic NPs composed of cholesterol (Chol NPs) (Fig. 1).
PLGA is a well-known FDA approved polymer that has been extensively
used for the encapsulation and delivery of pharmaceutics. Cholesterol is
a natural, ubiquitous lipid that has been widely used to formulate li-
posomes and hybrid NPs (Belletti et al., 2016; Ottonelli et al., 2021;
Zhang et al., 2022b) and has recently been adapted to form lipidic NPs
without any helper component (patent pending). Finally, hybrid NPs
which have gained promise in the literature with the capacity to
combine the advantages of both polymeric and lipidic systems as
improved delivery tools (Ghitman et al., 2020). Therefore, these three
NPs represent highly studied delivery systems that bridge the gap be-
tween the two extremes of polymeric and lipidic NPs.

To evaluate the impact of the NP core composition on the formation
of the HC and SC, NPs were incubated in plasma and the proteins
absorbed were identified, evaluated, quantified, and compared. HPLC
ms-ms analysis was used to identify the major proteins present and
supported with statistical analysis (volcano plots) to determine the
congruency between each NP type based on the proteins present in the
HC or SC. A second set of NPs with the same composition was then
produced and surfaced modified with the g7 peptide, known to promote
BBB crossing in vivo and the HC and SC were analysed using identical
methodologies to determine if the core composition or the surface en-
gineering led to greater disparities in the PC layers. With this in-depth
characterization of the PC of these 3 NPs (PLGA, MIX, and Chol), and
determining the effect of surface modifications on the NPs, we hope to
supplement the vast amount of similar research being performed on
other types of NPs (Bing et al., 2021; Nguyen and Lee, 2017; Zhang et al.,
2022a). This will help to create a field-wide understanding of how the
PC affects the in vivo behaviour of NPs, allowing for the intelligent
design of NP systems based on the identity of their PCs and their po-
tential biological effects and reduce unanticipated biological responses
during translation to in vivo testing.

2. Materials and Methods
2.1. Materials

Poly-(D,L-lactic-co-glycolic) acid RG503H (PLGA) 50:50, MW

Chol

Chol NPs

Fig. 1. The chemical structure of the polymer PLGA and Cholesterol and a schematic repre-sentation of the structure of PLGA, hybrid PLGA-Cholesterol (MIX), and

Cholesterol NPs.
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11,000 Da, (Evonik, Essen, Germany), was used as received from the
manufacturer. The g7 peptide was purchased from Mimotopes, Mul-
grave, Australia: sequence GFtGFLS(O-B-Glc)-CONH,, MW 888.97.
Cholesterol and Pluronic® F68 were purchased from Sigma Aldrich,
Milan, Italy. Sterile filtered human K;EDTA plasma from a healthy donor
(protein concentration estimated 6.4 g/dL; Gentaur, Bergamo, Italy),
pre-stained Protein Sharp Mass V Plus (Euroclone, Milan, Italy), and
Coomassie Brilliant Blue R-250 (Bio-Rad, Milan, Italy) were used as
received from the manufacturers. All other solvents (analytical grade),
products, and reagents were purchased from Sigma Aldrich (Milan,
Italy) and used without any further purification (unless otherwise
specified). High-purity water was supplied by a MilliQ water system
(Millipore, MA, USA).

To ensure that samples were free of erroneous proteins, all multi-use
glassware, plasticware, spatulas, and stir bars were pre-washed with
70% ethanol and then heated at 200 °C for at least 2 h. Mono-use sterile,
protein-free, DNAse free, RNAse free materials were used for all other
experiments. Finally, to further avoid sample contamination, all prep-
aration methods were performed under a sterile vertical laminar flow
hood (Asalair Vertical 700, Asalair, Firenze, Italy).

2.2. Formulation of the NPs

The g7 peptide was conjugated to PLGA or Cholesterol prior to NP
formulation via a peptide coupling reaction as previously described
(Costantino et al., 2005; Duskey et al., 2020b). PLGA, hybrid PLGA-
Cholesterol (MIX), and Cholesterol (Chol) NPs were prepared using
the nanoprecipitation procedure as previously reported (Belletti et al.,
2016; Birolini et al., 2021; Pederzoli et al., 2019). Briefly, polymers and/
or lipids were dissolved in the organic solvent and added dropwise to
water containing Pluronic® F68 and under magnetic stirring (1300
rpms). The organic solvent was then removed at 30 °C under reduced
pressure (R 114 Rotavapor, Buchi, Cornaredo, Italy). The recovered NP
suspensions were then ultracentrifuged (J21, Beckman, CA, USA; 16,000
rpms) for 10 min at 4 °C and the supernatant was discarded to remove
unformed polymer and or lipid and free surfactant. The NPs were
resuspended in water, stored at 4 °C, and used within a week.

2.3. Chemico-physical characterization

2.3.1. Weight yield

A measured amount (200 pL) of the purified NP suspension was
transferred to a pre-weighed Eppendorf tube and freeze-dried (—60 °C,
3 mm/Hg, for 48 h; LyoLab 3000, Heto-Holten, Allerod, Denmark) to
calculate the Yield%:

mg of NPs recovered

Yield% = (€H)

Total initial components

2.3.2. Size and zeta potential analysis

Each NP sample was diluted in MilliQ water to a final concentration
of 0.1 mg/mL to measure the size (Z-Average) and the polydispersity
index (PDI) of the samples determined at room temperature by photon
correlation spectroscopy using a Zetasizer Nano ZS (Malvern, Malvern,
UK) equipped with a 4 mW He—Ne Laser at 633 nm, automatic Laser
attenuator, Avalanche photodiode Detector, with a quantum efficiency
(Q.E.) >50% at 633 nm.

The ¢ potential ({-pot) was calculated starting from the electropho-
retic mobility measured using the same sample and instrument equipped
with a combination of laser Doppler velocimetry and phase analysis light
scattering. For each preparation, the Z-Average, PDI, and {-pot were
calculated as the mean of triplicate measurements from 3 distinct NP
formulations.

2.3.3. The NP morphology
The NP morphology was investigated using a scanning transmission
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electron microscopy (STEM). Samples were prepared by immersing a
200-mesh Cu grid (TABB Laboratories Equipment, Berks, UK) into the
NP suspension (~ 0.1 mg/mL) and letting it air dry at room temperature.
Images were then achieved using a Nova Nano SEM 450 (FEI Co., OR,
USA) (acceleration voltage 30 KV, Spot 1.5) with a scanning trans-
mission electron microscope II detector.

2.3.4. Residual Pluronic® F68

The residual Pluronic® F68 associated with the NPs was quantified
following a previously published colorimetric reaction (Childs, 1975).
Briefly, the surfactant was extracted from 10 mg of lyophilized NPs by
solubilisation in 2 mL of dichloromethane followed by the addition of
10 mL of MilliQ water. After the dichloromethane was completely
evaporated, the solution was filtered through a 0.2 pm cellulose acetate
filter to remove any insoluble components. An aliquot of the filtrate was
treated with 1 mL of a 0.005% (w/v) BaCl, solution in 0.1 M HCl and 1
mL of an I5/KI solution (0.05 M / 0.15 M). After a 15 min incubation at
room temperature, the absorbance was measured at 540 nm using a UV/
Vis Spectrophotometer V-530 (Jasco Europe, Cremella, Italy) and the
amount of Pluronic® F68 was calculated using a standard curve created
that day under the same conditions.

2.4. PC purification and characterization

Characterization of the PC was performed following previously
published methods (thoroughly described in the Supplementary mate-
rial) (Pederzoli et al., 2018). Briefly, NP samples were first incubated in
human plasma. To isolate NPs with only the HC, samples were centri-
fuged to remove the unbound material and SC from the NP-HC complex.
In order to collect the NPs with the SC still intact, size exclusion chro-
matographic purification was used as a more gentle alternative
(Cedervall et al., 2007b). Eluted fractions were monitored by SDS-PAGE
to distinguish the free proteins in solution from the samples containing
NP-PC complexes. Both samples, with only the HC or with the HC and
SC, were then characterized in terms of total amount of proteins using
the bicinchoninic acid (BCA) assay following the manufacturer’s in-
structions. To identify the proteins present, these samples were pro-
cessed with reducing and alkylating agents, and eventually trypsin,
before being analysed by mass spectrometry. Plasma samples without
NPs were treated similarly as controls.

2.5. Software and statistical analysis

Statistical analysis regarding the chemico-physical properties of NPs
was performed using the Student’s t-Test, where * p < 0.05 and ** p <
0.01, included in the software GraphPad Prism 6 (GraphPad Holdings,
San Diego, CA, USA). All results are the mean with standard deviation
(SD) measuring at least 3 different samples: n > 3.

Protein identification was achieved by searching the protein data-
bases Swiss-Prot (2018_05, Homo Sapiens 557,491 entries) for peptides,
and c-RAP for contaminants (ftp://ftp.thegpm.org/fasta/cRAP, 116
entries), using the MASCOT protein identification software (Version 2.4,
Matrix Science, London, UK). Once identified, proteins were semi-
quantified by normalizing their presence to the total amount of pro-
teins and expressed using the “exponentially modified Protein Abun-
dance Index” (emPAI) (Arike and Peil, 2014).

Eventually, results were statistically evaluated with the MSStat tool
(Choi et al., 2014) and graphed as volcano plots with the binary loga-
rithm of the fold change between two samples in the x-axis and the —log2
of the adjusted p on the y-axis. Proteins present in the PC with a log fold
change < —2 or > 2 and an adjusted p < 0.05 were considered statis-
tically differently between samples.


ftp://ftp.thegpm.org/fasta/cRAP
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3. Results
3.1. NP chemico-physical characterization

The physico-chemical characteristics of NPs have been demonstrated
to directly influence the PC formation. Therefore, a complete chemico-
physical analysis of each different formulation was performed
(Table 1, Fig. S1). Independently of the NP matrix all three formulations
formed homogenous and reproducible structures as evidenced by a low
PDI (< 0.3) (Shao et al., 2015). As expected from previous literature
(Duskey et al., 2021; Hoyos-Ceballos et al., 2020), PLGA NPs exhibited
the smallest size compared to the other formulations (~ 150 nm), while
MIX and Chol NPs displayed slightly larger structures of around 250 nm
(Belletti et al., 2018, 2016; Birolini et al., 2021). Regarding the Zeta
potential, all formulations were statistically similar, ranging from —20
to —35 mV, with a trend towards more negative values correlating to the
number of carboxylic moieties of PLGA present in the matrix (PLGA <
MIX < Chol NPs). While all the NPs were recovered with high weight
yields of almost 80%, differences were found in the amount of residual
Pluronic® F68 between each NP type. PLGA NPs were found to have a
lower percentage of surfactant compared to MIX and Chol NPs, in
accordance with previous literature (14 vs 26%) (Belletti et al., 2018,
2016; Tosi et al., 2007). This increase of residual Pluronic® F68 could be
explained by its high affinity with cholesterol, leading to higher non-
specific interactions and more being retained in the matrix (Maskar-
inec et al., 2002; Owens and Peppas, 2006). This is important because
contradicting literature suggests in some cases that the amount or
location of the surfactant (in the matrix or absorbed on the surface) does
not lead to interference of protein absorption and PC formation. Other
sources claim that while it does not block PC formation, surfactants can
influence its composition: this must be taken into consideration before
conclusions are made about the importance of NP matrix on the PC
proteins (Akhter et al., 2021; Neagu et al., 2017; Petry et al., 2019).

The physical characteristics of the NPs recorded by light scattering
were also confirmed by STEM microscopy. Images acquired evidenced
the presence of homogeneous populations of NPs in each sample while
defining differences previously described, such as PLGA yielding
smaller, more dense NPs, while Chol NPs being slightly larger and less
electron dense. MIX NPs displayed intermediate characteristics between
the two, as MIX NPs are formed by the homogeneous mixture in the NP
matrix of both PLGA and Chol (Belletti et al., 2018)(Fig. 2).

3.2. Hard corona studies

To study the HC, quantitative analysis of the major detectable pro-
teins was compared between each NP matrix type (expressed as %
normalized emPAI) while using pure plasma as a standard (Fig. 3).
Statistical analysis in the relative protein abundance was determined by
group comparisons of each matrix using volcano plots: dots above the
grey line have a p value <0.05. To increase the confidence of the results,
only proteins outside the range of —2 < Logz fold change <2 (repre-
sented by a blue rectangle) were considered as representing significant
differences not linked to possible measurement variations (Fig. 4).

Quantitative analysis of the plasma control sample showed albumin
(HSA) as the most abundant protein, with the next highest proteins
being transferrin (0.86%), Immunoglobulin H (0.17%), Haptoglobin

Table 1
Chemico-physical characteristics of the three NP formulations.
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(0.14%), and Vitamin D binding protein (0.10%), with a long list of
below 0.10% (Fig. S2A). Of these most prominent proteins in the plasma,
only albumin was consistently detectable in the HC of the different NPs;
however, while being the most abundant plasma protein it was always
<3% of the NP HC composition. Interestingly, the albumin amount
appeared to be directly related to the amount of Cholesterol in the NPs:
Chol NPs (2.20%), MIX NPs (0.51%) NPs, and in a much minor fraction
for PLGA NPs (0.14%) (Fig. 3, Fig. S2B) (Meierhofer et al., 2010; Peng
etal., 2008; Teir et al., 2012). These results demonstrate that the plasma
abundance is not the critical determining factor for which proteins form
the HC. Instead, the most abundant HC proteins, representing 95-99% of
the total HC proteins according to emPAI calculations, could be sepa-
rated into three distinct categories: apolipoproteins complement factors,
and immunoglobulins (Fig. 3). This categorization of the most abundant
HC proteins is in accordance with studies for other NPs where similar
observations were seen (Garcia-Alvarez and Vallet-Regi, 2021; Kopac,
2021; Walkey and Chan, 2012).

Even though apolipoproteins account for only 4.8% of the plasma
proteins (when excluding albumin), they were the most abundant pro-
teins in the HC for all of the NPs and accounted for approximately
70-90% of the HC. Comparing the three formulations, slight variations
were evident. While APO_A1 accounts for approximately 53% of pro-
teins across all of the formulations, APO_E, APO_A4, and other APOs are
more variable, being most prevalent in PLGA and Chol NPs compared to
MIX NPs. This high abundance of APOs in the HC is in accordance with
numerous other studies of different nanomedicines and are probably
linked to the hydrophobic nature of these structures, but is interesting as
to why they were less abundant in the MIX NPs (Pozzi et al., 2015, 2014;
Sempf et al., 2013).

The other most abundant classes of proteins found in the HC con-
sisted of a mix of complement factors and immunoglobulins. In the HC of
all three NPs, CO3 was the most abundant complement factor, ranging
from 1.3%, 0.1%, and 7.4% for PLGA, Chol, and MIX NPs respectively.
This is followed prominently by C1QB, C1QC, and CFAH with only a
small trace of numerous others. Inmunoglobulins present in the HC
represented 2-4% of the total proteins. In all three matrix types, IGKC
was the major immunoglobulin protein followed by IGHG3, IGLC2, and
various others. Altogether, a major difference can be seen in the amount
of these proteins in the HC of the NP types. The HC of MIX NPs had the
highest amount of complement factors and IG levels compared to PLGA
and Chol NPs (14% vs 6.5% and 3% respectively).

Altogether, APOs, complement factors, and IGs added up to >90% of
the total composition of the HC for each NP matrix type. Nevertheless, it
is also important to consider other potentially important candidates that
are unique to the HC of each matrix type whether they were quantifiable
in the plasma control or not. In fact, several proteins that were too low to
be detected in the plasma were detectable in the HC of the PLGA and
MIX NPs, including URP2, LYSC, ITIH4, PLEK, and CYTC (Fig. 3, yel-
low), but were not detected in the Chol NP HC. At the same time,
numerous unique proteins were found in the HC of Chol NP but not in
PLGA or MIX NPs, namely C4BPA, A1AT, SRGN, and TSP1 (Fig. 3, blue).

After identifying the main proteins that compose the HC, a statistical
analysis was performed to evaluate the significant differences in the
protein abundance linked to each matrix type. Fig. 4A represents the
comparison between the two most different NPs in terms of character-
istics and nature: PLGA and Chol NPs. The classes of proteins that were

NP sample Size PDI (SD) Electrophoretic C-pot Weight Yield Pluronic® F68% w/w
(SD), nm Mobility (SD), (SD), mV % w/w
pmem/Vs
PLGA-NPs 152 (13) 0.12 (0.02) —2.52(0.12) —34.4(6.2) 74.9 (6.6) 14 (4
MIX-NPs 237 (17) 0.26 (0.01) —2.00 (0.44) —25.8 (5.3) 76.7 (6.6) 27 (3)
Chol-NPs 257 (14) 0.18 (0.05) —1.55 (0.05) —19.1 (6.8) 78.7 (6.0) 26 (9)
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Fig. 2. STEM images of PLGA, MIX, and Chol NPs.
PLGA NPs MIX NPs Chol NPs
% % %
Protein | normal SD [Total| Protein | normal SD Total | Protein | normal | SD | Total
emPAl emPAl emPAl
APOA1 51.79 4.14 APOA1 53.7 1.07 APOA1 56.68 | 7.52
APOE 15.64 4.68 APOA4 8.38 5.12 APOA4 20.01 5.87
APOA4 15.34 3.89 APOE 6.67 1.42 APOE 5.19 0.91
APOC1 3.15 0.46 APOC1 4.40 1.33 APOA2 3.91 1.11
- APOA2 0.39 0.14 APOA2 2.16 0.81 APOC3 1.88 0.32
9_ APOH 0.35 0.04 |87.06] APOH 0.65 0.17 71.91 APOC1 1.34 0.26 | 90.13
= APOC4 0.26 0.02 APOC3 0.18 0.03 APOC2 0.78 0.05
APOC3 0.14 0.02 APOC4 0.17 0.04 APOC4 0.21 0.06
APOD 0.07 0.02
APOL1 0.03 0.01
APOF 0.03 0.01
® Cco3 1.32 0.1 Cco3 7.35 1.33 c1QB 1.14 0.22
g c1QB 0.66 0.23 CFAH 0.78 0.01 ciQc 0.42 0.11
‘“-f CFAH 0.64 0.08 c1QB 0.65 0.1 C1QA 0.40 0.06
d:.v c1QcC 0.55 0.04 4.02 | CXCL7 0.51 0.08 9.80 Cco3 0.08 0.02| 1.64
é FHR1 0.37 0.07 c1Qc 0.40 0.08
g CXCL7 0.27 0.06 C1QA 0.35 0.03
o C1QA 0.21 0.05 CO4A 0.16 0.02
IGKC 1.14 0.35 IGKC 1.44 0.38 IGHM 0.65 0.16
IGHG3 0.50 0.01 IGHG3 0.79 0.08 IGKC 0.43 0.10
2 IGLC2 0.40 0.02 IGLC2 0.65 0.11 1GJ 0.39 0.06
E IGG1 0.33 0.04 IGHM 0.50 0.16 IGHG3 0.25 0.03
o IGHA1 0.24 0.08 IGG1 0.45 0.06 IGLC2 0.25 0.15
a0 2.49 4.24 233
e IGHM 0.22 0.03 1GJ 0.34 0.1 IGG1 0.14 0.02
g IGK 0.21 0.07 IGHG2 0.30 0.03 IGK 0.09 0.02
§ IGHG2 0.17 0.03 IGK 0.28 0.04 IGHA1 0.08 0.02
IGL1 0.09 0.03 IGHA1 0.15 0.06 IGHG2 0.05 0.01
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Fig. 3. Qualitative and quantitative analysis of the HC. HC protein analysis of
score. The standard devi-ation was determined by the analysis of three different

the most prominent in both the plasma and HC, discussed above, showed
no significant difference in abundance between PLGA NPs and Chol NPs
with a few exceptions. In particular, the HC of the PLGA NPs had
significantly higher amounts of the complement factors (CO3, and
CFAH), while Chol NPs had significantly higher levels of APO_C2,
APQ_C3, and albumin. This statistical analysis also supported previous
observations regarding the proteins uniquely found in either the HC of
Chol or PLGA NPs.

PLGA, MIX, and Chol NPs divided into the major subgroups and ordered by emPAI
NP formulations. The complete com-position analysis of the HC is reported in Fig. S2.

The comparison of PLGA NPs and MIX NPs highlighted little to no
differences in the composition of the HC with the only difference being
that APO_C3 was statistically more abundant in the HC of the MIX NPs
(Fig. 4B). On the contrary, a comparison between Chol and MIX NPs
exhibited a surprisingly similar trend to the Chol vs PLGA NPs. MIX NPs
showed statistically more proteins that were also seen in the polymeric
PLGA NPs, such as URP2, PLEK, and LYSC, as well as the complement
factors CO3 and CFAH. Interestingly, they also showed a significant
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Fig. 4. Volcano plots representing relative abundance of the proteins detected in the HC comparing NPs of different matrices. A) PLGA vs MIX NPs. B) PLGA vs Chol
NPs. C) MIX vs Chol NPs. The dotted line represents the limit of statistical significance; the blue square represents a secondary selection for those proteins that are at
least 2-fold more present in one sample than its counterpart. The complete statistical analysis is reported in Fig. S3. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

predominance of immunoglobulins compared to Chol NPs, with IGKC,
IGHG3, and IGG1(Fig. 4C). Both MIX and Chol NPs showed an abun-
dance of a different variety of APOs.

These data could have important implications on the fate of these
NPs. APOs were found to be more present in the HC of Chol NPs
compared to the other two types. This effect could be expected, as this
class of proteins is involved in the transport of lipidic and hydrophobic
material in the bloodstream generally represented by high-density and
low-density lipoproteins rich in cholesterol (HDL and LDL) (Bolanos-
Garcia and Miguel, 2003; Fielding and Fielding, 1995; Lai et al., 2020;
Mahley, 1988; Reschly et al., 2002). At the same time, the total amount
of complement factors and immunoglobulins is an important factor to be
considered. Unlike APOs, complement factors have been linked to more

negative biological repercussions, inciting both an inflammatory and
immunogenic effect (Goldberg and Ackerman, 2020; Moghimi et al.,
2011; Xiao and Gao, 2018).

3.3. Soft corona

While the HC is made up of proteins intimately associated with the
surface of the NPs, the soft corona (SC) is much more dynamic and less
intimately bound. This does not negate the need to characterize this
entity as an equilibrium will still be reached in the plasma environment
leading to effects on the biological fate of the NPs (Fig. 5, Fig. S4)
(Caracciolo et al., 2017). One major difference seen in the emPAI scores
is that the SC of both the PLGA and Chol NPs consisted of fewer proteins
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Fig. 5. Qualitative analysis of the SC. SC protein analysis of PLGA, MIX and Chol NPs di-vided into the major subgroups and ordered by emPAI score. The standard
deviation was de-termined by the analysis of three different NP formulations. The complete composition analysis of the SC is reported in Fig. S4.

compared to the HC (30 vs 50 proteins). Of these, the most abundant
proteins were albumin and haptoglobin, which ranged from 60 to 86%,
with no statistical difference between the three matrix types (Fig. 6).
This was followed by low amounts of the three major categories previ-
ously seen in the HC: APOs, complement factors, and immunoglobulins.
Chol and MIX NPs shared the highest variety of APOs compared to the
few found in the PLGA NPs. This variety could be linked to the biological
role of these proteins in transporting Chol as described previously in the
section regarding the HC; however, it is also important to consider the
amount of APOs present in the SC. In Chol NPs, APOs represented only
3% of the SC proteins while in MIX NPs they represented over 20%.
Similarly, the SC of MIX NPs consisted of a notably larger variety of
complement factors compared to the other two NPs even though the
total emPAI percentage was no different from that of PLGA NPs (2.11%
and 1.87% respectively). On the other hand, Chol NPs showed the
smallest amount of complement factors with a total of 0.48% of the total
composition of the SC. Unlike what was reported for the HC, the SC of
the different NPs did not contain “unique” proteins, but instead con-
sisted of variations in the amount and number of the major proteins,
suggesting the difference of the soft equilibrium formed.

Statistical analysis with volcano plots supported these results. PLGA
and Chol NPs showed no statistical differences in the identity of the SC
proteins (Fig. 6A). On the contrary, MIX NPs showed statistically higher
amounts of apolipoproteins (such as APO_A, APO_C, and APO_E), com-
plement factors (CO5, CO3, C1QC), and immunoglobulins (IGKC, IGHM)

compared to both other NP matrix types (Fig. 6B and C).
3.4. The PC of NPs with targeting ligands

The surface modification of NPs has been demonstrated to be critical
for the composition of the PC. Therefore, the PC of NPs surface modified
with a targeting ligand was analysed to test if the differences in PC
linked to the matrix composition would be modified by the presence of a
surface ligand. For this purpose, the g7 peptide was chosen: this is a well-
known BBB targeting ligand proven to promote CNS targeting when
conjugated onto the surface of NPs (Birolini et al., 2021; Rigon et al.,
2019; Tosi et al., 2007). Overall, the emPAI scores for the HC and SC of
each matrix were very similar for each NP type with or without the
ligand present (Fig. S6 and S7). Statistical analysis confirmed that all
proteins forming the HC and SC remained under the significance
threshold when comparing the g7-modified NPs to their unmodified
counterparts (Fig. 7). The only exception was an increased amount of
C4BPA in the SC for unmodified Chol NPs. In opposition to many liter-
ature sources, these data suggest that the presence of the g7 ligand on
the surface of these NPs did not significantly alter the HC or SC for any of
the different matrix types of NPs and that the differences seen in pre-
vious sections are derived solely due to the different matrix
compositions.
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Fig. 6. Volcano plots representing relative abundance of the proteins detected in the SC com-paring NPs of different matrices. A) PLGA vs MIX NPs. B) PLGA vs Chol
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4. Discussion

Analysis of the PC is crucial to understand the interactions between
NPs and the biological environment (Bai et al., 2021; Mohammad-Beigi
et al., 2020). In fact, the PC is known to affect the fate of NPs after
administration by influencing their biodistribution, circulation time,
surface properties, cell uptake dynamics, toxicity, and drug release
profile (Behzadi et al., 2014; Godara et al., 2020; Rampado et al., 2020).
At the same time, several chemico-physical features of the NPs,
including their composition, size, charge, and hydrophobicity have been
reported to strongly influence the composition of the PC, suggesting that
PC should be investigated for each individual NP formulation (Rahman
etal., 2013; Singh et al., 2021). Here we reported the investigation of the

PC of three different NPs: polymeric PLGA NPs, fully lipidic Cholesterol
NPs, and hybrid NPs (MIX) composed of PLGA and Chol. In-depth
knowledge of the PC of different prominent NPs is critical for under-
standing their potential biological and pharmacological effects, in order
to improve the specific design of NPs by taking into account the
composition of their PC (Rezaei et al., 2019; Wang et al., 2018).

As reported in the literature, apolipoproteins are a major component
of the PC independent of the matrix type for all NPs (Cedervall et al.,
2007a; Charbgoo et al., 2018; Huang et al., 2021; Lundqvist et al., 2008;
Tenzer et al., 2011; Yu et al., 2020). Previous literature has demon-
strated that APOs can have a positive effect on the fate of NPs (Ahsan
et al., 2018; Kreuter et al., 2002; Martinez-Negro et al., 2021; Wagner
et al., 2012). In fact, APOs can change the surface properties of NPs



L Ottonelli et al.

International Journal of Pharmaceutics: X 4 (2022) 100136

PLGA NPs g7-PLGA NPs
= MIX NPs 7-MIX NPs Chol NPs g7-Chol NPs
2 B4 C4
16LC2
“IGK
15 3 3 awoc2, PP
) i < APOD 16G1 ®
= E E P
5 = 2 IGHG3  APQD  graN
© 7 2 3
e Q a 108
ol o - s IGHG2 4 (1€
Q3 1 02 @ ClOA——_ \ 16y —-C4BPA
3| & 2 — 2 PRI
7] 17} 9 APOC1 —
ol 3 = APOC4. 03 3 APOC% .,APOAl
5 T k<) oo = . IGHM—,  c1QC
e L APOH ® o eITIHA s APOA2 APOCA AIAT
° ° o
15'5 gﬂ ApOC1 w0
Sos S Y
T T 7
0 0 0
0 2 0 2 0
Log, fold change Log, fold change Log, fold change
5 5 .
C4BPA
2
4 4
o o o
% 1.5 = _%
oS s, :
ga & 8’
SE 3 i
Ol 5 9 2
23 1 3 >
o| T T T
g &2 APOA2 | C108B 8?2
S ] ° APOE
® w0 Jc1ac W
= 3 S
T o5 T '
0 0 0
0 2 0 2 0
Log, fold change Log, fold change Log, fold change
Significantly more abundantin e PLGANPs e g7-PLGA NPs Significantly more abundantin e MIX NPs *g7-MIX NPs Significantly more abundantin e Chol NPs ¢ g7-Chol NPs

Fig. 7. Volcano plots representing relative abundance of the proteins detected in the HC and SC comparing NPs with or without the g7 peptide. A) HC and D) SC of
PLGA vs g7-PLGA NPs. B) HC and E) SC of MIX vs g7-MIX NPs. C) HC and F) SC of Chol vs g7-Chol NPs. The dotted line represents the limit of statistical significance;
the blue square represents a secondary selection for those proteins that are at least 2-fold more present in one sample than its counterpart. The complete statistical
analysis is reported in Fig. S8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

minimizing toxicity of the matrix, increasing blood circulation, and
improving biodistribution. Moreover, many APOs have even been
demonstrated to aid in BBB crossing, a crucial effect to consider when
designing NPs (Ju et al., 2016; Li et al., 2021; Michaelis et al., 2006). On
the other hand, complement factors and immunoglobulins represent a
fundamental part of the immune system, and their presence in the HC of
NPs must be taken into great consideration due to the negative effects
they could have on early clearance and immunogenicity (Ahsan et al.,
2018; Barbero et al., 2017; Buchman et al., 2019; Chen et al., 2017;
Ehrenstein and Notley, 2010; Sobczynski and Eniola-Adefeso, 2017;
Wang et al., 2016). Quantification of these proteins with emPAI calcu-
lations showed their presence was 2-fold higher in MIX NPs compared to
both PLGA and Chol NPs. This was also confirmed by statistical analysis,
where several complement factors and immunoglobulins were found to
be significantly more expressed in the HC of MIX NPs compared to the
other two formulations.

When considering the potential biological effects of the PC, it is also
important to look beyond the proteins found in abundance in both the
plasma and on the NP surface: in fact, other potentially important can-
didates might be in such low concentrations in the plasma that they are
unquantifiable, but could still play crucial roles when incorporated in
the HC formation. This is what was observed for a series of “unique”
proteins whose presence appeared to be completely dependent on the
NP matrix. In fact, several proteins were too low to be detected in the
plasma but were present in the HC of both PLGA and MIX NPs while

being absent in the HC of the Chol NPs. This could suggest that the PLGA
in both NP types is the cause of these proteins being present in the HC. At
the same time, numerous proteins were found in the HC of Chol NPs but
not in PLGA NPs. These considerations were supported also by statistical
analysis, highlighting the significant difference in the composition of the
HC for these NPs which would create unique protein profiles directly
linked to the matrix composition.

It could be hypothesised that the lipidic and polymeric NPs had
different PC characteristics due to their different chemical properties;
however, statistical comparisons demonstrated near identical PCs be-
tween PLGA and MIX NPs, while variations were observed with Chol
NPs. This difference could suggest that the polymeric portion of the MIX
NPs plays a larger role in the composition of the minor proteins in the
HC. Interestingly, a unique profile for MIX NPs was also reported in the
composition of the SC. More specifically, MIX NPs showed higher vari-
ability in the type and total amount of complement factors forming the
SC compared to the other NPs. This result could be linked to the
composition of the HC in which the higher presence of immunoglobulins
could lead to higher complement factor recruitment in the outer SC layer
of the PC (Fischinger et al., 2019).

It is interesting to note that the proteins associated with the HC of
PLGA and Chol NPs play very different biological roles. Proteins
uniquely found in the polymeric and hybrid NPs, such as complement
factors and immunoglobulins, were mainly linked to the immune
response, and are involved in inflammatory and stress response
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pathways. On the other hand, the HC of Chol NPs had higher levels of
APOs which are involved in intracellular transport and storage and a
smaller amount of immune response linked proteins. The HC profile
could be easily explained through the high biocompatibility of choles-
terol, which is a physiologic molecule normally present in the blood with
high affinity to APOs. Altogether, these data suggest that the use of Chol
NPs as drug delivery systems could be promising due to their potentially
low immunogenicity, improved biodistribution and reduced toxicity
compared to PLGA-based NPs.

As previously mentioned, the size of NPs as well as their surface
composition are important factors that can affect the composition of the
PC (Akhter et al., 2021; Dobrovolskaia et al., 2009; Lacerda et al., 2010;
Neagu et al., 2017; Petry et al., 2019; Tenzer et al., 2011); however,
other studies report that a difference in size ranging 150-250 nm might
not be enough to produce differences in terms of PC composition
(Lundgvist et al., 2008; Partikel et al., 2019b; Zhang et al., 2011). Our
data support this literature precedence: in our study, MIX NPs (237 nm
and 27% residual Pluronic® F68) were shown to have a HC with a more
similar composition to PLGA NPs (152 nm and 14% residual Pluronic®
F68) than Chol NPs (257 nm and 26% residual Pluronic® F68). Our data
suggest that, for polymeric or lipidic NPs in this size range, the NP
matrix composition had a larger impact on the formation and identity of
the PC proteins respective of both the size or the amount of Pluronic®
F68 that was either internalized or on the surface of the NPs. This
highlights an important gap in the literature and emphasizes the need of
thorough analysis of all the factors that affect the formation of the PC. In
fact, most studies on the PC are now focused on evaluating the impact of
single NP features, often leading to contradictory findings. Thus, an
extensive and comprehensive study is still missing to understand which
parameters play a predominant role in affecting the PC composition.

One of the most fascinating applications of NPs is the possibility to
achieve targeted delivery to specific cells. Current approaches mainly
depend on the modification of the NP surface with targeting ligands
(Yoo et al., 2019). Because NP surface modifications are considered a
major factor that can affect the formation of the PC, peptide targeted
NPs of each matrix composition were analysed. Comparing the ligand
modified with the unmodified NPs, no significant differences were
observed in the composition of both the HC and SC. This result is in
contrast to what is found in the literature, however, it must be consid-
ered that the ligand density on the surface of these NPs is often so low
that their presence do not change the physical characteristics, thus not
affecting the PC (Segets et al., 2011). It is important to note that several
studies have linked the formation of the PC to a loss of targeting po-
tential of NPs in vitro (Li et al., 2021; Salvati et al., 2013; Su et al., 2018;
Varnamkhasti et al., 2015). Nevertheless, recent findings evidence how
the PC in vivo has different dynamics compared to in vitro studies which
is supported by the successful targeted delivery results in vivo already
published (Hadjidemetriou et al., 2015; Su et al., 2018; Zhang et al.,
2018).

Research on the PC is crucial to better understand the biological
implications of NPs. Although much research is being done to progress
in this direction, some points still need to be addressed. While identi-
fying and quantifying the proteins in the PC is important, it will be
critical in future experiments to assess the effective concentration
needed for these proteins to elicit a biological effect. This will help
determine if the difference in the amount or variety of proteins facilitate
a difference in biological effects. Another factor to be considered is the
conformational state of the bound proteins. Literature precedence
highlights that protein interaction with the surface of the NP could
provoke a conformational change in the structure of adsorbed proteins
resulting in a change or loss of activity. This calls for the need to not only
quantify the proteins in the PC, but also to analyse their conformation
after binding (Linse et al., 2007; Park, 2020; Roach et al., 2005; Smith
etal., 2009; Tsai et al., 2011). Such studies will further allow researchers
to determine which key proteins need to be specifically evaluated and
which can be considered innocent bystanders in the fate of the NPs.
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Intricate experiments both in vitro and in vivo will be required, but this
information could lead to fascinating discoveries for the future of
nanomedicine.

5. Conclusions

Research on the PC is rapidly growing despite the difficulty in
accurately isolating, identifying, and quantifying the proteins in the HC
and SC. While there are some general consistencies across the proteins
found in the HC and SC of all NPs, each individual NP shows individual
differences in the PC that will lead to drastic effects on the bio-
distribution, toxicity, immunogenicity, and general therapeutic poten-
tial making these individual studies critical for each NP system. Strong
examples in this work include the seemingly small effect of both size and
surfactant amount on the PC as stated in other literature works
compared to the major differences in matrix composition, as well as the
increase of immunoglobulins in the SC due to the higher presence of
complement factors in the HC of MIX NPs. This work advanced this
research by analysing the HC and SC composition of three types of NPs
with different matrices that have recently shown great promise in the
literature and evaluated if the matrix or the presence of a targeting
ligand on the surface would have a more critical impact on the proteins
present. Overall, this work represents a “piece of the puzzle” in the world
of PC studies, where continuous research for different NPs would lead to
more controlled and safe tools, thus paving the way for a brighter future
for Nanomedicine.
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