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Abstract: The main aim of this study is to report basic knowledge on how a protein corona (PC)
could affect or modify the way in which multifunctionalized nanoparticles interact with cells. With
this purpose, we have firstly optimized the development of a target-specific nanocarrier by coupling

check for
updates a specific fluorescent antibody on the surface of functionalized lipid liquid nanocapsules (LLNCs).
Thus, an anti-HER2-FITC antibody (xHER2) has been used, HER2 being a surface receptor that is

overexpressed in several tumor cells. Subsequently, the in vitro formation of a PC has been devel-

Citation: Navarro-Marchal, S.A.;
Martin-Contreras, M.;
Castro-Santiago, D.; del
Castillo-Santaella, T.; Gravén, P;
Jédar-Reyes, A.B.; Marchal, J.A.;
Peula-Garcia, ].M. Effect of the

Protein Corona Formation on

oped using fetal bovine serum supplemented with human fibrinogen. Dynamic Light Scattering
(DLS), Nanoparticle Tracking Analysis (NTA), Laser Doppler Electrophoresis (LDE), and Gel Chro-
matography techniques have been used to assure a complete physico-chemical characterization of the
nano-complexes with (LLNCs-«HER2-PC) and without (LLNCs-xHER2) the surrounding PC. In addi-
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the SKBR3 cell line had a higher transport rate (50-fold) than HDFa at 60 min with LLNCs-aHER2.
Moreover, the SKBR3 cell line incubated with LLNCs-aHER2-PC suffered a significant reduction
(40%) in the uptake. These results suggest that the formation of a PC onto LLNCs does not prevent
specific cell targeting, although it does have an important influence on cell uptake.
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1. Introduction

Nanomedicine is defined as the design and development of therapeutic and/or diag-
nostic agents with nanoscale dimensions (with sizes ranging from 1 to 1000 nm) [1]. Many
different nanoparticles (NPs) have been designed and approved for clinical use in the last
few decades. Anti-cancer drug nanocarriers are one promising example of these NPs. The
Attribution (CC BY) license (https://  development of innovative therapies, such as the use of nanomedicines, is presented as an
creativecommons.org/licenses /by / alternative to conventional chemotherapy to achieve greater safety and effectiveness in the
40/). treatment of cancer [2]. Two different strategies can be followed in order to target tumor
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cells: passive targeting and active targeting. Passive targeting is based on the enhanced
permeability and retention effect (EPR) of tumors. The EPR phenomenon involves the accu-
mulation of NPs at the therapeutic target without specific recognition of tumor receptors.
This is due to tumors presenting abnormal vasculature, with interstices between endothelial
cells averaging between 10 and 500 nm in size, accompanied by defective drainage by the
lymphatic system. As a result, NPs accumulate preferentially in tumors rather than in
healthy tissues [3].

Active targeting also relies on the EPR effect, but, in addition, it takes advantage of
the ability of the NP’s surface to bind molecules that recognize over-expressed markers on
tumor cells in a selective manner. The binding of ligands that recognize specific receptors
to the surface of nanoparticles is known as functionalization [3]. There are numerous
recognition molecules with which NPs can be functionalized, antibodies (or fragments
of antibodies) being an interesting option because they recognize any antigen in a highly
specific way. For instance, the monoclonal antibody Trastuzumab (Herceptin®, Roche
Pharma, Grenzach-Wyhlen, Alemania) recognizes the HER2/neu receptor (human epider-
mal growth factor receptor 2), which is overexpressed in multiple cancers, such as breast,
lung and ovarian cancer [4]. In the case of breast cancer (BC), it is estimated that between
15 and 20% of tumors show overexpression of this receptor [5] and this overexpression is
associated with worse disease progression and a higher likelihood of relapse [6]. Active
targeting, achieved through vectorized nanosystems, enhances the drug internalization into
tumor cells by facilitating the entry through receptor-mediated endocytosis [7]. Selective
targeting of tumor cells allows for increased cytotoxicity in these cells, as well as reduced
drug internalization in healthy tissues, thereby reducing side effects.

Regardless of the procedure of targeting, when the NP reaches a biological fluid, the
rapid adsorption of biomolecules on its surface occurs, forming a kind of “corona”. As these
biomolecules are mostly proteins, this generated shell is termed as “protein corona” (PC) [8].
A PC is highly dynamic and can be divided into two entities: the “hard corona” constituted
by proteins that exhibit a high affinity for the NP and establish strong interactions with it;
and the “soft corona” made up of proteins that show a low affinity for the NP and whose
binding is reversible [9].

This PC gives the NPs a new biological identity, and it can affect the nanoparticles’
stability, biodistribution, toxicity, cellular uptake, and interaction with the immune system,
among other factors [2,8,9]. Consequently, when designing a therapeutic system based on
NPs, it is essential to study how it may be affected as a result of the PC formation. The
material characteristics (size, surface roughness, charge, and chemistry) and environmental
parameters (composition of the biological medium and chemico-physical conditions such
as temperature, pH, electrolytes, and time) influence the PC formation and how this protein
structure organizes around NPs [10].

In the case of active targeting, it should be checked whether the formation of a PC
involves the masking of the specific ligands on the NP surface that alters its selectivity or
competes in the interaction with cell receptors [11,12].

Despite these drawbacks, the design of artificial PCs with controlled physico-chemical
properties has been recently described in the literature. Controlled and stable coronas
offer the unexpected possibility to preserve stealth properties of designed nanocarriers,
regulating its cellular interactions in physiological media and minimizing the possible
consequences derived from a natural PC such as alteration of targeting efficiency, short life
time by mononuclear phagocyte system (MPS) sequestration, and colloidal aggregation
(Figure 1) [13-17].
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Figure 1. Schematic representation with different possibilities of protein corona conformed on
multifunctionalized LLNCs. Red arrows indicate a negative effect and green arrows and cross
indicate a positive effect.

The aim of this work is to evaluate how PC formation influences the selective recogni-
tion of the HER2 receptor by NPs consisting of olive oil. These NPs belong to the group
called lipid liquid nanocapsules (LLNCs), because their general structure consists of a liquid
lipid core at room temperature coated by a polymeric shell, which provides stability to the
system [18]. LLNCs show great potential as therapeutic agents against cancer, as they are
able to efficiently encapsulate chemotherapeutic drugs (which are usually lipophilic, and
thus have very limited solubility in physiological fluids) and protect them from degradation
by external agents (light, pH, and the presence of enzymes) [19]. Olive oil is also a suitable
choice to form the core of LLNCs, not only because it is biocompatible, biodegradable, and
non-toxic [20] but also because it exhibits some intrinsic antitumor activity [21].

We successfully developed monodisperse LLNCs with diameters ranging from 100 to
200 nm. The olive oil core is surrounded by a polymeric layer that consists of Epikuron
145V (commercial solution of phospholipids, Cargill Spain, Barcelona, Spain), Pluronic®
F68 (non-ionic surfactant), and deoxycholic acid, which allows for the covalent bonding
of IgG-a«HER?2 using the carbodiimide method (ECDI) [22]. This monoclonal antibody
recognizes receptor HER2, which is overexpressed in some BC cell lines. We simulated the
formation of the PC in vitro by incubating the NPs in the adequate medium supplemented
simultaneously with fetal bovine serum (FBS) and fibrinogen (FB). We carried out a com-
plete physico-chemical characterization of the LLNCs before and after functionalization, as
well as once the PC was formed. This characterization allows us to verify the following:
(i) the NPs are colloidally stable, (ii) the antibody is on the surface after functionalization,
and (iii) the PC has been formed around the NPs. Through confocal microscopy and flow
cytometry, we proved that LLNCs loaded with Nile Red (NR) can recognize the HER2
receptor in a BC cell line (SKBR-3) that overexpresses HER2 markers compared with HDFa,
which does not express HER2, and how the formation of PC affects this specific recognition.

2. Results and Discussion
2.1. Formulations and Physico-Chemical Characterization of Nanocarriers
2.1.1. Preparation of Liquid Lipid Nanocapsules (LLNCs)

Nanocapsules were formulated using a previously reported slightly modified solvent-
displacement technique [5,22,23], in which the only organic solvent used was ethanol
in order to reduce the toxicity of the nanocapsules, and the aqueous phase was added



Int. . Mol. Sci. 2023, 24, 16759

40f19

Aqueous phase, w

< Foloxamers extraction under vacuum

Q\\

magnetic stirring

to the organic phase in an abrupt way with high mechanical energy. The protocol is
depicted schematically in Figure 2. After mechanical mixing of the aqueous and organic
phases, a lipid liquid nanoemulsion is produced. This nanoemulsion contains nanocapsules,
which are nanodroplets of olive oil stabilized in an aqueous medium by a complex shell
formed by several components. These components, one of them being the non-ionic
surfactant Pluronic F68, provide colloidal stability and enable convenient functionalization
to enhance the LLNCs’ applicability. Specifically, the NC features the following: (i) an
ordered phospholipid monolayer, contributing to a negative surface electric charge [24];
(ii) hydrophilic chains from the poloxamer surfactant to improve the half life time [24,25];
and (iii) specific carboxylic surface groups from deoxycholic acid to allow for the covalent
bonding of some specific molecules as antibodies [5]. The integration of these entire
components in the nanocapsules was previously verified by nuclear magnetic resonance
(NMR) [22].
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Figure 2. Schematic representation of the procedure steps for the preparation of LLCNs and subse-
quent functionalization to obtain immune-nanocapsules (LLNCs-«HER?2).

We verified that the protocol used in the synthesis of the nanocapsules resulted in col-
loidal systems with the necessary size and stability for subsequent biomedical applications
by performing DLS hydrodynamic size measurements in pH 7.4 buffer (Table 1). After
1 month of 4 °C storage, these measurements were repeated, and no significant differences
were detected. These results confirmed that these LLNCs have the appropriate diameter
and stability for the purposes for which they were designed [26,27].

Table 1. Mean diameter, standard deviation (SD), and mode of the LLNCs, LLNCs-«HER?2, and
LLNCs-aHER2-PC measured at 25 °C with NTA and DLS techniques in pH 7.4 bulffer.

NTA DLS
Mean Mode Mean
Sample Diameter SD (nm) Diameter PDI
(nm)
(nm) (nm)
LLNCs 150 50 140 130 + 20 0.14 £ 0.01
LLNCs-ocHER2 150 50 151 140 £+ 20 0.13 £ 0.02

LLNCs-cHER2-PC 170 50 154 150 £ 30 0.16 £ 0.02
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NTA was used as a complementary technique, which in addition to providing an
average hydrodynamic diameter, allowed us to obtain the size distribution (Figure 3) and
an estimation of the concentration of particles in the sample. This concentration was used
in cellular assays.

§ 7 ——LLNC
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Figure 3. Hydrodynamic size distribution of the LLNCs, LLNCs-aHER2, and LLNCs-aHER2-PC
measured at 25 °C with NTA technique in pH 7 buffer.

Figure 3 shows the size distribution with a low polydispersity and with a main peak
(mode) of 140 nm. The mean diameter (Table 1) agrees with the value obtained by DLS and
the polydispersity index value corresponds to a monodisperse nanosystem with a narrow
diameter distribution. This result is also in accordance with those previously obtained
following a similar formulation [22]. Finally, the electrokinetic behavior for LLNCs as a
function of the medium pH reflects the chemical nature of weakly acidic surface charged
groups, showing a reduction in the negative zeta potential value for pH below the pK, of
phosphatidic and carboxylic groups [18] (Figure 4a).

-10

-304

Zeta potential (mV)
8
1

!

F
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|
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=}
1

Medium pH

(@) (b)

Figure 4. Physico-chemical characterization: (a) Zeta potential of the LLNCs (M), LLNCs-aHER?2 (e),
LLNCs-aHER2-FBS (%), and LLNCs-«HER2-PC () measured at 25 °C as a function of the medium
pH and low ionic strength. (b) SDS-PAGE analysis under reducing conditions of different LLNCs.
(C) Molecular weight marker: (1) xHER2; (2) FBS; (3) Fibrinogen; (4) LLNCs-«HER2; (5) elution
volume after cleaning LLNCs-oHER?2; (6) LLNCs-acHER2-PC; (7) elution volume after cleaning
LLNCs-aHER2-PC.



Int. J. Mol. Sci. 2023, 24, 16759

6 of 19

2.1.2. Preparation of Liquid Lipid Immune-Nanocapsules (LLNCs-«HER2)

It is essential to have nano-surfaces with specific biological properties in order to
assess how the PC affects cellular interactions in a functionalized nanosystem. In this way,
we chose a typical strategy using specific monoclonal antibodies and selected HER?2 as the
target membrane receptor, with a clear therapeutic application. In this way, we produced
olive oil immuno-NCs with a defined amount of anti-HER2-FITC (x-HER?2) antibody. The
protein concentration of the commercially available samples for this antibody limits the
initial amount of protein incubated to 0.2 mg m~2. This situation corresponds to a low
coverage degree, which can be an advantage to reach adequate recognition and interaction
with membrane receptors, allowing for an efficient and specific cell uptake [22] and the si-
multaneous location of fluorescent antibodies in cellular experiments. An excessive density
of the molecules on the surface of the NPs can decrease the affinity of an antibody for their
specific membrane substrate [28,29]. The EDCI covalent coupling protocol is routinely used
for immobilization by covalent bonds of protein molecules (immunoglobulin G) on the
surface of the LLNCs through different chemical groups (in this case, the carboxyl group
provided by deoxycholic acid), and pH plays an important role, with it being necessary
to adjust its value considering the isoelectric point (IEP) of the protein molecules [5]. In
this case, the protocol previously optimized for different antibody molecules has been
adapted to the specific characteristics of the a-HER2 antibody (IEP of 8.6), as it is described
in detail in the Materials and Methods section. Thus, the pH of the reaction medium is
adapted to reach a negative net charge regarding the electrical state of the antibodies, a
condition that facilitates the effective union of these molecules through the carbodiimide
method. This protocol does not guarantee a perfectly ordered spatial arrangement of
the antibody molecules. However, a fraction of these is adequately arranged and a spe-
cific immunological recognition was previously contrasted when this covalent coupling
protocol was used with similar LLNCs (see Figure 2). Thus, while the EDCI procedure
yields satisfactory results for immunoreactions with specific antigens, the surface physical
adsorption of antibody molecules in the absence of EDCI leads to immune-nanocapsules
that do not show any specific immuno-agglutination response [5,22]. No aggregation of
the LLNCs was detected during the coupling protocol. This point is crucial because it is
necessary to prevent an uncontrolled increase in the nanosystem'’s size in order to preserve
the capacity for an adequate bio-distribution for in vivo applications. After the dialysis step
for cleaning, the first elution volume was analyzed by a spectrophotometric assay showing
no presence of protein. This situation was previously described working with other specific
antibodies for a similar low coverage degree, for which nearly total coupling was achieved,
and the size of the LLNCs-o«HER2 at pH 7.4 and the low-ionic strength medium remained
similar to those of the original LLNC system [22]. DLS and NTA measurements did not
show significant differences between bare and functionalized nanocapsules (Table 1), as is
expected regarding the low coverage and the antibody molecule dimensions. Electrokinetic
behavior and chromatography experiments for LLNCs-«HER2 corroborated the coupling
of «HER2 molecules on the LLNC’s surface (Figure 4).

It is widely described that the presence of proteins at the surface of colloidal particles
produces a modulation of the surface electric charge, closing the IEP of the complex to the
specific IEP of each protein. The protein coverage is decisive and the higher the degree of
coating, the greater the ability to alter the original surface charge [30-32]. The net charge of
protein molecules, positive under IEP, has the capacity to screen the negative surface charge
of bare nanocapsules. As shown in Figure 4a, there are variations in the zeta potential
data of LLNCs-«HER?2 with respect to LLNCs for all pHs, demonstrating that protein
immobilization on the surface of the nanocapsules was successful. In this case, the low
coverage degree of the antibody molecules partially modified the original surface charge,
reducing the absolute zeta potential value of the LLNCs. Even so, from neutral to basic pHs,
the zeta potential for LLNCs-aHER?2 kept a sufficient negative value, around —30 mV, to
prevent colloidal aggregation by an electrostatic repulsion mechanism [33]. This situation
correlates with DLS and NTA (Table 1 and Figure 3) results for LLNCs-o«HER2, where
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the PDI value (<0.15) and the narrow size distribution correspond to colloidally stable
nanosystems. The coupling of the xHER2 antibody was finally confirmed by SDS-PAGE.
As can be seen in Figure 4b, the free xHER?2 lane (lane 1) shows the two characteristic
bands at 25 and 50 kDa, corresponding to the molecular weight of the Fab fraction and
Fc moieties of immunoglobulins. The same bands were found for the LLNCs-«HER2
sample (lane 4), while the sample corresponding to the elution volume from the coupling
experiment (lane 5) reflects the absence of antibody bands.

2.1.3. Preparation of Liquid Lipid Immune-Nanocapsules with a Protein Corona
(LLNCs-aHER2-PC)

Once immune-nanocapsules (LLNCs-oaHER2) were obtained, we carried out the
in vitro formation of a PC surrounding the surface of LLNCs-«HER?2. For this purpose, we
used FBS, in which the globulin content is very low and albumin constitutes almost 70% of
the total proteins [34,35], and FB («x, 3, and y chains), because albumin is the most abundant
protein in blood, while FB is one of the main components of plasma [36]. Furthermore, both
proteins are two of the most representative proteins found in hard and soft coronas, shaped
in different lipidic or polymeric nanoparticles [37-39]. Bovine albumin (BSA) is normally
used as a substitute for human albumin [40], and its use in PCs in in vitro experiments is
widely described, being chosen as a test protein due to its availability, high stability, and
solubility in water [41]. The use of a more complex biological fluid containing BSA, that is
FBS, to mimic the biological environment to which these nanocapsules are exposed is also
commonly described [25,42,43].

Thereby, after the incubation of the LLNCs-«HER2 in DMEM with 10% FBS sup-
plemented with FB at a physiological plasma concentration (3 mg/mL) at 37 °C for 2 h
with stirring, we obtained the LLNCs-aHER2-PC. Proteins show a strong trend to accu-
mulate at interfaces, and blood proteins are strongly attracted by the NP surfaces [10].
The singular structure of LLNCs-aHER?2 could strongly influence the adsorption of BSA
and FB due to its high heterogeneity, merging phospholipid polar heads, hydrophilic
chains from a poloxamer, carboxylic groups, and a low coverage of covalently attached
antibody molecules.

Changes in the physico-chemical properties of the LLNCs-«HER2 were observed
after the in vitro PC formation, which indicates that the surface has been modified again.
Mean hydrodynamic diameter (both by DLS and NTA) increased (Table 1) due to the
PC thickness. This experimental increase could be compatible with the presence of an
additional protein cargo on the surface. A monolayer of albumin corresponds to a thickness
between 3 and 4 nm [44], while the FB molecule has been characterized as a prolate ellipsoid
of 47 nm X 10.5 nm [45]. The interaction of FB with lipidic nanoparticles of different surface
components has been described, where the greater the surface hydrophobicity, the less
protein coating, which corresponds to a side-on orientation of this protein on the surface.
Furthermore, a low value of PDI was maintained despite the particle size increment [46].

Size values from Table 1 for LLNCs-«HER2-PC show a very similar tendency with an
increase that could correspond to the presence of both proteins, BSA and FB, structured in
an irregular or discontinuous monolayer preserving the colloidal stability at physiological
pH (Figure 5).

Faizullin et al. additionally described a shifting of the zeta potential to less negative
values due to the presence of protein charge patches [46]. Indeed, this is the situation
that we have observed with LLNCs-aHER2-PC complexes. DLS experiments reflected the
presence of albumin (BSA) and FB in LLNCs-«HER? after in vitro incubation of immune-
nanocapsules to compose a surface protein corona. As can be seen in Figure 4a, the
electrokinetic behavior as a function of the medium pH, expressed in terms of the zeta
potential, results in a modification that shows the influence of surface proteins. This
parameter becomes less negative because of the proteins forming the corona. In order
to differentiate the contribution of each PC protein, the electrokinetic tendency of an
additional complex incubated only with FBS, LLNCs-«HER2-FBS, was analyzed. Results



Int. . Mol. Sci. 2023, 24, 16759

8of 19

from Figure 4a confirm the presence of BSA and FB on the surface of the LLNCs-«HER2-PC
nanosystem. Firstly, the complex incubated with only FBS shows the typical electrokinetic
behavior of colloidal nanoparticles covered by BSA, and the acidic IEPs of albumin (pI = 4.7)
even promote a change to positive zeta potential values at pH 4. As has been previously
commented, the IEP of LLNC—protein complexes gradually tends towards those of proteins
loaded on the surface according to the coverage degree because of the partial or total screen
of original LLNCs’ surface charge [32,33,47].

DMEM, 37 °C

10% FBS
3 mg mL! Fibrinogen

Figure 5. LLNCs-ocHER2-PC after incubation of immune-nanocapsules in a simulated physiological
medium with FBS supplemented with FB.

Secondly, for LLNCs-aHER2-PC, a mixture of both proteins seems to be clear and
the influence of FB slightly shifts the IEP of the complexes, bringing it closer to those
corresponding to FB chains (pI between 5.1 and 6.3 depending on the chain) [48]. At the
same time, the net zeta potential value is reduced at neutral and basic pHs, which has
been described for proteins such as IgG and FB [31,33]. In fact, it has been described
how FB induces the colloidal aggregation of NPs in a protein concentration-dependent
way [49]. This is consistent with the reduction in zeta potential and the partial or total
screen of electrostatic repulsion, one of the interactions that must prevent the colloidal
destabilization. In our case, for LLNCs-oHER2-PC, the equilibrate mixture of BSA and FB
on the surface, beside the possibility of additional stabilization mechanisms due to steric
and/or hydration forces previously described for this type of nanocapsule [22], would be
enough to prevent aggregation in consonance with DLS and NTA measurements.

Finally, the SDS-PAGE experiment from Figure 4b eventually confirmed the presence
of BSA and FB in the LLNCs-«HER2-PC. Characteristic bands of BSA (67 kDa) and FB
chains (66.2, 54.5, and 48.4 kDa) of lanes 2 and 3 were reproduced in lane 6 for LLNCs-
oHER2-PC and additionally in lane 7 corresponding to the elution volume of the first
cleaning step after the PC conformation experiment. This result reflects that only a fraction
of both proteins remains at the surface as a consequence of the initial concentration excess
and the limited affinity of these protein molecules for an LLNC’s surface designed to limit
these kinds of interactions. Taking into account the absence of proteins after the following
cleaning steps, we could consider that this protein fraction presents a firm attachment to
the surface, constituting a hard PC.

It has been previously shown how the presence of hydrophilic polymers as polyethy-
lene glycols or poloxamers on the surface significantly decreases the protein adsorption
on different types of nanoparticles, being able to prevent or diminish the formation of the
hard corona [25,50,51]. Additionally, it has been recently described how the disposition
of stable artificial coronas, for example, using antibody molecules (IgG), could aid in pre-
serving stealth properties regulating cellular interactions of nanosystems in physiological
mediums [13]. An adequate functionalization, controlling the surface charge, chemistry,
and roughness makes it possible to control the PC formation [43]. Even more, a control of
pre-coatings with different protein molecules such as IgGs, albumins, Apo, or FB could im-
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prove properties of nano-delivery systems including targeting efficacy or blood circulation
time [10].

Concluding this section, the LLNCs-«HER2-PC nanosystem has the surface structure
and composition to prove how some representative blood proteins could affect the cell
interactions and targeting properties of a specific functionalized immune-nanocarrier such
as LLNCs-oHER?2.

2.2. Specific Cellular Uptake of Immuno-Nanocapsules

The olive oil cores of all our nanosystems were labeled beforehand with the fluo-
rophore Nile Red (NR) to investigate the cellular entry as previously published by us,
showing the presence of this fluorescent molecule in the hydrophobic oil core of our LLNCs
and its absence in the external aqueous medium [18]. Moreover, the anti-HER?2 antibody
bound to LLNCs was labeled with FITC as we mentioned before. These two fluorophores
allowed us to track our LLNCs and to know the behavior of our LLNCs in in vitro experi-
ments like confocal microscopy or flow cytometry. Thus, the cellular uptake of NR-LLNCs,
NR-LLNCs-HER?2, and NR-LLNCs-HER2-PC was investigated on SKBR3 (high expres-
sion of HER2) and HDFa (no expression of HER2) by both confocal microscopy and flow
cytometry. The obtained confocal microscopy images are shown in Figures 6 and 51-56.

First, we performed a characterization of the expression levels of HER2 on both cell
lines using free HER2-FITC antibody. The fluorescence intensity obtained was 63,573.5
in SKBR3 (which could be assumed as 100% of fluorescence intensity) and 552,5 in HDFa
(which could be assumed as 1.5% of fluorescence intensity) (Figure S7, “C+”). Negative
control fluorescence intensity histograms are shown in Figure S7, “C—". These values were
satisfactory and can thus conclude that the great difference in the expression levels of HER2
between SKBR3 and HDFa is adequate to corroborate this study. Confocal microscopy
images show how NR-LLNCs enter into both types of cell populations after 60 min of
accumulating NR in the cytoplasm (Figure 6A,B). Images with all three nanocapsules at all
incubation times are displayed in Figures S1-5S6. In the case of NR-LLNCs-HER2, where
oHER?2 was labeled with FITC, we observed the specific recognition of the HER2 membrane
receptors by these LLNCs (Figure 6A, “Green filter”) and the release into SKBR3 cells of
NR after 60 min of incubation (Figure 6A, “Merge”) contrary to what happens in HDFa
(Figure 6B “Green filter”). These NR-LLNCs-HER?2 penetrated the SKBR3 cells, which
suggests a specific recognition of the HER2 receptors.

These results may suggest that our nanosystem enters into the cells by a clathrin-
mediated endocytosis mechanism, which has been reported as the main mechanism oc-
curring through surface receptors with nanoparticles smaller than 200 nm [52,53]. In the
case of NR-LLNCs-HER2-PC, we could also observe the specific surface interaction of
the «HER?2 labeled with FITC but with an evident reduction in the recognition level of
HER?2 receptors in SKBR3 cells (Figures 6A, S2 and S3). These results suggest that the
simulated PC formed around the immune-LLNCs does not block this specific recognition
but reduces it by partially masking the «HER2 bond to the LLNCs. There are examples in
which pre-adsorbed antibodies on the surface of NPs are integrated into the NP—corona
complex after an incubation with human plasma, at the same time maintaining their target-
ing specificity. In this case, magnetosomes around 100 nm in diameter were functionalized
with affibodies that attached to anti-HER2 humanized antibodies with an adequate surface
disposition [54].
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Red filter Green filter Transmitted light

% NR-LLNCs-HER2-PC NR-LLNCs-HER2 NR-LLNCs

NR-LLNCs

NR-LLNCs-HER2

NR-LLNCs-HER2-PC

Figure 6. Representative confocal microscopy of (A) SKBR3 and (B) HDFa (scale bar = 20 pm)
incubated for 60 min with NR-LLNCs, NR-LLNCs-HER2, and NR-LLNCs-HER2-PC. Red filter
and green filter correspond to LLNCs labeled with Nile Red and LLNCs labeled with HER2-FITC,
respectively.

The flow cytometry assay confirmed the uptake and the specific recognition of our
LLNC-based nanosystems in the two cell populations (Figures 7 and S9). In that graph,
we represent the mixture of red and green fluorescence intensity belonging to cells that
have our LLNC-based nanosystem inside them. The analysis showed the differential
uptake efficiency and specificity for NR-LLNCs in SKBR3 and HDFa depending on the
functionalization with the «HER2 antibody. Moreover, because there were differences in
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the expression levels of the HER2 membrane receptor for both cell lines, we also found a
different behavior for each type of LLNC. However, most bare NR-LLNCs entered into
both cell lines regardless of their HER2 expression level (Figure S7). In contrast, for NR-
LLNCs-HER2, the entry was dependent on the HER2 expression in the membrane of both
cell populations, with uptake values in SKBR3 around 7387.5; 23,930.5; 37,190.5; and 47,166
(whose normalized values are 0.14513, 0.50065, 0.78562, and 1) at 0, 15, 30, and 60 min,
respectively, and only around 634.5, 675.5, 675.5, and 661 (whose normalized values are
practically 0) at 0, 15, 30, and 60 min, respectively, in HDFa (Figure 7). Representative dot
plots are shown in Figure S8. This suggests that NR-LLNCs-HER? actively recognizes the
HER?2 receptor overexpressed on SKBR3, producing the cell internalization of the nanosys-
tem, contrary to what happens with HDFa, where these LLNCs displayed practically
null internalization (50-fold reduction). These results are in concordance with previous
studies showing the targeting cells overexpressing a specific surface marker by LLNCs
functionalized with a specific antibody [22,55,56]. It is worth highlighting the selective
uptake efficiency of NR-LLNCs-HER2 in SKBR3 BC as opposed to human HDFa, which
is a very similar result to those described by Trabulo et al. using an anti-CD47 antibody
covalently attached to the surface of iron oxide nanoparticles for the recognition of this
membrane receptor overexpressed in pancreatic cancer cells [57].

[ SKBR3
Il HDFa

1.0

Normalised fluorescence intensity

0 min 15 min 30 min 60 min

Figure 7. In vitro uptake of NR-LLNCs, NR-LLNCs-HER2, and NR-LLNCs-HER2-PC in both SKBR3
and HDFa analyzed by flow cytometry. Values represent the fluorescence intensity of the merge
channels for green and red as NR-LLNCs-HER? are both red and green fluorescent. Data are mean
values £ SD. * p < 0.001 shows the significant values calculated using t-test.

Moreover, because the interaction of HER2 promotes EGFR-mediated pathways, con-
sequently leading to tumor cell growth, tumor cell migration, and chemotherapy resistance
in solid cancers [58], the ability of LLNCs functionalized with the «HER2 antibody could
bind and neutralize the receptor by competitive inhibition of its HER2 ligand and conse-
quently prevent the receptor-signaling cascade activation. All this makes this the designed
nanosystem a good candidate for targeted therapy against BC. On the other hand, one of
the main goals of this work, as mentioned before, was to evaluate the influence of the PC
formation onto the nanoparticle surface in the recognition of cell surface markers. In the
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same manner, we can observe how NR-LLNCs-HER?2 penetrated the SKBR3 cells as time
went by, while NR-LLNCs-HER2-PC reduced their uptake by 40% (Figure 7). Su et al. have
reported, working with colloidal gold NPs functionalized with specific integrin peptides,
that the targeting abilities of cRGD were maintained despite the formation of a surface
PC, although the cellular uptakes were decreased by around 40%. This indicated that the
binding efficiencies between cRGD molecules and their receptors were decreased [59].

These results showed that the simulated PC is partially blocking the active recognition
of the HER?2 surface marker by NR-LLNCs-cHER2. The characteristic surface composition
combining hydrophilic polymeric tails with phospholipids and the directional covalent
anchoring of specific antibody molecules must be enough to control the surface PC, preserv-
ing targeting capabilities and adequate specific therapeutic effect in spite of the reduction
in the cellular uptake. This behavior has been contrasted working in vivo with an animal
model using a nanocarrier with the same surface properties but using anti-CD44 receptor
antibodies, where nanocarriers show a specific accumulation in the target tissues avoiding
or reducing the MPS clearance [22]. Although several reviews have published the nega-
tive impact of PC on the behavior and targeting capability of nanoparticle-based delivery
systems [60,61], there is an increasing tendency to show the use of different strategies that
make it possible to regulate the PC formation, not only to avoid this surface structure but
also to use it with the best interest looking for an equilibrium between targeting properties
and physiological behavior [11,15,16,62].

3. Materials and Methods
3.1. Materials

Poloxamer 188 (Pluronic® F68), N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide
(ECDI), RPMI-1640 Medium, olive oil, Nile Red (NR), deoxycholic acid (DC), fetal bovine
serum 10% (FBS), B-mercapto-ethanol, fibrinogen from human plasma 50-70% (FB), sodium
dodecyl sulphate (SDS), tris(hydroxymethyl)aminomethane (TRIS), and Brillant Blue R-250
were purchased from Sigma-Aldrich (Madrid, Spain). All of them, except the olive oil,
were used as received. Olive oil was previously purified in our laboratories with activated
magnesium silicate (Florisil, Fluka) to eliminate free fatty acids. Mini-PROTEAN TGX
Stain-Free Precast Gels and a Precision Plus ProteinTM Standards Kaleidoscope were
supplied from Bio-Rad (Madrid, Spain). Epirukon 145V, which is a phosphatidylcholine-
enriched fraction of soybean lecithin, was from Cargill (Barcelona, Spain). The monoclonal
ErbB-2 antibody anti-human Vio®Bright FITC («HER2) (clone 24D2) from humans was
obtained by Miltenyi Biotech (Madrid, Spain). Its isoelectric point (IEP) is 8.6 [63]. DMEM
(Dulbecco’s Modified Eagle Medium) with no phenol red was obtained from Gibco™
(Waltham, MA, USA). Human Fibroblast Expansion Medium (HFEM) was purchased from
ThermoFisher scientific (Waltham, MA, USA). The water was purified in a Mili-Q Academic
Millipore system. Other solvents and chemicals used were of the highest commercially
available grade.

3.2. Cell Lines and Culture Conditions

The SKBR3 human breast cancer (BC) cell line was obtained from American Type
Culture Collection (ATCC) and cultured following ATCC recommendations. The Human
Dermal Fibroblasts (HDFa) cell line was purchased from ThermoFisher scientific. HDFa
was cultured in HFEM and the SKBR3 BC cell line was cultured in RPMI-1640 medium
(RPMI) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 1% L-
glutamine, 2.7% sodium bicarbonate, 1% Hepes buffer, and 1% penicillin/streptomycin
solution (GPS, Sigma). Both cell lines were grown at 37 °C in an atmosphere containing 5%
CO;. All cell cultures tested negative for mycoplasma infection.
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3.3. Preparation of Lipid Nanocapsules

The synthesis of the olive oil Lipid Liquid Nanocapsules (LLNCs) was carried out
following the principle of the solvent displacement technique using a slight modification of
a method previously described [5,22].

Briefly, 20 mL of an aqueous phase under magnetic stirring formed by 50 mg of
Pluronic® F68 was produced. An organic phase consisting of 125 uL of olive oil, 40 mg of
Epikuron 145V, and 10 mg of deoxycholic acid (provides the -COOH groups to make the
vectorization with antibody molecules possible) was dissolved by sonication in 10 mL of
ethanol (98% synthetic grade) and strongly added to the first aqueous phase under magnetic
stirring. The mixture turned milky immediately due to the formation of a nanoemulsion.
The organic solvent, ethanol, plus a portion of the volume of water were evaporated
in a rotary evaporator at 35 °C, giving a final volume of 16 mL. The sample was then
cleaned of surfactant residues and other substances by borate buffer dialysis (1.13 mM and
pH 10) with a 300 kDa membrane under magnetic stirring for 24 h at 4 °C. Additionally,
NR fluorochrome was previously dissolved in the olive oil phase in order to synthesize
nanocapsules loaded with these compounds inside.

3.4. Preparation of Antibody-Coated Nanocapsules

The functionalization of the surface of LLNCs with «HER2 antibody molecules to
transform them into immune-nanocapsules was carried out by following the protocol of
the carbodiimide method (ECDI) with the needed modifications [5]. The previous dialysis
step of LLNCs using an activation buffer with a low ionic strength and pH 10 allows for
the adaptation of the medium to the IEP of xHER2 molecules, reaching the best efficiency
of surface antibody immobilization. The methodology of this functionalization consists,
initially, in the addition of 1 mL of a borate buffer solution (pH 10.0) of ECDI at 15 mg/mL
to the LLNC solution having a total particle surface equal to 0.29 m? for the covalent binding
of «HER?2. Subsequently, 6 uL of f-mercaptoethanol was added, which inactivated EDCI
that had not bonded to the surface of the nanocapsules. Next, the antibody coverage was
performed by adding o-HER at a concentration of 0.2 mg/m?, and then the solution was
incubated in the dark at room temperature for 2 h. Finally, the LLNCs-«HER underwent
three centrifugation cycles using Vivaspin 20 centrifugal tubes My CO 1000 kDa (Sartorius,
Gottingen, Germany) at 5000 rpm for 15 min to remove any antibody molecules that
were not coupled to the nanocapsules’ surface. The first elution volume was collected for
protein quantification by ultraviolet spectrophotometry and BCA (bicinchoninic acid assay)
methods. The final LLNCs-oHER?2 stock suspended in a phosphate buffer at pH 7.4 was
stored at 4 °C for further use.

3.5. In Vitro Protein Corona Formation

Two protein adsorption assays were performed on covalently functionalized lipid
nanocapsules, LLNCs-«HER?2. Firstly, 1 mL of LLNCs-«aHER2 was mixed with 4 mL of
DMEM. Previously, this medium was supplemented with 10% FBS, obtaining the system
LLNCs-aHER2-FBS in this way. In the second experiment, DMEM was supplemented with
10% FBS and 3 mg/mL of FB and it was labeled as LLNCs-«HER2-PC.

All these samples were incubated with agitation for 2 h at 37 °C. Finally, they were
cleaned in centrifuge tubes with a membrane with a pore size of 1000 kDa at 5000 rpm,
performing the necessary centrifugation cycles to guarantee the cleaning of nanocapsules.
In each cycle, the sample volume was reduced to 1 mL and the suspension medium was
renewed by adding a phosphate buffer of pH 7.4. After the washing protocol, LLNCs-
aHER2-PC remained in the aqueous dispersion in absence of free proteins.

3.6. Protein Separation by SDS-PAGE

In order to check the bio-molecular composition of the LLNC's surface after the co-
valent functionalization with xHER2 and the subsequent formation of the PC, different
SDS-PAGE (Poly-Acrylamide Gel Electrophoresis) tests were performed. Samples includ-
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ing protein controls, immune-nanocapsule complexes, and elution volume samples from
cleaning procedures were treated and denatured by boiling 10 pL of each sample for 5 min
at 95 °C in the following buffer (Laemmli buffer) [64]: 62.5 mM Tris-HCI (pH 6.8 at 25 °C),
2% (w/v) sodium dodecyl sulfate (SDS), 10% glycerol, 0.01% (w/v) bromophenol blue,
and 40 mM dithiothreitol (DTT). Next, proteins were separated depending only on their
molecular weight [65] into a Mini-PROTEAN TGX Stain-Free Precast with 4-15% of porous
polyacrylamide gel under denaturing conditions using Sodium-Dodecyl-Sulphate (SDS)
by using an electrical potential of 150 V for 70 min. After that time, the gels were left in
Blue Coomassie (2.5 g of Coomassie Brilliant Blue R-250, 450 mL of methanol, 100 mL of
acetic acid, and 450 mL of ultrapure water) with agitation for 15 min. Finally, the gels
were washed 3 times with distilled water and 3 times with a destaining solution (9:9:2,
methanol:ultrapure water:acetic acid) for 30 min each time. The gel was then left in distilled
water overnight.

3.7. Physico-Chemical Characterization of LLNCs, LLNCs-HER2, and LLNCs-HER2-PC:
Hydrodynamic Size Distribution, Electrokinetic Behavior, and Nanocapsule Concentration

The hydrodynamic size distribution and the polydispersity index (PDI) were measured
using dynamic light scattering (DLS) with a Zetasizer Nano Zeta ZS, Malvern Instruments,
Malvern, UK. The light scattered by the samples was detected at 173°, and the temperature
was set at 25 °C. The diffusion coefficient measured by dynamic light scattering can be used
to calculate the size of the different nanosystems by means of the Stokes—Einstein equation.
The polydispersity index (PDI) calculated by the analysis of the intensity autocorrelation
function informs about the homogeneity of the size distribution [66].

The surface charge of different nanosystems was estimated by means of the elec-
trophoretic mobility (which allows us to calculate the zeta potential) of the nanocapsules
using a Doppler Laser Electrophoresis (DLE) technique, which is based on the frequency
shift of a laser beam that strikes a scattering of charged particles in motion due to the
application of an oscillating external electric field. This parameter was also measured with
the same DLS device at 25 °C in different media with low ionic strength and a pH ranging
from 4 to 10.

In addition, the hydrodynamic size distribution was measured and assessed using
Nanoparticle Tracking Analysis (NTA) with a NanoSight LM10-HS(GB) FT14 (NanoSight,
Amesbury, UK) and a sCMOS camera. From at least three measures of size distribution
(concentration of particles versus diameter) at a Camera Level of 14, the concentration of
nanocarriers was also calculated.

3.8. Uptake Studies of LLNCs, LLNCs-HER2, and LLNCs-HER2-PC by Confocal Microscopy and
Flow Cytometry

Cells (1.5 x 10°) from both SKBR3 and HDFa were seeded into Corning cell culture
T75 flasks (Corning, Madrid, Spain). In this study, LLNCs were formulated by adding
NR into olive oil at a concentration of 0.025% (w/w). Regarding NR, we assumed that
because of its lipophilic nature, it would be fully incorporated into the olive oil core of the
LNNC:s as previously verified [18]. In any case, we performed an assay to evaluate the
possible exclusion of Nile Red from the LLNCs. Briefly, several aliquots of NR-LLNCs were
incubated at 37° C for 4, 8, and 24 h in phosphate buffer (PB), PB saline (PBS), and phenol
red-free DMEM with FBS [22]. These samples were centrifuged in Vivaspin tubes (1000 kDa
pore size), and supernatants were collected and analyzed using a spectrofluorometer.
The membrane binding and cell internalization of three labeled LLNCs, NR-LLNCs, NR-
LLNCs-«HER?2, and NR-LLNCs-aHER2-PC, were examined by laser-scanning confocal
microscopy. Briefly, the two types of cell populations (3 x 103/well) were seeded in Slide
8-Well chambers (ibiTreat, IBIDI) with RPMI medium and HFEM, respectively. After 48 h,
the required concentration of the three labeled LLNCs was added to the cells. The images
were taken at 0, 1, 5,10, 15, 30, and 60 min of incubation. Imaging experiments were
conducted with a Zeiss LSM 710 laser-scanning microscope(Madrid, Spain) using a tissue
culture chamber (5% CO;, 37 °C) with a plan-apochromat 63 x /1.40 Oil DIC m27. The
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Argon laser was used at 488 nm at 2% potency (red) (max. potency Argon laser 25 mW).
The HeNe laser was used at 543 nm at 22% potency (green) (max. potency HeNe laser
1.2 mW). Images were processed with Zen ILite 2.1 software. Additionally, a flow cytometry
assay was performed. Firstly, we performed a characterization of SKBR3 and HDFa in
order to corroborate the HER2 expression levels. Briefly, the cell surface marker levels of
SKBR3 and HDFa were determined with human antibody «HER2-FITC (ErbB-2 antibody
anti-human Vio®Bright FITC). Samples were measured and analyzed by flow cytometry
on a FACS CANTO II (BD Biosciences, Franklin Lakes, NJ, USA). For the uptake study,
once the different cell populations were obtained, the two cell populations were washed
and centrifuged at 1500 rpm for 5 min in tubes and resuspended in a 1% BSA (bovine
serum albumin) PBS solution to block the possible nonspecific binding of antibodies. Next,
1 x 10° cells per sample were incubated with the required concentration of the three labeled
LLNCs at 37 °C. The incubation times of the cells with the LLNCs were 0, 15, 30, and 60 min.
Then, the cells were washed with 1x PBS and centrifuged at 1500 x g for 5 min twice to
remove the non-internalized LLNCs. Finally, the cells were resuspended in 300 uL of 1x

PBS and analyzed for red and green fluorescence by flow cytometry (FACS CANTO II (BD
Biosciences)) using FACSDiva™ v9.0 software. Laser lines: 488 nm (blue) and 633 nm
(red). Filters: for blue laser, 502LP-530/30BP (FITC); 556LP-582/42BP (PE); 610LP, 655LP
670LP (PerCP Cyb5.5); and 735LP-780/60BP (PE-Cy?7); for red laser, 660/20BP (APC) and
735LP-780/60BP (APC-Cy?7). All experiments were performed in triplicate and replicated
at least twice. Sterility evaluations of all nanosystems were performed prior to developing
LLNC uptake studies in order to exclude possible biological contamination. Cells treated
with naked LLNCs were used as negative controls.

3.9. Statistical Analysis

The data are presented as the mean =+ the standard deviation in the error bars. The
sample size (1) indicates the experimental repeats of a single representative experiment,
being 3 unless otherwise specified. The results of the experiments were validated by in-
dependent repetitions. Graphs and statistical difference data were made with GraphPad
Prism 6.0 (Graphpad Software Inc., La Jolla, CA, USA). Statistical significance was deter-
mined using Student’s f-test in paired groups of samples with a known median. A p-value
of <0.01 was considered significant.

4. Conclusions

In summary, we have used a versatile nanosystem with the ability to be efficiently
coated with fluorescent antibody molecules, obtaining, in this way, a successful function-
alization for a specific immunological recognition of the HER2 cell membrane receptors,
which can be monitored by using fluorescent techniques. Additionally, the oil core charges
a typical fluorophore and the hydrophilic surface chains of the LLNCs-«HER2 contribute
to improve the stealth behavior under physiological conditions. Using this multifunction-
alized nanocarrier, we have composed on its surface a PC with representative serum and
plasma proteins. A complete physico-chemical characterization shows that our nanocap-
sules, LLNCs-«HER?2 and LLNCs-aHER2-PC, have the adequate colloidal properties and
the surface protein composition in order to study the impact of the PC on the targeting
abilities of these nanocarriers. Furthermore, the specific immunological recognition of the
HER?2 cell membrane receptors has been revealed in vitro, showing the adequate surface
disposition of the HER2 antibody molecules immobilized on the LLNCs. Our in vitro
results also supported the enhanced targeting activity and receptor-mediated binding
mechanism of LLNCs-o«HER2 with HER2 overexpressing BC cells. Finally, our results show
how the surface characteristics of the immune-nanocapsules could modulate the formation
of a PC surrounding the nanocarrier without avoiding the specific recognition of HER2
receptors but decreasing the uptake efficiency of the cells. Taking that into account, it has
been corroborated that the PC formation around a nanosystem is a key parameter to keep
in mind for nanotechnology development.
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