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1. Introduction

Nano-bio interface between human plasma and
niosomes with different formulations indicates
protein corona patterns for nanoparticle cell
targeting and uptaket

Esther Imperlini, © 12 Christian Celia, @ $* Armando Cevenini, & 1<
Annalisa Mandola, 2 ¢ Maddalena Raia, 2 ¢ Massimo Fresta, {
iD iD ) xc.d

Stefania Orru, € *9€ Luisa Di Marzio €2 *® and Francesco Salvatore

Unraveling the proteins interacting with nanoparticles (NPs) in biological fluids, such as blood, is pivotal to
rationally design NPs for drug delivery. The protein corona (PrC), formed on the NP surface, represents an
interface between biological components and NPs, dictating their pharmacokinetics and biodistribution.
PrC composition depends on biological environments around NPs and on their intrinsic physicochemical
properties. We generated different formulations of non-ionic surfactant/non-phospholipid vesicles, called
niosomes (NIOs), using polysorbates which are biologically safe, cheap, non-toxic and scarcely immuno-
genic. PrC composition and relative protein abundance for all designed NIOs were evaluated ex vivo in
human plasma (HP) by quantitative label-free proteomics. We studied the correlation of the relative
protein abundance in the corona with cellular uptake of the PrC-NIOs in healthy and cancer human cell
lines. Our results highlight the effects of polysorbates on nano-bio interactions to identify a protein
pattern most properly aimed to drive the NIO targeting in vivo, and assess the best conditions of PrC-NIO
NP uptake into the cells. This study dissected the biological identity in HP of polysorbate-NIOs, thus con-
tributing to shorten their passage from preclinical to clinical studies and to lay the foundations for a per-
sonalized PrC.

to the fenestrated endothelium of tumor blood vessels and to
the lack of lymphatic drainage in the tumor." On the other

Passive and active targeting are the two major mechanisms
involved for the most proper delivery of payloads in selected
cancer cells and tissues. Passive targeting takes advantage of
the “enhanced permeability and retention effect” (EPR), which
steers intravenously injected nanoparticles (NPs) to accumu-
late more in the tumor than in normal organs and tissues, due
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hand, active targeting exploits the capability of molecules con-
jugated/adsorbed onto the surface of nanocarriers, such as
antibodies or their fragments, to bind specific receptors/anti-
gens over-expressed by cancer cells and tissues.”

In the blood stream, systemically injected NPs interact with
biological fluids and tissues; here the high free energy of NP
surface is responsible for the binding of biomolecules, mainly
proteins, able to form a layer, called protein corona (PrC);’ this
latter represents a sort of bio-nanointerface, between NPs and
biological systems mediating NP cytotoxicity, their cellular
internalization and specific targeting to cancer cells.*”

The qualitative and quantitative composition of PrC
depends on the chemical nature, size, shape and surface
charge of the NPs, besides the composition of the biological
fluid encountered by the NPs.® Protein coating may increase
the size of bare synthetic and organic NPs (e.g. NPs made of
metals, polystyrene, silica, lipids),” whereas polyethylene glycol
modification (PEGylation) partially modifies the adsorption of
biomolecules on the NP surface® and these changes depend
on PEG configuration and properties, i.e. molecular weight,
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grafting density, random coil shape and chain entropy.”'® In
fact, proteins forming PrC can penetrate less dense PEG and
interact with the NP surface; while dense grafted and planar
PEG hampers the adsorption of proteins on the NP surface."'
These events depend on the curvature radius of the NPs; in
fact, largest particles have a small curvature radius allowing
proteins to interact deeply with the NP surface because PEG
are unstretchable random coiled chains showing less grafting
density.® Furthermore, PrCs adsorbed on PEGylated NPs have
been investigated, both in human and rodents, mainly ex vivo
(static condition) rather than in vivo (dynamic condition):
however further studies are needed as the two conditions
determined different results in terms of protein composition
and relative abundance.'>"?

PrC confers additional biological properties to NPs'* by
replacing the synthetic derivative with a new biological iden-
tity, i.e. the circulating PrC-NP complex, which effectively con-
trols their biodistribution and targeting towards specific cells
and tissues.'> As a matter of fact, proteins adsorbed on NPs
form a dynamic layer that is continuously adsorbed and des-
orbed from NP surface. This phenomenon, named Vroman
effect, depends on the affinity interactions between NP surface
and PrC components but is independent from the protein
abundance in the biological environment."®™*® This model has
been widely debated and implies the existence of a highly
dynamic PrC formed over time, where the total amount of
adsorbed molecules remains relatively constant."®™°

Vroman effect also suggests the presence of two different
corona layers adsorbed on the NP surface: hard and soft
corona. The former is considered the first tightly bound layer
of proteins that has a longer exchange time (many hours),
whereas the latter is represented by the outer layer of proteins
(not directly bound to NPs) that undergoes faster exchanges
over time (seconds or minutes).”" In fact, soft corona, once
formed after systemic injection, is completely removed in
patients where NPs are recovered 10 minutes post injection*?
and changes significantly in terms of abundance and compo-
sition for organic'*** and synthetic PEGylated NPs.>*® Given
the high dynamicity of soft corona, optimized strategies for its
isolation are challenging."”> On the other side, the internal
hard corona, representing the real NP-biomolecule interface,
plays a fundamental role in the biological interactions of NPs
since it is usually recognized by the target tissue.>* Hence, PrC
affects the biodistribution, the trafficking and the interaction
of NPs with cell receptors,* and may dictate, by manipulating
the surface properties, their delivery,> as well as the pharma-
cokinetic of payloads,'* thus representing an example of active
natural targeting and offering new targeting opportunities.”®

Alternative co-polymers to PEG, showing the same long-cir-
culating properties and providing a similar stealth effect, are
polysorbates; Tweens® 20 and 80 are used to synthesize non-
ionic surfactant/non-phospholipid vesicles, also called non-
ionic liposomes or niosomes (NIOs)*>’>° that display physico-
chemical and biopharmaceutical properties similar to lipo-
somes,*® such as delivering payloads with different physico-
chemical properties. NIOs are more stable than liposomes,
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and are low-cost, easy handling carriers®! that can be injected
in vivo and used for anticancer therapies.*” Based on these fea-
tures, NIOs can represent a suitable alternative to liposomes in
pharmaceutical science of drug delivery with the relative
advantage to avoid drawbacks, like aggregation, fusion, hydro-
lysis and oxidation, related to the use of phospholipids, as in
liposomes.*?

Hence, ex vivo and in vitro evaluation of PrC effect on the
surface properties of NIOs may be instrumental for future
in vivo applications. For this reason, the aim of this work is to
study ex vivo the protein composition and the relative protein
abundance of the PrC adsorbed on differently designed NIO
nanoparticles, after incubation in human plasma (HP), and to
evaluate the in vitro intracellular uptake and internalization of
PrC-NIOs in healthy and cancer human cell lines. Present data
can provide a further opportunity to simulate and modulate
PrC properties on NIOs and to understand the effect of PEG-
mimetic polysorbate moieties on nano-biomolecules inter-
actions in order to identify a protein pattern devoted to the
best effective targeting of NIOs in vivo.

2. Methods

2.1 Materials

Tween 20 (TW20), 9-(diethylamino)-5H-benzo [R] fenossazin-
5H-one (Nile-Red, NR) and cholesterol (Chol) were obtained
from Acros Organics (Acros Organics BVBA, Geel, Belgium).
Isopropyl alcohol, Tween 21 (TW21), Tween 80 (TW80), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (Hepes), human
plasma (HP) and Nucleopore® track-etched polycarbonate
membranes (cut-off 100 and 200 nm, 25 mm) were purchased
from Sigma Aldrich (Milano, Italy). Oregon Green™ 488 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Oregon
Green™ 488 DHPE) was obtained by Thermo Fisher Scientific
(Waltham, MA, US). All other products and reagents were of
analytical grade. HDF (human primary normal dermic fibro-
blasts), HeLa (human cervix adenocarcinoma) and HCT-116
(human colon carcinoma) cell lines were obtained from Cell
Culture Facility of CEINGE - Biotecnologie Avanzate (Naples,
Italy). DMEM (Dulbecco’s modified Eagle’s medium) RPMI
(Roswell Park Memorial Institute) and McCoy’s medium, fetal
bovine serum (FBS), penicillin, streptomicyn and r-glutamin,
trypsin/EDTA, MTT. Ammonium bicarbonate, dithiothreitol
iodoacetamide were obtained from Sigma Aldrich (Milano,
Italy).

Colloid Blue Stain Reagent (Thermo Fisher Scientific, US).
Dulbecco’s phosphate buffered saline (DPBS), BDTMP100
blood collection system was obtained by Becton Dickinson
(BD, NJ, USA).

2.2 Niosome preparation

Niosomes (NIOs) were made up from surfactants (TW20, TW21
or TW80) and Chol at different molar ratio (Table 1). TW20,
TW21, and TW80 were used at a molar concentration below
their critical micellar concentration (CMC) as previously

This journal is © The Royal Society of Chemistry 2021
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Table 1 Chemical properties of Tweens derivatives and their different molar ratio together with cholesterol in niosome preparations

Niosome components  Acylic chains Ethylene oxide units (PEG)® NIO1 Niosome NIO2 (molar) Formulations NIO3 (ratio) ~NIO4
TW20“ Lauric acid (C12) 20 1 — 0.5 —
TW21° Lauric acid (C12) 4 — — 0.5 0.5
TW80° Oleic acid (C18) 20 = 1 — 0.5
Chol? — — 1 1 1 1

“TW20: Tween 20. ” TW21: Tween 21.  TW80: Tween 80. ¢ Chol: cholesterol. ¢ PEG: polyethylene glycol chains.

reported.’**> NIOs were synthesized using the thin layer evap-

oration method with some modifications as previously
reported.®® Briefly, surfactants and Chol were dissolved in the
organic solvent (chloroform : methanol, 3:1, v/v). The organic
solvent was removed using a rotary evaporator (Heidolph,
model 4000 type Laborota, Delchimica, Naples, Italy) at room
temperature. The dried film was hydrated with Hepes buffer
(10 mM, pH 7.4) and subsequently extruded at room tempera-
ture using a Lipex Extruder® device (Vancouver, Canada)
through polycarbonate-membrane filters having pore sizes of
200 nm (NIO-200) and 100 nm (NIO-100). Fluorescent NIOs for
cellular uptake studies were obtained using the same pro-
cedure herein reported. The fluorescent dye Oregon Green
(OG) was added to the mixture of surfactant/Chol at the final
molar concentration of 0.1% (w/v). OG-NIOs were thus
obtained and used for intracellular uptake experiments.

2.3 Physicochemical characterization of niosomes

Average sizes, polydispersity index (PDI) of NIOs were evalu-
ated by using dynamic light scattering (DLS) analysis, whereas
zeta potential was measured by laser doppler electrophoresis
(LDE). Samples were diluted (1:30 v/v) in Hepes buffer
(10 mM, pH 7.4), to avoid a multi-scattering phenomenon, and
then analyzed by Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd, UK). Buffer was previously filtered through
0.45 pm cellulose filters (Millex® Syringe Filters, Millipore) to
remove dust particles. Measurements were replicates of three
different batches (5 replications for each batch). Results
showed the hydrodynamic radius (nm), PDI and zeta potential
(mV) as a function of electrophoretic mobility. The amount of
surfactants self-assembled into the NIOs (w/w%) were quanti-
fied spectrophotometrically as previously reported.**

2.4 Serum stability

The serum stability of NIOs was evaluated as previously
reported.®® Briefly, NIOs (400 ul) were incubated with a solu-
tion (1 ml, final volume) containing HP and Hepes buffer
(10 mM, pH 7.4) 60:40, v/v. A time course study was per-
formed up to 24 h at room temperature under continuous
shaking (400 rpm). At different time of incubation, 50 pl of
samples was collected and replaced with fresh solution.
Samples were collected at different times of incubation and
changes of physicochemical parameters (average size and PDI)
due to the interaction between plasma proteins and NIOs were
analyzed by DLS as herein reported in the previous section.
Sterile conditions were maintained during the experiments in

This journal is © The Royal Society of Chemistry 2021

order to avoid any potential bacterial contaminations that can
affect sample analysis.

2.5 Turbiscan Lab Expert® analysis of niosomes

NIOs were filled in a cylinder glass holder and analyzed using
Turbiscan Lab Expert® as previously reported.>” The stability
of NIOs was carried out by measuring the variation of back-
scattering (ABS) profiles after 1 h of analysis at room tempera-
ture. ABS of NIOs was calculated by applying equations
reported in the software’s manufacture and in a previous
work.>” A pulsed near infrared LED at a wavelength of 880 nmy;
two different synchronous optical sensors received the light
transmitted through and backscattered by samples at an angle
of 180° and 45° with respect to the incident radiation were
used for the analysis of samples. NIOs (10 ml) were scanned
for 1 h for the full height of samples by the sensors herein
reported, and the results were correlated as percentage to the
light flux of two reference standards of polystyrene latex sus-
pension (absence of transmission and maximum backscatter-
ing) and silicon oil (maximum transmission and absence of
backscattering) used to set-up the instrument.

2.6 HP collection and niosome incubation with HP

Human whole blood was obtained at the laboratories of
CEINGE-Biotecnologie Avanzate of Naples, Italy, in accordance
with the relevant laws and guidelines existing in Italy and in
accordance with Helsinki tenets, after having obtained
informed consent from blood plasma donors, and following
the guidelines of the Ethics Committees of the University of
Naples Federico 1I, of which CEINGE is part, and that of the
Istituto Nazionale Tumori IRCCS “Fondazione G. Pascale”,
Naples, Italy.

Blood samples were collected using BDTMP100 blood col-
lection system with K,EDTA-containing vials and protease
inhibitors cocktail. After clot formation, plasma was isolated
by centrifugation at 1000g for 5 min. After checking the
absence of hemolysis, plasma samples were pooled to reduce
the overall subject-to-subject variation and then aliquoted and
stored at —80 °C, until further use. For analysis, the aliquots
were thawed at 4 °C and then allowed to warm at room
temperature.

Pooled plasma samples (450 pl) were incubated with 450 pl
of NIO suspension (1.67 mg ml™") at 37 °C for 1 h. Afterwards,
PrC-NIO complexes were centrifuged at 15 000g for 10 min.
Each pellet was washed with PBS twice. After each washing,

Nanoscale, 2021, 13, 5251-5269 | 5253
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tubes were changed to reduce contamination from plasma pro-
teins. Then, the pellets were resuspended in Laemmli buffer.

2.7 Electrophoretic separation and in gel digestion

Proteins resuspended in Laemmli buffer were incubated at
95 °C for 5 min, and then separated by 12% (v/v) SDS-PAGE.
Protein bands were stained with colloid blue stain reagent
(Thermo Fisher Scientific, USA). Gel image was acquired using
the scanner GS-800 Calibrated Densitometer (Bio-Rad, USA)
supported by PDquest 7.1 software (Bio-Rad Laboratories Srl,
Segrate (MI), Italy).

The whole gel lanes were manually cut to create 2 mm gel
slices and treated as previously reported.*® Briefly, each slice
was washed with acetonitrile and 50 mM ammonium bicar-
bonate. The protein bands were reduced in 10 mM dithiothrei-
tol for 45 min at 56 °C and then alkylated in 55 mM iodoaceta-
mide for 30 min in the dark at room temperature. Protein
bands were submitted to enzymatic digestion using modified
trypsin (Sigma-Aldrich, Germany) (10 ng pl™') at 4 °C as pre-
viously reported.*® Peptide mixtures were extracted and resus-
pended for the following mass spectrometry analysis.*’

2.8 LC-MS/MS analysis and protein identification/
quantitation

Mass spectrometry analyses were performed using the LC/MSD
Trap XCT Ultra (Agilent Technologies, Palo Alto, CA) equipped
with an 1100 HPLC system and a chip cube (Agilent
Technologies) as previously described.*’

Raw MS/MS data files were converted into a Mascot format
text to identify proteins using Mascot software (Matrix Science,
UK). The protein search was carried out against NCBI database
out as previously reported.*’ Briefly, the following standard
parameters were used: Homo Sapiens; one missed cleavage;
carboxyamidomethylation of Cys; partial Met oxidation and
putative modification of GIn to pyro-Glu; mass tolerance of
300 ppm on precursor ions and 0.6 Da on the product ions. In
particular, individual ion scores >43 indicate identity or exten-
sive homology (p < 0.05).

To estimate plasma protein abundance in the corona of all
NIO formulations, MS/MS outputs were analyzed by the
Protein Discoverer platform (Thermo Scientific), interfaced
with the in-house Mascot server, and submitted to label-free
quantitation method based on spectral counting (SpC).** For
each identified protein, in fact, SpC was divided by protein
length obtaining the spectral abundance factor (SAF) that, in
turn, was normalized to the total sum of SpC, in a given lane,
defining the normalized spectral abundance factor (NSAF).
Moreover, SpC log ratio (Rsc) was calculated to compare the
expression of the same protein between two different NIO
formulations.

2.9 Bioinformatics analysis

The identified proteins were classified according to the
Database for Annotation, Visualization and Integrated
Discovery (DAVID; version v6.7 (http:/david.abee.nciferf.gov/)
as previously reported.*® This tool adopts the Fisher’s exact
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test to measure the protein enrichment in annotation terms. If
the p value is <0.05, a protein is considered significantly
enriched in the annotation categories.

2.10 Cell cultures

HDF (human primary normal dermic fibroblasts), HeLa
(human cervix adenocarcinoma) and HCT-116 (human colon
carcinoma) cell lines were obtained from Cell Culture Facility
of CEINGE - Biotecnologie Avanzate (Naples, Italy).

The three cell lines were cultured in 10 cm tissue culture
plates containing specific culture media (DMEM for HDF,
RPMI medium for HeLa, McCoy’s medium for HCT-116), sup-
plemented with 10% (v/v) of fetal bovine serum (FBS), 1% (v/v)
penicillin, 1% (v/v) streptomycin and 1% (v/v) r-glutamine.
Cells were grown in an incubator at 37 °C in a humidified
atmosphere of 5% CO, until they reached about 70-80% con-
fluence. The culture media were then withdrawn and cells
were washed twice with 1x DPBS without calcium and mag-
nesium, detached by trypsin/EDTA, collected with the com-
plete medium and centrifuged at 250g for 5 min at room temp-
erature. The supernatant was discarded and the cells were
resuspended in fresh medium, diluted and appropriately
seeded as following reported. All operations were performed
under laminar flow hood, in sterile conditions.

2.11 Cell culture treatments

For cell viability analyses at different concentration of NIOs,
HCT-116 was seeded at a density of 9 x 10* cells per cm?® in
96-well plates. After 24 hours of incubation, culture medium
was replaced with fresh medium (supplemented with 10% (v/v)
FBS) containing NIOs. Cells were then incubated in standard
culture conditions and assayed at 3 h and 24 h.

For cell viability and uptake analyses with PrC-NIOs and
bare NIOs, cells were seeded at a density of 3 x 10 cells per
cm?® (HDF), 5 x 10 cells per cm® (HeLa) or 9 x 10* cells per
cm® (HCT-116) in six-well plates. On the following day and
2 hours before NIO administration, culture medium was
replaced with serum-free medium after washing twice with
PBS. In the meanwhile, fluorescent NIOs were incubated with
HP to allow the formation of PrC. In particular, as described
above, a solution with 1.67 mg ml™" of NIOs in Hepes (10 mM,
pH 7.4) was added 1:1 (v/v) to HP and incubated for 1 h at
37 °C under gently shaken at 250g. After incubation, in order
to avoid any type of physical changes, NIOs were not centri-
fuged to eliminate the HP. The entire solution was diluted in
serum-free medium and added to the cell culture at a final
concentration of 20 pug ml™" of NIOs and 1% (v/v) HP. Cells
treated with bare NIOs were used as a control. To this aim, a
solution with 1.67 mg ml™" of NIOs in Hepes (10 mM, pH 7.4)
was diluted in serum-free medium and added to cell culture at
a final concentration of 20 pg ml™". The HP was also added at
1% (v/v) final concentration in cell culture medium before the
analysis. Another control was represented by untreated cells in
serum-free medium with HP 1% (v/v). Cells were assayed after
3 h (viability and uptake) and 24 h (viability).

This journal is © The Royal Society of Chemistry 2021
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2.12 MTT assay

For cell viability analyses cells were seeded in 96-well plates.
The cells were assayed by MTT as previously described.”®**
Briefly in each well the culture medium was replaced with
100 pl serum-free medium containing 0.5 mg ml™" MTT dye
and cells were incubated for 4 h at 37 °C. The medium was
then removed, cells were washed with PBS and 100 pl of isopro-
panol were added to each well. After 10 min of gentle shaken,
plates were put in a plate-reader and absorbance at 570 nm of
wavelength was measured. Results obtained were normalized
with respect to the negative control (untreated cells).

2.13 Cellular uptake of niosomes

For the NIO uptake experiments, cells were seeded in six-well
plates. After 3 h of incubation with different OG-NIOs, adher-
ent cells were washed twice with magnesium and calcium-free
PBS, detached from the plate with trypsin/EDTA, collected in
PBS and centrifuged at 250g for 10 min at 4 °C to obtain cell
pellets. The supernatant was removed and the cells were resus-
pended in 500 pl of PBS containing 1 mg ml™" trypan blue (to
quench extracellular fluorescence)*>*® and were analyzed by
flow cytometry on a Beckman Coulter FC500. Cellular uptake
was determined by measuring the mean fluorescence (MFI) of
cells, that was measured in three independent replicate experi-
ments, and opportunely elaborated. In particular the average
of the untreated cell MFI was considered as background and
was subtracted. Moreover, the MFI values were normalized
with the respective fluorescence (excitation/emission (nm):
501/526) of the various formulations. The fluorescence curves
at various concentrations (diluted in Hepes 10 mM, pH 7.4)
were measured with an Enspire (PerkinElmer) spectrofluori-
meter and the MFI were normalized with the mean value
obtained with NIOs. In order to have normalized MFI related
to the number of NIOs instead of pg of surfactants, the values
were normalized with the NIO surface area (assuming that a
niosome with a wider surface contains more molecules of fluo-
rescent lipid). The surface areas were calculated from the
respective mean Dh. Results are reported as mean values + SD
from three independent experiments. Statistical significance
was determined by one-way two-tail paired ¢-test.

3. Results and discussion

Nanotechnology and proteomics integrated with bioinfor-
matics tools and cell biology allowed to set-up a multi-dimen-
sional workflow able to combine: (i) niosome (NIO) design
using different surfactants/cholesterol formulations, (ii) pro-
teomic skills to define protein corona (PrC) composition and
relative protein abundance in human plasma (HP) and (iii) the
evaluation of the uptake and cytotoxicity in healthy and tumor
human cell lines (Fig. 1).

3.1 Physicochemical characterization of niosomes

Four NIO formulations, at 100 nm- and 200 nm-extrusion size,
were synthesized using different Tween® derivatives (TW20,

This journal is © The Royal Society of Chemistry 2021
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(a)

Physicochemical features of NIO:

~Average size: from 104.3 to162.4 nm
Size distribution: PDI/ < 0.2

*Surface charge: Z potential from -20.1
to -26.5 mV

*Stability in plasma: ABS+0.5% and

l TSI <10

PrC formation

(b)

® o ) Biological identity of PrC:
. \ /. Q\ /@ ~ *53 unique identified proteins
‘ ® S 4 +32 differentially represented unique
. Y G ¥ ., proteins
. & (] ' ~cytoplasmic membrane-bounded
/ \Plasma "’;f?’"si‘ N vesicle, peptidase inhibitor activity and
@ & e complement  activation the most
significantly represented Gene
l Ontology terms

Cell internalization
of PrC-NIO complex

(c)

Physiological response of PrC-
‘!{ NIO:
' sincreased cancer and normal cell
"4 uptake: with TW20 instead of TW80 or|
‘ without TW21
*negligible cytotoxicity

<

Fig. 1 Strategy to investigate protein corona (PrC) of niosomes (NIOs)
in human plasma (HP). (a) Niosomes (NIOs) made of polysorbates
(TW20, TW21, TW80) and cholesterol were designed and characterized
for their physicochemical features (average size, size distribution,
surface charge and stability in plasma). (b) Once exposed to HP, NIOs
came in contact with biomolecules that formed the PrC. A proteome
analysis was performed to characterize PrC components that confer to
NIOs a new biological identity. (c) PrC-NIO complexes taken up by
human cells were investigated to unveil their physiological response
based on the type of polysorbate within each NIO formulation.

TW21 and TWS80), and cholesterol (Chol) (1:1) (Table 1).
TW20 and TW80 were used alone or in combination with
TW21 (Table 1). TW20, TW21 and TWS80 differ both for the
acylic chains of fatty acids (FAs) conjugated to the sorbitan
backbone structure and for the number of polyethylene glycol
(PEG) units (Table 1). In particular, TW20 and TW80 have the
same units of PEG but the former contains saturated lauric
acid (C12:0) and the latter unsaturated oleic acid (C18:1) conju-
gated to sorbitan; conversely, TW21 and TW20 have the same
acylic chains (C12:0) but a different number of PEG chains (4
versus 20, respectively) (Table 1). Hence, the formulations
adopted here allowed to cluster NIOs in two further types:
TW21-lacking NIOs (NIO1 and NIO2) and TW21-containing
NIOs (NIO3 and NIO4). We hypothesized that these differences
could affect the PrC composition and the relative abundance
of the proteins adsorbed on the surface of NIOs, as well as,
obviously, the nano-bio interface of PrC-NIO complexes.
Average size, polydispersity index (PDI) and zeta potential
of bare NIOs were measured by dynamic light scattering (DLS)
and used as reference standard (Fig. 2). All bare NIO formu-
lations, extruded both at 100 and at 200 nm, displayed an
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Fig. 2 Dynamic light scattering (DLS) and laser doppler electrophoresis (LDE) analyses of NIOs. (a) Measurements of average size (nm), (b) polydis-
persity index (PDI) and (c) Z-potential (mV) of different bare NIOs at room temperature. Replicates of three different batches (5 replications for each

batch) were considered and results are mean values + SD. *** = p < 0.001.

average size below 200 nm (from 104.3 + 1.4 nm to 162.4 +
1.4 nm; Fig. 2). Such a finding could be due to the presence of
Chol, that mimics the second lipophilic chain of surfactants,
able to stabilize the NIO bilayer;*” Chol causes a condensation
effect thus likely forcing the acylic chains of surfactants to
assume a trans-configuration in the hydrophobic compartment
of the different NIOs, making their bilayers as rigid as those
made of distearoyl phosphatidylcholine.*® Average size of NIO2
was smaller than that of NIO1, suggesting an acylic chain-
dependent effect (p value <0.0001, Fig. 2a). In fact, TW80,
bearing an unsaturated fatty acid (FA) has a wider area per
molecule in its bilayer than TW20, bearing a saturated FA. As a
matter of fact, TW80 bilayer could host Chol better than TW20
one, thus increasing the packaging of its unsaturated hydro-
carbon chains.**

TW21-containing NIOs (NIO3 and NIO4) showed slightly
increased average sizes compared to NIO1 and NIO2 (p value
<0.0001), but still smaller than 200 nm (Fig. 2). These results
could depend on the number of ethylene oxide units forming
the PEG-mimetic chains of NIO3 and NIO4. A greater number
of ethylene oxide units (such as in TW20 and TW80) deter-
mines a higher PEG molecular weight and affects the packing
of the corresponding NIO bilayer; as a consequence, TW21-
containing NIOs are more fluid than NIO1/2, and have a liquid
crystal configuration.

DLS analysis showed that all the bare NIOs had a PDI < 0.2
(Fig. 2a) and a negative zeta potential (from —20.10 + 1.39 to
—26.50 + 2.33 mV; Fig. 2b), thus showing that all formulations

5256 | Nanoscale, 2021,13, 5251-5269

were stable and homogeneously distributed. Furthermore, the
percentage of self-assembled TWs in each NIO formulation
was 40 + 5%, in agreement with our previous data.***°

To study the effects of PrC on physicochemical properties
of NIO formulations, DLS analysis was performed again after
the incubation in HP, at 37 °C for 24 h (Fig. 3). The average
sizes of PrC-NIO1 and PrC-NIO2, at both extrusion size,
increased after 24 h (up to ~500 nm for PrC-NIO1, up to
300-400 nm for PrC-NIO2; Fig. 3a), even if in the first 4 h they
decreased below 100 nm. Conversely, PrC formation did not
change NIO3 and NIO4 average size, suggesting that the
phenomenon was driven by PEG features. Such a behavior
suggests that the more stable and smaller size of TW21-con-
taining PrC-NIO complexes (PrC-NIO3 and PrC-NIO4) makes
them more suitable for drug delivery applications if compared
with the two TW21-lacking counterparts (PrC-NIO1 and
PrC-NIO2).

Likewise, after HP incubation, PDI increased (>0.3) for
NIO1 and NIO2, regardless of extrusion size, negatively
affecting their stability and size distribution (Fig. 3b); the
opposite behavior was observed for TW21-containing formu-
lations (NIO3 and NIO4), which hence have a superior biologi-
cal stability and narrow size distribution. Indeed, we per-
formed these stability analyses only at one concentration of
HP; however, it is conceivable that small variations of HP con-
centration could not change significantly the stable behavior
of TW21-containing formulations. These interesting findings
regarding the effect of TW21 addition in the NIO formulations

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 DLS and LDE analyses of PrC-NIO complexes. (a) Measurements of average size (nm), (b) polydispersity index (PDI), and (c) Z-potential (mV)
of different PrC-NIO complexes at room temperature and at different time (0, 1, 2, 3, 4, 6, 8, 12, 24 h) of incubation in human plasma (HP).
Replicates of three different batches (5 replications for each batch) were considered and results are mean values + SD.

are not completely surprising, since they are in agreement with
some previously reported data,">"? indicating that the PrC for-
mation can generate two divergent effects: (i) the shrinkage of
nanocarriers due to the osmotic pressure generated by the bio-
logical environment, thus determining a reduction of their dia-
meter,*® (ii) the increase of NP size due to the greater amount
of bound proteins.>®

For all NIOs, zeta potential of different formulations
remained negative after incubation with HP, regardless of their
composition and size (Fig. 3c). These conserved charge pro-
perties are not surprising, since they partially agreed with
some previously reported data stating that the electrostatic
interaction between negatively charged NPs and positively
charged proteins is not the only force affecting the nano-bio
interface®® but it also depends on (i) the modification of
charged groups on the surface of PEG, (ii) the chelation of
cations by the PEG chains®' and (iii) the resulting net negative
charge generated by some plasma proteins at physiological
pH.>>

This journal is © The Royal Society of Chemistry 2021

The stability of the dispersion of NIOs in plasma was tested
by using a Turbiscan Lab® apparatus in order to evaluate the
putative in situ aggregation of plasma proteins (such as fibrino-
gen) in ex vivo PrC-NIO complexes (see ESI{ for experimental
details). This type of analysis is able to predict the long-term
stability of emulsions, solutions and suspensions®” and has
been widely used to study the stability of different nanocarriers
and to correlate the migration of particles with destabilization
phenomena, like sedimentation.>®™>> As regards to the back-
scattering (ABS) signals measured by Turbiscan, they were con-
sidered significant only when relative to the zone comprised
between 2 mm and 8§ mm (ESI Fig. S1t). In this length interval
the ABS peaks were within a +2% range for all the tested NIO
formulations (ESI Fig. S1}). The presence of positive or nega-
tive ABS peaks below 2 mm and over 8 mm did not depend on
migration of NIO particles (sedimentation) during the analysis,
but they depended on the air at the bottom and at the top of
the cylindrical glass tube holding samples (ESI Fig. S17).>” On
the other hand, the transmission stability index (TSI) was

Nanoscale, 2021,13, 5251-5269 | 5257
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below 6, for all the tested formulations except for NIO4-
100 nm, which had a TSI slightly over 10 after 1 h of incu-
bation (ESI Fig. S21). These mentioned ranges of ABS and TSI
values were suggestive of stable NP dispersions as previously
reported.’” Hence, we may state that all the tested NIOs
showed stable dispersion in HP, and this stability was indepen-
dent of the extrusion procedure and of chemical composition
(ESI Fig. S1 and S27).

3.2 Identification of plasma proteins in the corona

To characterize the PrC in all NIOs, each formulation was sep-
arately incubated in HP and, after the PrC elution, the
adsorbed proteins were separated by SDS-PAGE (ESI Fig. S37).
To identify the PrC components associated with each NIO for-
mulation, the protein bands were in-gel digested with trypsin
and analyzed by LC-MS/MS. We identified a total of 53 unique
species, listed in ESI Tables S1-S4,7 which include all the
details of the mass spectrometry (MS) analysis. In particular,
we found 33 proteins for NIO1-100, 27 for NIO1-200, 25 for
NIO2-100, 37 for NIO2-200, 24 for NIO3-100, 35 for NIO3-200,
9 for NIO4-100 and 7 for NIO4-200. Among the identified pro-
teins, we found that the composition of PrC, eluted from all
the analyzed NIO formulations, was characterized by the pres-
ence of several immunoglobulin (Ig) chains. Among them, the
immunoglobulin kappa light chain VL] region (IGK) and Ig
mu chain C region (IGHM) were common to the PrC of all
tested NIO formulations. In general, plasma proteins like
immunoglobulins are the typical components of PrC for many
types of NPs, such as polystyrene, copolymer, TiO,, ZnO, SiO,,
carbon nanotubes and quarts NPs.”®*” This finding probably
depends on the opsonization phenomenon, a process occur-
ring in plasma and mediated by immunoglobulins and comp-
lement proteins (namely opsonins), that neutralize the non-
self antigens. Opsonins promote phagocytosis by labeling
specific antigens, and recruit the mononuclear phagocytic
system (MPS) modulating the human immune response, thus
eventually affecting NP clearance.’®

By comparing, within each NIO formulation, the number of
identified immunoglobulins against the total number of
identified species, we also observed an immunoglobulin
enrichment in the TW21-containing NIOs, particularly NIO4
formulation. Such an absorption of opsonins on the NIO4
surface could be strictly related to the less dense and compact
structure of PEG.>*®°

We functionally analyzed proteins identified in the PrC-NIO
using bioinformatics tools, such as DAVID software. The
enriched gene ontology (GO) terms, belonging either to the
cellular component (CC) category, or to the molecular function
(MF) category, or to the biological process (BP) category, are
listed in Table 2. Bioinformatics analysis showed that all the
analyzed proteins were clustered in different functional cat-
egories except for the PrC of NIO4 formulation, due to the low
number of identified species for this formulation.

As for CC terms, the most represented term was cyto-
plasmic membrane-bounded vesicle; whereas “peptidase
inhibitor activity” was the significantly represented MF term
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among proteins adsorbed onto NIO formulations except for
NIO1-200. Likewise, “complement activation” was one of the
most relevant BP terms involving all analyzed PrCs except for
NIO3-200 (Table 2). It is well known that the activation of the
complement system via the classical pathway requires the
close proximity of Fc fragments of immunoglobulin proteins;**
interestingly, in our system, PrC were immunoglobulin-rich
mixtures, that might be able to trigger in vivo the complement
activation.

The GO analysis also showed that other identified proteins,
such as apolipoprotein E (APOE) and apolipoprotein A-I
(APOA1), were significantly represented in all the PrCs
(Table 2). This apolipoprotein enrichment in the PrC of NIOs
indicates that, under physiological conditions, lipoproteins are
typical corona components able to bind specific cell-surface
receptors.”>"? The adsorption of these proteins can modify the
physicochemical properties of NIOs, such as hydrophobicity,
thus affecting their biopharmaceutic and pharmacokinetic fea-
tures. In fact, apolipoproteins, but also albumin (ALB), act as
desoponins by prolonging the blood circulation time.>® Among
the identified proteins in the corona, also ALB was found to
bind all the designed NIOs, thus allowing to speculate about
ALB effect on NIO biodistribution. It’s noteworthy that ALB-
coated gold NPs showed more accumulation in the lungs and
brain than APOE-coated ones.”” On the other hand, the
adsorption of APOB and APOE onto lipid NPs coated with
TW80 enhances drug delivery across the blood brain barrier.’®
Moreover, apolipoproteins such as APOA1, identified in the
hard corona of other PrC-NP complexes, are used to evaluate
the rate of PrC coating for specific NPs.'*®* Interestingly,
APOA1 and APOA2 adsorption on mesoporous silica NPs
showed enhanced hepatic biodistribution of drug loaded in
these NPs.””

We compared the identified proteins between NIOs having
the same composition but different sizes. For each protein,
Tables 3-6 report the gene name and the Rs¢ value represent-
ing the log, ratio between its relative abundance in NIO-200
versus NIO-100. For all the compared NIO formulations, 32
differentially represented unique proteins were found with Rsc
> 1.40 or <-1.40: particularly 10 species for NIO1, 15 for
NIO2, 23 for NIO3 and 2 for NIO4 (Tables 3-6). As reported in
Fig. 4, each pairwise comparison, except for NIO4, showed for-
mulation-specific differentially represented proteins: 2 species
for NIO1, 4 for NIO2 and 12 for NIO3. Conversely, we also
found common species in at least two pairwise comparisons
(Fig. 4). As reported in Fig. 4, NIO2 and NIO3 (200 nm versus
100 nm) shared the following 6 differentially represented pro-
teins: desmoplakin I (DPI), catalase (CAT), serum vitamin
D-binding protein precursor (GC), peroxiredoxin-2 (PRDX2),
galectin-7 (LGALS7), glycophorin alpha GYPA. Among these 6
proteins, CAT, GC, PRDX2 and GYPA are all over-represented in
both NIO2 and NIO3, while DPI and LGALS7 are under-rep-
resented (Tables 5 and 6). Moreover, ficolin-3 isoform 1 precur-
sor (FCN3), the only differential protein exclusively shared by
NIO1 and NIO4, is over-represented in the former formulation
(200 nm versus 100 nm) and under-represented in the latter

This journal is © The Royal Society of Chemistry 2021
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Table 2 Functional annotation analysis of PrC according to DAVID software

GOs* Proteins p-Value
NIO1-100

Complement activation C1QA, C1QB, C3, FCN3, CFI, C4ABPA, C1QC 1.4x107"°
Cytoplasmic membrane-bounded vesicle STOM, TF, FGG, A2M, APOA1, F5, ALB, HRG, SERPINA1, THBS1 7.7 %1077
Heparin binding APOE, HRG, VTN, THBS1 7.6 x107*
Plasma lipoprotein particle APOA1, APOE, HPR 2.3x107°
Peptidase inhibitor activity A2M, C3, HRG, SERPINA1 2.4%x107°
Regulation of lipid transport APOA1, APOE, THBS1 1.5x107°
Response to endogenous stimulus C1QB, A2M, SERPINA1, THBS1 4.2 x 1072
Cellular chemical homeostasis TF, APOE, SLC4A1, HPR 3.5x 1072
NIO1-200

Complement activation C1QA, C1QB, FCN3, C4BPA, C1QC 4.6 x1077
Cytoplasmic membrane-bounded vesicle STOM, TF, APOA1, F5, ALB, HRG, SERPINA1, THBS1 2.5%x107°
Heparin binding APOE, HRG, VTN, THBS1 3.6 x107*
High-density lipoprotein particle APOA1, APOE, HPR 8.3x107"
Cellular homeostasis TF, APOE, HPX, SLC4A1, HPR 5.2%x107°
Regulation of blood coagulation APOE, HRG, THBS1 1.4 x 1073
Cortical cytoskeleton ACTB, SLC4A1, SPTB 3.2x107°
Regulation of phosphate metabolic process APOA1, APOE, HPX, THBS1 3.8x1072
NIO2-100

Cytoplasmic membrane-bounded vesicle STOM, TF, APOA1, ALB, FGB, HRG, SERPINA1 7.4%x107°
Plasma lipoprotein particle APOA1, APOE, HPR 1.1x107°
Complement activation C1QB, C3, FCN3 1.4x107°
Cellular homeostasis TF, APOE, HPR, SLC4A1 2.3 %1072
Peptidase inhibitor activity C3, HRG, SERPINA1 1.7x1072
NIO2-200

Cytoplasmic membrane-bounded vesicle STOM, TF, FGG, A2M, APOA1, F5, ALB, FGB, HRG, SERPINA1, THBS1 1.9x1077
Peptidase inhibitor activity A2M, C3, SERPINA3, HRG, SERPINA1 3.5x107*
Complement activation C1QB, C3, FCN3 9.6 x107°
Plasma lipoprotein particle APOA1, APOE, HPR 2.8x107°
Hemostasis FGG, F5, FGB, SERPINA1 1.6x107°
Heparin binding APOE, HRG, VTN, THBS1 1.5%x 107
Regulation of lipid transport APOA1, APOE, THBS1 1.9x107°
Cholesterol metabolic process APOA1, APOE, CAT 1.6 x 1072
NIO3-100

Complement activation C1QA, C1QB, FCN3, C1QC 2.2x107°
Plasma lipoprotein particle APOA1, APOE, HPR 1.1x107°
Cytoplasmic membrane-bounded vesicle STOM, APOA1, ALB, HRG, SERPINA1 7.8x107*
Heparin binding APOE, HRG, VTN 6.1x107°
Peptidase inhibitor activity SERPINA3, HRG, SERPINA1 1.3x107°
NIO3-200

Cytoplasmic membrane-bounded vesicle STOM, TF, FGG, A2M, APOA1, ALB, FGB, SERPINA1 1.8x107*
Peptidase inhibitor activity A2M, C3, C4B, SERPINA3, SERPINA1 4.0x107*
Positive regulation of immune response C1QB, C3, FCN3, C4B, HPX 2.8x107*
Cellular ion homeostasis TF, APOE, HPX, SLC4A1, CP, HPR 1.3x107°
Plasma lipoprotein particle APOA1, APOE, HPR 2.8x107°
Negative regulation of apoptosis ALB, APOE, PRDX2, CAT 4.3x1072

% GOs: gene ontologies.

(Tables 3 and 6). Furthermore, human fibrinogen (FGB) is
differentially represented in all NIO formulations extruded at
200 nm compared to those extruded at 100 nm (Tables 3, 5
and 6), with the exception of the formulation NIO2 (Table 5).
In all formulations extruded at 200 nm versus 100 nm, except
for NIO4, the following 5 proteins were differentially rep-
resented (Fig. 4): spectrin alpha, erythrocytic 1 (SPTA1),
ankyrin-1 isoform 4 (ANK1), fibrinogen gamma chain isoform
gamma-A precursor (FGG), spectrin beta chain (SPTB), alpha-
2-macroglobulin precursor (A2M). Interestingly, similar pro-

This journal is © The Royal Society of Chemistry 2021

teins were identified in vivo in the PrC of PEGylated liposomes
(Caelyx) collected 10 min after injection in human® and
mice."”> In our experimental setting, all these proteins are
under-represented in NIO1 and over-represented in both NIO2
and NIO3 (Tables 3-5). Similarly, the chain A, human comp-
lement component C3 (C3), the only differential protein exclu-
sively shared by NIO1 and NIO3, is under-represented in the
former formulation and over-represented in the latter (Tables
3 and 5). In particular, these two last comparisons, between
formulations extruded at 200 nm versus 100 nm, show that the

Nanoscale, 2021, 13, 5251-5269 | 5259
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Table 3 Quantitative analysis of PrC components adsorbed on NIO1-200 versus NIO1-100

Protein Gene Rgc”
Ficolin-3 isoform 1 precursor FCN3 1.95
Band 3 anion transport protein SLC4A1 —2.09
Ankyrin-1 isoform 4 ANK1 —2.28
Spectrin alpha, erythrocytic 1 SPTA1 —2.33
Spectrin beta chain, erythrocytic isoform b SPTB —-2.61
Chain B, structure of complement C3b: insights into complement activation and regulation CFI —2.63
Fibrinogen gamma chain isoform gamma-A precursor FGG —2.63
Alpha-2-macroglobulin precursor A2M -3.74
Chain B, crystal structure of human fibrinogen FGB -3.74
Chain A, human complement component C3 C3 —4.48
Coagulation factor V precursor F5 1.35
CD5 antigen-like precursor CD5L 1.02
Complement C1q subcomponent subunit C precursor C1QC 0.184
Haptoglobin-like protein HPR 0.521
Apolipoprotein E APOE 0.297
Albumin ALB 0.496
Stomatin peptide STOM —-0.353
Actin, cytoplasmic 1 ACTB -0.127
Apolipoprotein A-I preproprotein APOA1 -0.210
C1q B-chain precursor C1QB —-0.335
Vitronectin VIN —-0.270
Histidine-rich glycoprotein precursor HRG -1.18
Collectin 10 COLEC10 -0.111
Alpha-1-antitrypsin SERPINA1 0.389
Serotransferrin precursor TF —-0.332
Thrombospondin-1 precursor THBS1 -0.314
C4b-binding protein alpha chain precursor C4BPA —0.452
Ig mu chain C region IGHM 0.538
Hemopexin precursor HPX 0.180
Ig G1 H Nie IGHG1 0.358
Complement C1q subcomponent subunit A precursor C1QA -0.133
Immunoglobulin kappa light chain VL] region IGK 0.370
Immunoglobulin lambda-chain IGL 0.814
Peroxiredoxin-2 PRDX2 1.29

“Rsc: log, ratio between protein levels of PrC-NIO1-200 versus PrC-NIO1-100. Proteins with Rsc > 1.40 or <—1.40 were considered differentially

represented.

same trend in protein profiling (from under-representation to
over-representation of plasma proteins common to NIO1 and
NIO3) could be related to the presence of TW21 in combi-
nation with TW20. Interestingly, those proteins identified as
over-represented in the PrC-NIO3 (200 nm versus 100 nm) and
with opposite trend in PrC-NIO1, such as A2M and FGG, are
plasma proteins whose levels are higher in pathological con-
ditions (Alzheimer’s disease and diabetes, respectively);®* this
observation leads to hypothesize that a NIO formulation, such
as NIO3 extruded at 200 nm, could be potentially applied for
drug delivery in specific disorders characterized by alteration
of plasma proteins known to be preferentially adsorbed to the
NIO of interest. Therefore, the obtained results demonstrate
that the specific formulations, together with the extrusions
sizes, can quantitatively rather than qualitatively affect the
composition of PrC.

We evaluated and compared the relative abundance of
identified PrC components, based on their MS spectral
counts,® in all NIO formulations (Table 7). Among them, a set
of 5 species were found to bind all the NIOs, but with different
abundance: ALB, APOE, CD5 molecule like (CD5L), IGK and
IGHM; ALB, for example, binds different NIOs varying from

5260 | Nanoscale, 2021,13, 5251-5269

10.3% in NIO3-100 to 25.8% in NIO4-200 (Table 7). These
results strengthen the concept that the PrC depends on
physicochemical properties of NPs, particularly on their sizes
and composition.®>™%®

In addition to NP characteristics, however, we cannot
exclude that PrC composition also depends on qualitative/
quantitative alterations of plasma proteome in different phys-
iological and pathological conditions.®>®® In fact, ALB is the
most abundant protein in plasma as well as the first protein to
be adsorbed on different type of NPs: changes of ALB levels in
the plasma indicate specific pathological conditions, such as
infections or an inflammatory state.”® Importantly, HP is a
heterogeneous fluid and several proteins, whose levels change
in the plasma, are used as diagnostic biomarkers for different
diseases. In addition to ALB, in fact, also the modulation of
other plasma proteins, such as immunoglobulin IgM and
complement proteins, have been reported in patients with
neurological disorders or cancer. In addition to disease type
and progress, plasma composition in terms of protein abun-
dance/concentration also depends on other factors such as
age, gender and ethnicity. As a consequence, both health and
disease conditions affect the PrC composition: plasma from

This journal is © The Royal Society of Chemistry 2021
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Table 5 Quantitative analysis of PrC components adsorbed on NIO3-
200 versus NIO3-100

Protein Gene Ry” Protein Gene Ry’
Spectrin alpha, erythrocytic 1 SPTA1 4.75 Spectrin beta chain, erythrocytic isoform b SPTB 6.19
Ankyrin-1 isoform 4 ANK1 4.49 Spectrin alpha, erythrocytic 1 SPTA1 5.14
Coagulation factor V precursor F5 4.17 Alpha-2-macroglobulin precursor A2M 3.59
Vitronectin VIN 3.62 Catalase CAT 3.38
Protein 4.1 isoform 6 EPB41 3.43 Chain B, human complement C4 C4B 3.38
Alpha-2-macroglobulin precursor A2M 2.98 Chain B, crystal structure of human fibrinogen = FGB 3.38
Glycophorin alpha GYPA 2.69 Serum vitamin D-binding protein precursor GC 3.38
Thrombospondin-1 precursor THBS1 2.69 Fibrinogen gamma chain isoform gamma-A FGG 3.14
Catalase CAT 2.69 precursor
Spectrin beta chain, erythrocytic isoform b SPTB 2.40 Ankyrin-1 isoform 4 ANK1 2.87
Peroxiredoxin-2 PRDX2 2.32 Glycophorin alpha GYPA 2.49
Serum vitamin D-binding protein precursor GC 2.32 Hemopexin precursor HPX 2.49
Fibrinogen gamma chain isoform gamma-A FGG 1.73 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 2.49
precursor Caspase-14 precursor CASP14 2.49
Desmoplakin I DPI -3.96 Delta-aminolevulinate dehydratase ALAD 2.00
Galectin-7 LGALS7 -3.96 Ceruloplasmin, partial CP 2.00
C1q B-chain precursor C1QB 0.0704 Peroxiredoxin-2 PRDX2 1.74
Complement C1q subcomponent subunit C C1QC —0.698 Chain A, human complement component C3 C3 1.74
precursor Haptoglobin-like protein HPR 1.61
CD5 antigen-like precursor CD5L 0.424 Galectin-7 LGALS7 —2.65
Chain A, human complement component C3 C3 1.12 Desmoplakin I DPI —2.65
Serotransferrin precursor TF 0.294 Plakoglobin Jup —2.65
Chain B, crystal structure of human fibrinogen = FGB —-0.125 Complement C1q subcomponent subunit A C1QA —4.25
Stomatin peptide STOM 0.434 precursor
Albumin ALB 0.00641  Histidine-rich glycoprotein precursor HRG —4.59
Band 3 anion transport protein SLC4A1 0.513 Band 3 anion transport protein SLC4A1 1.16
Apolipoprotein A-I preproprotein APOA1 —-0.101 Alphal-antichymotrypsin, partial SERPINA3  0.962
Apolipoprotein E APOE —-0.163 CD5 antigen-like precursor CD5L —0.0120
Alpha-1-antitrypsin SERPINA1 0.0612 Serotransferrin precursor TF 0.747
Actin, cytoplasmic 1 ACTB —-0.616 Albumin ALB 0.494
Haptoglobin-like protein HPR 0.645 Alpha-1-antitrypsin SERPINA1 0.306
Ficolin-3 isoform 1 precursor FCN3 —0.803 Stomatin peptide STOM 0.415
Ig mu chain C region IGHM -1.26 Complement C1q subcomponent subunit C C1QC -1.02
Histidine-rich glycoprotein precursor HRG —0.489 precursor
Alpha1-antichymotrypsin, partial SERPINA3  1.29 C1q B-chain precursor C1QB —0.994
Ig G1 H Nie IGG —0.0716  Vitronectin VIN 0.124
Ig alpha-1 chain C region, partial IGHA1 —-0.960 Apolipoprotein A-I preproprotein APOA1 0.747
Delta-aminolevulinate dehydratase ALAD —-0.489 Apolipoprotein E APOE —0.0199
Ig gamma-2 chain C region IGHG2 —-0.382 Ficolin-3 isoform 1 precursor FCN3 —-0.232
Immunoglobulin kappa light chain VL] region =~ IGK 0.126 Ig mu chain C region IGHM -1.39
Ig J-chain, partial 1G] —-0.491 Ig gamma-2 chain C region IGHG2 -1.17
Immunoglobulin lambda light chain VL] IGL —0.0845
“Rsc: log, ratio between protein levels of PrC-NIO2-200 versus region
PrC-NIO2-100. Proteins with Rsc > 1.40 or <-1.40 were considered Ig J-chain, partial 1G] —0.570
differentially represented. Immunoglobulin kappa light chain VL] region ~ IGK 0.754

healthy donors of the same gender and age induced the for-
mation of not always consistent PrC on the same NPs; whereas
plasma from patients with the same disorders generated PrC
with slight differences in composition.®®’® Hence, such depen-
dence on physicochemical properties of NPs and on plasma
proteome affects the interactions at the nano-bio interface and
the PrC composition, and consequently cytotoxicity, intracellu-
lar uptake and potentially the biological fate of PrC-NP
complexes.

3.3 Cellular uptake of PrC-NIO

To evaluate NIO cytotoxicity and cellular uptake, we tested
their biological effect onto two cancer cell lines (HCT-116 cells
for colorectal cancer and HeLa cells for cervix cancer) and onto
healthy primary cells (HDF, human dermic fibroblasts) that
were used as a control. Colorectal and cervix cancer represent

This journal is © The Royal Society of Chemistry 2021

“Rsc: log, ratio between protein levels of PrC-NIO3-200 versus
PrC-NIO3-100. Proteins with Rgc > 1.40 or <—1.40 were considered
differentially represented.

two forms of cancer with high incidence in human,”" and can
have some benefits using NPs as potential therapeutic
approach for cure and treatment.

In order to test dose-dependent cytotoxicity of NIO formu-
lations, we performed MTT assays on HCT-116 cells treated for
3 h and 24 h with different concentrations of NIOs (from 0.8
to 100 pg ml™"; ESI Fig. S41). The resulting data clearly showed
that no NIO formulation, at a concentration of 20 ug ml™,
after 3 h of incubation, caused a cell viability reduction below
the 80% when compared with untreated cells, while higher
concentrations or longer incubation times caused a more
evident cytotoxicity of some formulation. Thus, we considered
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Table 6 Quantitative analysis of PrC components adsorbed on NIO4-
200 versus NIO4-100

Protein Gene Ry”
Chain B, crystal structure of human fibrinogen FGB —2.20
Ficolin-3 isoform 1 precursor FCN3 —2.20
Serum albumin ALB 1.18
Ig mu chain C region IGHM —0.451
CD5 antigen-like precursor CD5L 0.0865
Immunoglobulin alpha-2 heavy chain IGHA2 -1.10
Apolipoprotein E APOE —0.342
Immunoglobulin heavy chain variable region IGHV3 —-0.368
Immunoglobulin kappa light chain VL] region IGK 1.13

“Rsc: log, ratio between protein levels of PrC-NIO4-200 versus
PrC-NIO4-100. Proteins with Rgc > 1.40 or <—1.40 were considered
differentially represented.

DPI*
CAT*
GC*
PRDX2*
LGALS7*
GYPA*

NI04-200 vs
NIO4-100

SPTAT#

ANK1#
FGG*
SPTB#:
A2M#

Differential proteins shared by
* NIO2 and NIO3

A NIO1 and NIO4

° NIO1, NIO3 and NIO4

# NIO1, NIO2 and NIO3

§ NIO1 and NIO3

Fig. 4 Venn diagram of differentially represented proteins in the
corona. Venn diagram shows the differentially represented proteins
specific for each of the four pairwise comparisons and those common
to at least two pairwise comparisons (listed in the box).

a concentration of 20 ug ml~" and an incubation time of 3 h as
ideal conditions for further cell culture experiments.

To analyze the cellular uptake of PrC-NIO, we used fluo-
rescent NIO formulations (OG-NIOs) and measured the mean
fluorescence intensity (MFI) of cells by cytofluorimetric ana-
lysis after 3 h of incubation (ESI Fig. S5%). For this analysis,
the PrC formation was obtained at the same HP concentration
used for proteomic analysis. As control, we also evaluated the
cellular uptake of bare fluorescent NIOs in the same experi-
mental condition of PrC-NIOs (in the cell culture with 1% HP)
(Fig. 5) and in protein-free condition (ESI Fig. S67), thus
demonstrating a similar trend when the cellular uptake of
PrC-NIOs was compared to the bare NIOs added into cell
culture either without HP or with low HP. The uptake profile
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of bare and PrC-NIOs are similar among the three considered
cell lines; the uptake level pairwise comparison between bare
and the corresponding PrC-NIO showed some significant
differences. In particular, in HeLa cells we found significantly
different uptake between bare NIOs and the relative PrC-NIOs
only for NIO3-200 and NIO4-200. Conversely, in HCT-116 and
HDF these differences were evidenced in most NIO formu-
lations. Moreover, in some cases PrC-NIOs showed higher
uptake than bare NIOs, while in other cases the vice versa
occurred. Not surprisingly, smaller NIOs were internalized
better than bigger ones; in fact, all NIO-100 showed a higher
uptake than the corresponding NIO-200. The various formu-
lations showed statistically relevant differences in their uptake
levels. In particular, the fluorescent PrC-NIO1 and PrC-NIO3
(TW20-containing NIOs) were internalized better than fluo-
rescent PrC-NIO2 and PrC-NIO4; moreover, TW21-containing
NIOs showed a reduced uptake compared with TW21-lacking
formulations. In other words the uptake levels are enhanced
by the presence of TW20, instead of TW80 and they are
impaired by the addition of TW21. Moreover, this trend was
similar in the three cell lines as shown by Pearson’s correlation
(Table 8).

We also evaluated if PrC-NIO uptake can depend on the
amount of the most represented proteins in the PrC. To this
aim we selected the proteins, which were identified by proteo-
mics in at least six out of eight formulations and we calculated
the Pearson’s coefficients between the spectral counts and the
uptake levels for each protein and cell line (Fig. 6). Indeed, five
proteins showed a significant Pearson’s R in all the three cell
lines: ALB, APOE, CD5L, complement C1q B chain (C1QB) and
C chain (C1QC). ALB, APOE and CD5L showed a strong nega-
tive correlation indicating that a higher content of these pro-
teins in the PrC was associated to a lower NIO uptake; while
C1QB and C1QC showed a strong positive correlation, which
imply that a higher content of these complement proteins
matched a higher NIO uptake. In other terms, based on these
results, NP endocytosis might be enhanced through a modu-
lation of the content of ALB, APOE, CD5L, C1QB and C1QC in
the PrC-NP. It should be noticed that the levels of the five con-
sidered proteins show a significant correlation in all the three
tested cell lines, including the HDF cells (Fig. 6). A NP with a
generalized high propensity to be internalized by different
types of cells, including the healthy ones, has obvious draw-
backs in terms of drug delivery specificity in vivo. Moreover,
contrarily to what happens for C1QB, the levels of the other
four mentioned proteins (ALB, APOE, CD5L and C1QC) show a
stronger correlation (positive for C1QC and negative for ALB,
APOE, CD5L) with the uptake in HDF cells than in both cancer
cell lines (HCT-116 and HeLa) (Fig. 6). The ideal formulation
might be one with a middle tier of generalized cellular uptake
and possibly a higher tendency to be internalized by cancer
cells rather than by healthy cells. In this scenario, among the
tested formulations, NIO3 ones fit better these characteristics.
In fact, NIO3 formulations absorb relatively low amount of
ALB, APOE and CD5L and relatively high amount of C1QC, in
the corona. At the same time, the presence of PrC gives to

This journal is © The Royal Society of Chemistry 2021
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Table 7 Relative abundance of PrC components identified in at least six out of eight NIOs is expressed as normalized spectral abundance factor
(NSAF)

NSAF NSAF NSAF NSAF NSAF NSAF NSAF NSAF
Gene NIO1-100 NIO1-200 NIO2-100 NIO2-200 NIO3-100 NIO3-200 NIO4-100 NIO4-200
ALB 11.0% 12.3% 16.4% 17.9% 10.3% 14.8% 13.8% 25.8%
APOE 8.07% 8.30% 8.74% 8.62% 7.34% 7.93% 13.5% 11.6%
CD5L 1.81% 3.11% 1.66% 2.47% 2.33% 2.54% 6.36% 6.37%
IGK 20.3% 22.0% 15.8% 18.8% 11.0% 20.0% 2.78% 6.95%
IGHM 19.0% 21.5% 14.2% 7.21% 18.0% 8.78% 28.0% 24.4%
FCN3 0.750% 2.60% 3.67% 2.32% 4.57% 4.28% 1.48% —
TF 0.835% 0.556% 1.12% 1.52% 0.363% 0.695% — —
STOM 0.934% 0.599% 0.726% 1.13% 0.703% 1.07% — —
SLC4A1 3.64% 0.758% 2.00% 3.09% 1.11% 2.66% — —
APOA1 1.34% 0.969% 1.17% 1.22% 0.948% 1.82% — —
HPR 1.42% 1.73% 1.03% 1.81% 0.291% 1.14% — —
SERPINA1 0.644% 0.722% 0.751% 0.878% 0.605% 0.844% — —
C1QB 5.32% 3.58% 1.65% 1.93% 3.20% 1.74% — —
C1QC 4.21% 4.05% 3.20% 2.16% 6.61% 3.60% — —
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Fig. 5 Cellular uptake of bare NIOs and PrC-NIOs. HCT-116, HelLa and HDF cells were incubated in serum-free medium containing 1% human
plasma (HP) enriched in fluorescent bare NIOs and fluorescent PrC-NIOs (100 nm and 200 nm). Their uptake was quantified by flow cytometry
measuring the mean fluorescence (MFI) of cells. The MFI raw data (Fig. S51), measured in three independent replicate experiments, were properly
normalized. (a) Uptake levels are reported in graphs as the mean values + SD and the statistical significance of pairwise comparison between bare
and the corresponding coated NIO is showed. (b) Statistical significance of pairwise comparison among PrC-NIOs. * = p < 0.05; ** = p < 0.01; *** =
p < 0.005; NS = not significant; A. U., arbitrary units.
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Table 8 Correlation of uptake levels in different cell lines

Ra
PrC-NIOs HCT-116 versus HeLa 0.96
HCT-116 versus HDF 0.87
HeLa versus HDF 0.93
PrC-NIOs versus bare NIOs HCT-116 0.98
HelLa 0.94
HDF 0.89

“R: the Pearson’s correlation coefficient.

B HCT-116
B HeLa

1.04

Pearson's R value

Fig. 6 Correlation between relative abundance of PrC components and
cellular uptake. Protein abundance based on MS spectral counts were
correlated with the uptake levels for each cell line by calculating
Pearson'’s coefficients.

NIO3 formulations (particularly to NIO3-200) a higher propen-
sity to be internalized by HeLa cells and lower tendency to be
internalized by HDF cells, if compared with correspondent
bare NIOs (Fig. 5a).

Indeed, ALB has been widely and extensively used and
studied both as NP constituent and NP coating.”>”?
Undoubtedly, many evidences support the idea that ALB occur-
rence on NP surface is able to modify the biodistribution of
such NPs, improving their circulation in the bloodstream,
decreasing their clearance by MPS and enhancing their
accumulation in the tumor.”>”® Surprisingly, we found that an
increase of ALB content in the PrC corresponds to a decreased
endocytosis of the PrC-NIO complexes. This finding is in
apparent contrast with the usefulness of ALB coatings as a
mean to increase the delivery properties of NPs. However,
accordingly with our results, some authors reported that the
presence of ALB on the surface of NPs can impair their uptake
in different cell lines.”*”> We may hypothesize that the propen-
sity to internalize NPs, as consequence of ALB presence onto
NP surface, can depend on NP type and dimensions, and on
cell type. Therefore, the effect of an ALB coating is not easily
predictable and should be ad hoc evaluated. We may not
exclude that, in certain contexts, an ALB coating onto NPs
impairs their uptake levels in tumor cells; while a more favor-

5264 | Nanoscale, 2021,13, 5251-5269

View Article Online

Nanoscale

able biodistribution counterbalances such a negative effect
promoting their accumulation in the tumor environment,
resulting in a net anti-cancer effect. If we hypothesize that the
PEG-mimetic effect of the Tween derivatives might guarantee
reasonable circulation times in the bloodstream, the ideal
choice could be NIO formulations like NIO3 which, among the
tested NIOs, absorb relatively low amount of ALB and which
are efficiently internalized by cancer cells.

As mentioned before, another protein whose abundance in
the PrC negatively correlates with the uptake levels is APOE.
This is a component of the plasma lipoproteins, has a major
role in the transport of lipids through the plasma and intersti-
tial fluids and is involved in the production, conversion and
clearance of plasma lipoproteins themselves.”*’® APOE is also
a ligand for low density lipoprotein (LDL) receptors and is
involved in cholesterol metabolism.”®”” APOE content is
higher in TW80-containing NIOs (NIO2 and NIO4) accordingly
to what is elsewhere reported about TW80-NPs.”® Currently,
there are several studies testing APOE-enriched coronas of
different NPs to investigate drug delivery to cells of central
nervous system’® and to hepatocytes:”® in fact, thanks to the
binding of APOE to LDL receptors, APOE-enriched coronas can
facilitate the NP trafficking into the brain, across the blood-
brain barrier,”® and into the liver.”” Intriguingly, APOE enrich-
ment on PEGylated lipid NP surface can either enhance or
hamper the uptake in hepatocarcinoma cells, depending on
PEG chain length and NP size.”®

CD5L is a circulating protein also known as “apoptosis
inhibitor of macrophage” (AIM) that acts as a marker for pha-
gocytes so that they can efficiently recognize and engulf cell
debris as their targets.®” CD5L is secreted mainly by tissue
macrophages and can act with an autocrine mechanisms on
the macrophages themselves to modulate inflammatory
responses and to enhance the mycobactericidal activity of
these cells.®""® CD5L has been also identified in the PrC of
different types of NPs,*®* however the role of this protein
onto the surface of NPs is not completely understood. In agree-
ment with our results showing that CD5L-enriched coronas
correlate negatively with uptake levels of NIOs, we may hypoth-
esize that CD5L could enhance in vivo the clearance of NPs by
MPS. From this point of view, once again NIO3 formulations
seem to be the ideal choice, since they showed relatively low
abundance of CD5L in their PrC, if compared with the other
tested NIOs.

Among the most interesting proteins, identified in the
corona, there are complement factors: in fact, we found C1QB
and C1QC, two subunits of Cl1q protein, the first activator of
complement cascade via classical pathway, produced by macro-
phages and immature dendritic cells and involved in the clear-
ance of immunocomplexes.®” In this context, immunoglobu-
lins, such as IgM and IgG, binding self- and non-self-antigens,
modulate the complement activation. In our ex vivo experi-
mental setting, we identified and quantified C1QB and C1QC
in all formulations except for NIO4, whose PrC is mostly com-
posed by immunoglobulins. We cannot exclude that the
efficiency of complement activation depends on the differ-

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Cell viability after incubation with bare NIOs and PrC-NIOs. HCT-116, HeLa and HDF cells were incubated in serum-free medium containing
1% human plasma (HP) enriched in bare NIOs and PrC-NIOs (100 nm and 200 nm) for 3 h and 24 h. Data are reported as the averages of four inde-

pendent replicates.

ences in the PrC composition, particularly on the different
immunoglobulin content.®® On the other hand, the major
C1QB and C1QC deposition on the NIO1/3 might favor the cel-
lular uptake, whereas C1QB/C-lacking coronas eventually do
not promote internalization.

We also evaluated if PrC-NIO uptake could depend by
factors other than relative protein abundance, such as the size
of naked NPs: but this parameter did not show significant cor-
relation with the uptake in any of the three tested cell lines
(Table S57).

In addition to the cellular uptake analysis, we studied the
cytotoxicity of bare and PrC-NIO in serum-free medium con-
taining 1% (v/v) HP to investigate the relationship between

This journal is © The Royal Society of Chemistry 2021

internalization of NIOs and their effect on the cell viability.
MTT assays were performed at 3 h and 24 h (Fig. 7) on HDF,
HeLa and HCT-116 cells after the treatment with NIO formu-
lations. The presence of pre-formed PrC showed no significant
variation in cell viability, even for NIO1-100, NIO1-200 that are
better taken up from all cell lines than the other NIO formu-
lations, possibly thanks to the safety and low toxicity of
TWs.>”*® A comparable cell viability among all treatments
enforces cellular uptake data, excluding a contribution of cell
death to the observed differences in NIO internalization
(Fig. 5).%”%% Indeed, only a slight decrease in cell viability was
noticed in the cancer cells (particularly in HeLa) and particu-
larly at 24 h in the case of incubation with NIO1 and NIO3
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which had a higher propensity to be internalized by cells.
Moreover, the general impact of both PrC-NIO complexes and
bare NIOs on cell viability was lower for HDF than for the two
tested cancer cell lines. This observation further strengthens
the usefulness of NIOs as means for cancer therapy.

4. Conclusions

Up to now, the effects of PrC on NPs have been already studied
in human using PEGylated liposomes, that are nanomedicine
approved by food and drug administration (FDA) and
European Medicine Agency (EMA)."**> Nevertheless, very few
NPs are used as drug delivery system in clinical practice. The
gap between pre-clinical and clinical studies probably lies in
overlooking some aspects that contribute to the nano-bio
interactions. In this context, we studied the nano-bio interface
between human plasma (HP, from healthy subjects) and
different types of NIOs to define candidate formulations to be
potentially applied for drug delivery. Currently, there are no
NIO formulations approved by FDA and EMA for intravenous
injection and systemic treatment of cancer, despite their
potential advantages, herein presented, as drug delivery
systems.®" Hence, we investigated the effects of polysorbates
(TW20, TW21, TWS80), as PEG-mimetic species, on NIO
physicochemical features, PrC composition and cellular
uptake of PrC-NIO complexes (Fig. 1). The present study
demonstrates that the key factors to be considered for an
appropriate design of NIOs are: (i) physicochemical properties
of NPs and (ii) interactions between NPs and their biological
environment. From the physicochemical point of view, the
presence of TW21, particularly in combination with TW20 (as
observed for NIO3 formulation), guarantees the maintenance
of biological stability and size distribution after PrC formation.
On the other hand, we observed that PrC composition
depends on particle sizes as well as on their net surface charge
and formulation. Indeed, size and Z-potential of PrC-NIOs
changed over time (Fig. 3) and therefore we cannot exclude
that the composition and the relative abundance of PrC might
change too.">'#2%°%32 Although in our experimental protocol
the relative abundance of PrC was not analyzed over time, it is
highly conceivable that no great change may occur to the hard
corona. In addition, we suggest and support that also PrC of
polysorbate-NPs, such as NIOs, shows a molecular complexity
related to the plasma proteome.

In the light of the recent concept of personalized PrC,
plasma proteins of patients with different diseases are now
believed to generate PrC with different compositions.®** In
addition, also healthy subjects may display a distinct plasma
proteome leading to the formation of individual PrC around
the NPs. Characterizing health- and disease-related PrC is fun-
damental to design therapeutic NPs and to predict their bio-
logical response and clinical efficacy. In view of that, this
study, testing eight different NIO formulations with the same
HP, certainly points out the dynamic nature of PrC whose vari-
ations are both qualitative and quantitative. Despite this, we
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identified differentially represented proteins common to two
or three pairwise comparisons (between the same formu-
lations at the two extrusion sizes). In our case, the identifi-
cation in the corona of disease-related plasma proteins, prefer-
entially and quantitatively adsorbed on the different designed
NIOs, strengthens the concept of a personalized PrC.

Moreover, we demonstrated that the type of plasma proteins
and their relative abundance affect the intracellular uptake
modulating the relative internalization of NIOs in human
healthy and cancer cells. In particular, TW21-containing NIOs
slightly impaired cellular uptake, suggesting that an alternate
pattern of high/low-MW PEG chains seems to be not favorable
for NP internalization. Despite this, TW21-containing NIOs
display a better biological stability and a narrower size distri-
bution; such a finding should be taken into consideration, if
not considered a precious advantage in nanomedicine, pro-
vided that TW21 has PEG similar biopharmaceutical features®’
at a lower cost and it is able to increase the final steric hin-
drance of colloidal NPs with a slight modification of the
surface properties.

As for PrC composition, it's noteworthy that the relative
abundance of five plasma proteins, identified in the corona of
all designed NIOs, shows a significant correlation (positive for
C1QB/C1QC and negative for ALB, APOE, CD5L) with the
uptake in all the three tested cell lines. This could enable to
enhance NIO internalization by appropriately modulating the
content of the five specific plasma proteins in the PrC-NIO.

Summing up the objective evidence, in all tested cells,
PrC-NIOs show a very negligible cytotoxicity confirming the safe
nature of polysorbates, thus encouraging their use in nano-
medicine applications above all as drug delivery systems; more-
over, NIO3 formulations (containing both TW21 and TW20) show
the better balance among the key factors quoted above. In fact,
these specific NPs guarantee proper physicochemical features
and biological stability, absorbs relatively low amount of ALB,
APOE and CD5L and high amount of C1QC in the corona and is
efficiently internalized by cancer cells.

Given the importance of proteins in the NP corona, our data
are highly promising in foreseeing the biological performance of
NIOs in different tissues. Further studies need to be extended on
the corona of NIOs and we also expect to explore the novel field
for all nanomaterials, concerning the so called biomolecular
corona, mainly composed of proteins, but also of other bio-
molecules, such as lipids and metabolites. Characterizing these
biomolecules by lipidomics and other metabolomics approaches
is still challenging, due to experimental limits; however, they will
be instrumental for a comprehensive overview of the phenomena
occurring at the nano-bio interface needed to predict the physio-
logical and therapeutic outcome of NPs.
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