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Introduction: Protein corona (PC) deposition on nanoparticles (NPs) in biological systems
contributes to a great extent to NPs’ fates; their targeting potential, the interaction with
different biological systems and the subsequent functions. PC — when properly tuned — can
serve as a potential avenue for optimization of NPs’ use in cancer therapy.

Methods: Poly-lactic co-glycolic acid (PLGA)-based NPs exhibiting different physicochem-
ical properties were fabricated and characterized. The PC makeup of these NPs were
qualitatively and quantitatively analyzed by Western blot and Bradford assay, respectively.
The effect of PC on the release of NPs’ cargos and the intracellular uptake into BI6F10
melanoma cells has been studied.

Results: The composition of NPs (polymeric PLGA NPs vs lipid-polymer hybrid NPs) and
the conjugation of an active targeting ligand (cRGDyk peptide) represented the major
determinants of the PC makeup of NPs. The in vitro release of the loaded cargos from the
NPs depended on the PC and the presence of serum proteins in the release medium. Higher
cumulative release has been recorded in the presence of proteins in the case of peptide
conjugated NPs, cNPs, while the unconjugated formulations, uNPs, showed an opposite
pattern. NPs intracellular uptake studies revealed important roles of distinct serum and
cellular proteins on the extent of NPs’ accumulation in melanoma cells. For example, the
abundance of vitronectin (VN) protein from serum has been positively related to the
intracellular accumulation of the NPs.

Conclusion: Careful engineering of nanocarriers can modulate the recruitment of some
proteins suggesting a potential use for achieving endogenous targeting to overcome the
current limitations of targeted delivery of chemotherapeutic agents.

Keywords: nanoparticles, active targeting, passive targeting, endogenous targeting,

melanoma, protein corona, intracellular uptake

Introduction

Conventional chemotherapeutic agents possess unfavourable pharmacokinetic (PK)
profiles and off-target distribution which contribute to the severe toxicities of these
agents.' The lack of specificity can be largely overcome by optimum engineering of
suitable nanocarriers.” A major determinant of the NPs’ fates upon introduction to
the biological environment is the deposition of serum proteins on the NPs’ surfaces.
These proteins wrap the NPs with a layer called a protein corona (PC). The
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composition of this PC evolves over time; for instance,
proteins characterized by high affinity towards NPs and
less tendency to desorb constitute the hard corona. While
proteins with lower affinity and higher tendency to desorb
from NPs’ surfaces represent the soft corona and tend to be
exchanged with other proteins.’ The hard corona, being
the long-lasting layer, contributes to a greater extent to the
control of the behaviour and biological fates of NPs.*>
The composition of PC is largely determined by many
NPs’-related factors (e.g. composition, size, shape and
surface properties) and environment-related factors
(source of proteins, exposure temperature and flow
rates).*®® Therefore, each NP formulation has been sug-
gested to possess a PC fingerprint with distinct down-
stream effects. PC has been shown to alter the passive
and active targeting processes. On one hand, some proteins
are regarded as opsonins, e.g. immunoglobulins, and com-
plement proteins which mark the NPs to be taken up by
the phagocytic cells. Then, NPs eventually end up in the
reticuloendothelial system (RES) organs. On the other
hand, other proteins act as dysopsonins, e.g. clusterin a
and albumin. They prevent deposition of opsonins on NPs
and prolong their circulation time giving a better chance
for NPs to reach their target organs. '* In addition, PC
can alter the active targeting capacities by masking the
targeting moieties and hence preventing recognition by
their target receptors.'>'® However, in some studies, PC
has been shown to possess harmless or advantageous
potential. Therefore, careful design of NPs to recruit spe-
cific proteins can represent a good chance for achieving
endogenous targeting.'

The physicochemical properties of NPs are important
determinants of the their biodistribution, interaction with
the target and non-target cells and the subsequent
functions.'”'® Therefore, in this study, NPs possessing dif-
ferent physicochemical properties (size, surface charge and
composition) have been synthesized. In addition, an
Arginine-Glycine-Aspartic acid (RGD)-based peptide,
cRGDyk, has been chemically coupled to the NPs.
cRGDyk cyclic pentapeptide is a selective inhibitor to avf33
integrins that are cell surface proteins overexpressed in
melanoma.'®?* The PC of the synthesized NPs has been
characterized in terms of the quantity and the abundance of
distinct proteins of interest. The role of this PC on the NPs’
behavior in terms of the in vitro release of loaded cargos and
the in vitro cellular uptake has then been characterized.

Vitronectin (VN), Complement 3 (C3) protein,
Clusterin o (CLU) and Albumin (ALB) are the selected

serum proteins of interest in this study. While Filamin 1
(FLN1), Annexin I (ANXA1) and Clathrin HC (CHC)
represent the selected cellular proteins. These proteins
are selected for the following reasons. VN is selected for
its known affinity towards o3 integrin receptors that are
overexpressed in melanoma.'*'* C3 protein is an opsonin
which has been critically associated with fast clearance
and short blood circulation time of NPs after intravenous
(IV) administration.>'"'® In addition, complement peptide
receptors, anaphylatoxin receptors, have recently been
reported to be overexpressed in melanoma exhibiting
a role in immune surveillance.”>° On the contrary, CLU
plays a predominant role as a dysopsonin which, when
abundant in PC, can reduce the opsonization process and
the RES uptake of the NPs.'*'* Melanoma has also been
reported to overexpress CLU isoforms.””*® In a similar
manner, ALB exerts a similar dysopsonin role along with
its capacity to initiate receptor-mediate endocytosis and
reduce the endolysosomal degradation of NPs after cellu-
lar internalization.>'*?° Moreover, the selected cellular
proteins are known to be involved in endocytosis, receptor
recycling and NPs’ interaction with cell membrane and
cytoplasmic components;'*** FLN1 is a cytoplasmic pro-
tein that links actin filaments to membrane glycoproteins.
ANXAL is present in the basement membrane and extra-
cellular matrix (ECM) and is associated with positive
regulation of vesicle fusion and receptor recycling. CHC
is a major protein of coated pits and vesicles in the cell

membrane.'>*°

Materials and Methods

Materials

The mouse monoclonal antibodies (Vitronectin 65/75 anti-
body (D-8), Complement protein 3 (C3), antibody (B-9),
Albumin (ALB) antibody (E-11), Clusterin-o Antibody
(A-11), Annexin I Antibody (EH17a), Clathrin HC Antibody
(TD.1) and Filamin 1 Antibody (E-3) were purchased from
Santa Cruz, Germany. Fluorescein isothiocyanate (FITC) was
also purchased from Santa Cruz, Germany. c(RGDyk) peptide
99.59% was purchased from Selleckchem, USA. Female C57
Black 6 (C57BL/6) mice were obtained from the animal house
breeds of the German University in Cairo (GUC). The experi-
ment protocol followed ARRIVE guidelines and was
approved by the Research Ethics Committee of the Faculty
of Pharmacy and Biotechnology, GUC. Each three mice
weighing 20-25 g were housed in suitably-sized cages to
allow free movements. The cages were exposed to standard
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conditions of housing with a 12-h light/dark cycle and
a temperature of 22°C. All mice received standard laboratory
diet and were granted free access to water. The mice were
cared for on a daily basis. Mouse serum (MS) was obtained by
collecting blood using the retro-orbital bleeding technique
under aseptic conditions in specialized serum separator collec-
tion tubes. Getting rid of animals’ remains by incineration was
done according to the approved animal waste disposal system.

Preparation of uNPs and cNPs

FITC-loaded PLGA NPs were prepared as previously
described.”® Among a list of NPs prepared following dif-
ferent formulation and process variables, four formulations
were selected for further investigation in this study. Details
of the composition of the four selected formulas of the
NPs are shown in Table 1.

Carbodiimide crosslinking chemistry was employed for
the conjugation of cRGDyk peptide to the NPs’ surfaces to
yield the corresponding cNPs. The conjugation reaction
was performed at PLGA:cRGDyk molar ratio of 1:1.52°

Particle Size and Surface Charge

Assessment

A one mg/mL suspension of NPs was prepared by diluting
the final preparation with ultra-pure water (UPW), phos-
phate-buffered saline (PBS) or MS for the analysis of the
particle size and surface charge (Malvern Zetasizer, Nano-
ZS, UK). PBS was adjusted to pH = 5.0, 6.8 or 7.4 to
simulate the endolysosomal pH, the weakly acidic envir-
onment of the tumor tissue or the physiological pH

respectively.®*>?

Quantification of the NPs’ PC by
Bradford Assay

For PC formation, NPs were incubated with PBS adjusted
at pH = 5.0, 6.8 or 7.4 in the presence of 10% MS or with
100% MS for 1 h at 37 °C under shaking at 200 strokes
per minute to allow the adsorption of serum proteins prior

Table | Composition of the Peptide-Unconjugated NPs (uNPs)

to Bradford protein assay. It is worth mentioning that
a 1-h incubation was reported to be enough for the forma-
tion of a stable hard corona of NPs; whereas similar
amounts of adsorbed proteins were detected over
a duration of 5 to 90 minutes.” For the protein quantifica-

tion, a modified protocol of Partikel et al**~*

was
employed. Eight mg of NPs were hydrolyzed with 500
pL of 0.5 M sodium hydroxide for 15 min at 60 °C and
1200 rpm in a heating dry block (Eppendorf Thermomixer,
Germany). For the formation of a protein-dye complex,
1.5 mL of Bradford reagent was added and incubated for
a further 10 min. Absorbance was then monitored at 595
nm for the quantification of the adsorbed proteins and
compared to a calibration curve of bovine serum albumin
(BSA) in the range of 0.01-1 mg/mL.>*-*

For the calculation of the total amount of proteins
adsorbed per surface area of NPs, density of 1.3 g/em>*
and a spherical shape, as estimated in our previous work
by the scanning electron microscopy (SEM),** were

assumed.

Identification of PC by Sodium Dodecyl
Sulfate—Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and
Western Blot (WB) Analysis

For PC formation, a protocol by Lesniak et al'’

was
modified as follows;'? a 250 pg/mL of the NPs was pre-
pared in DMEM under serum-free (SF) and MS-rich (SR)
conditions. NPs were then incubated for 1 h at 37 °C under
shaking at 200 strokes per minute. The NPs suspension
was then added to B16F10 cells (seeded at density of 10°
and incubated overnight) in a 24-well plate and incubated
for a further 3 h to allow the adsorption of cellular proteins
on NPs. The cell supernatant was then aspirated from the
cell cultures and centrifuged to pellet the NPs. The pel-
leted NPs were then washed three times with ultrapure
water to get rid of the unbound proteins. Finally, the PC
layer was desorbed from the NPs by incubation with 50 uL

NPs Formula NPs Formula Amount of PLGA Concentration of PLGA (mg/ | Additives in the Continuous
Type Code (mg) mL) Phase
Polymeric uNPI 50 50 -
uNP2 25
Hybrid uNP3 50 0.15% lecithin
uNP4 25 4% ethanol
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SDS buffer overnight. Centrifugation (45 min, 30,000 x g)
was then attempted to separate the desorbed proteins from
the NPs’ remains. The proteins in the supernatant were
then denatured for 5 min at 95 °C in a heating dry block
(Eppendorf Thermomixer, Germany)."?

For SDS-PAGE analysis, a similar protocol by Partikel
et al was adopted with minor modifications; the samples as
well as the protein standard (Color Prestained Protein
Standard, Broad Range [11-245 kDa], New England
Biolabs, MA, USA or ROTI®Mark TRICOLOR XTRA
protein marker [10-310 kDa], Carl Roth, Karlsruhe,
Germany), a negative control, and a medium control
were applied on an 11% polyacrylamide gel. For the
negative controls, UPW was used instead of the SF or
SR DMEM. For the medium control, SF or SR DMEM
obtained from the cultures were diluted 100x with
UPW. 3334

Immunostaining for WBs was performed using the mouse
monoclonal primary antibodies; Vitronectin 65/75 antibody
(D-8), Complement protein 3 (C3), antibody (B-9),
Clusterin-o. Antibody (A-11), Annexin I Antibody (EH17a),
Clathrin HC Antibody (TD.1) and Filamin 1 Antibody (E-3)
(Santa Cruz, Germany), and an alkaline phosphatase conju-
gated anti-mouse secondary antibody (Promega, Germany)
following a standard protocol in our lab.>®

Semi-quantification of the relative band intensities of
WBs was performed using Image] 1.37c software
(National Institutes of Health, NIH).

In vitro Release of FITC from uNPs and
cNPs

In order to have a valid comparison of the cargo release
patterns from different formulations as a function of the
release conditions, a protocol by Gomaa et al was adopted
with minor modifications. 0.1 mL of the NPs’ suspension
(5 mg/mL) was placed in a sealed dialysis bag, immersed in
3 mL of release medium and placed in a shaker incubator (200
strokes/min, 37°C) under aseptic conditions. Seven different
types of release media were utilized to evaluate the effect of
pH and serum proteins on the NPs’ release behavior. These
release media are represented by PBS, pH = 5.0, 6.8 or 7.4 in
the presence or absence of 10% MS. Release in 100% MS has
also been performed in order to simulate the in vivo conditions
of drug release upon systemic administration.””* At prede-
fined time points, 0.1-mL samples were withdrawn for the
quantification of the fluorescence of the released FITC in
a multiwell plate reader (Victor 3V 1420, Perkin Elmer,

USA) at excitation/emission wavelength of (485nm/535nm).
Amounts of FITC were calculated using a freshly constructed
calibration curve of FITC in each of the employed media.*®

Evaluation of the in vitro Intracellular
Uptake of uNPs and cNPs

For the evaluation of the intracellular uptake of NPs,
a modified protocol by Farid et al** was adopted. Cells
were seeded into 96-well plates (10* cells, 100 uL) and
incubated overnight under standard culture conditions.
A 250 pug/mL of FITC-loaded NPs in SF and SR phenol
red-free DMEM was added after aspiration of the old
medium and washing of cells with PBS to remove any
debris. MS was used instead of the conventional fetal
bovine serum (FBS) in order to better correlate the results
of the in vitro uptake and the in vivo biodistribution in the
tumor-bearing mouse model®’ that is attempted in Part II
of this study. After a 3-h incubation period, the medium
was aspirated, cells were washed twice with PBS and the
fluorescence of the internalized FITC-loaded NPs were
quantified as previously described.

Sodium azide, NaN3, (15 mM), methyl-f-cyclodextrin,
MBCD, (1 mM), sucrose (450 uM) and nystatin (20 uM)
were utilized as endocytic inhibitors for the evaluation of
the mechanism of endocytic uptake of the NPs under both
SF and SR conditions. NaN; as an ATP depleting agent
was utilized to evaluate the energy-dependent uptake path-
ways. While MBCD, sucrose and nystatin were utilized to
evaluate cholesterol-dependent, clathrin-mediated and
caveolin-mediated endocytosis respectively. Cells were
pretreated with the endocytic inhibitors for 30 min prior
to the addition of the NPs.***

Evaluation of the Role of Selected Serum
and Cellular Proteins on the in vitro
Intracellular Uptake of uNPs and cNPs

Monoclonal antibodies against selected serum (VN, C3 pro-
tein, CLU and ALB) and cellular proteins (CHC, ANXAL1
and FLN1) have been utilized to confirm the relationship
between the presence of those proteins in coronas of differ-
ent NPs and their accumulation in B16F10 melanoma cells.
Two approaches have been utilized; first, cells were prein-
cubated with the antibodies (0.1 pg/mL) for 3 h in order to
block the corresponding cellular machinery responsible for
mediating the uptake of NPs. Second, NPs were premixed
with the antibodies (1 ng/mL) prior to their incubation with
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the cells to allow the antibodies to deposit on NPs’ surfaces
and constitute part of their PC.'%*?

The following equation was employed for the calcula-
tion of the relative intracellular uptake of the NPs in the
presence of the antibodies;

Relative Intracellular Uptake
Intracellular uptake in the

__ presence of antibodies (1)
"~ Intracellular uptake in the

absence of antibodies

Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software, Inc, San Diego,
CA, USA) was utilized for the statistical analysis of the
presented data. All experiments were performed at least
three times and data were represented as the mean +
standard error of the mean (SEM). Analysis was per-
formed using One-way ANOVA, Two-way ANOVA
Tukey’s Multiple Comparison Test or #-test whenever
appropriate at confidence level 95%. Asteriks (*) were
utilized to express the levels of statistical significance as
follows; (****), (***), (**) and (*) represent (P value <
0.0001), (P value < 0.001), (P value = 0.001 to 0.01) and
(P value = 0.01 to 0.05) respectively. The non-significant
difference is demonstrated as (ns) with (P value > 0.05).

Results
Physicochemical Characterization of the

Formulated NPs
Particle Size and Surface Charge of uNPs and cNPs
All the uNPs maintained similar particle size in all of the
employed vehicles with only slight increase in serum
(Table 2). Whereas there was an obvious reduction in
zeta potential when UPW was replaced by any buffer.
Upon Peptide Conjugation at PLGA: cRGDyk (P:R)
molar ratio of 1:1, an obvious increase in the particles size
was observed when all cNPs were analyzed in UPW as
compared to their un-conjugated counterparts. Regarding
the surface charge, all ctNPs showed a less negative zeta
potential most prominently in the polymeric ¢cNP1 and
cNP2 which showed a reversed charge from negative to
positive indicative of successful conjugation when com-
pared to uNP1 and cNP2, respectively. Looking more
closely to the effect of serum proteins on particle size,
a reduction in particle size could be observed most promi-
nently in cNP1 and cNP3.

Quantification of the Adsorbed Proteins on uNPs
and cNPs

The quantities of the adsorbed proteins on NPs’ surfaces
expressed as pg protein per m*> of NPs are shown in
Figure 1. The factors affecting the amount of adsorbed
proteins could be summarized into NPs-related (composi-
tion and peptide conjugation) and medium-related factors
(pH and serum concentration) as follows. NPs’ composition
and the peptide conjugation status contributed to a great
extent to the amount of the adsorbed proteins on NPs’
surfaces. It could generally be observed that hybrid formu-
lations, NP3 and NP4, exhibited higher quantities of pro-
teins in their coronas than their polymeric counterparts,
NP1 and NP2 respectively. In addition, peptide conjugation
increased the amount of the adsorbed proteins per surface
area with the exception of ¢cNP1, which showed opposite
results. This observation coincides with the decrease in its
particle size from 196 nm to 136 nm upon peptide conjuga-
tion as shown in Table 2. This decrease in size is accom-
panied by an increase in surface area.

On the other hand, the medium-related parameters
contributed to a lesser extent. The amount of the adsorbed
proteins on different uNPs or cNPs was independent on the
pH of the medium in all of the formulations except for the
hybrid NP3 in both of its forms. The amount of adsorbed
proteins on the hybrid NP3 increased with pH in its
unconjugated form, uNP3, and showed an opposite pattern
in its peptide-conjugated form, cNP3. Lastly, as the per-
centage of serum increased from 10% to 100%, the
amount of the adsorbed proteins increased in most of the
formulations except cNP1, which exhibited a significantly
smaller particle size in 100% serum in comparison to
lower serum levels (Table 2).

Qualitative Analysis of the PC on uNPs and cNPs
As indicated by the molecular weight (MWt) in SDS-
PAGE (Figure 2), the protein band observed at MWt
between 58-80 kDa, most probably denotes albumin.
Albumin has a MWt of 66 kDa and is characterized by
its highest abundance in serum. The intensities of the
protein bands observed for NPs incubated with B16.F10
melanoma cells in SF conditions (Figure 2A) are much
lower than NPs incubated in SR conditions (Figure 2B). It
could also be observed that proteins with large molecular
weight > 46 kDa are more abundant in all samples than
those with smaller MWt.

All samples of uNPs and cNPs incubated with melanoma
cells in SF conditions, showed no signals in WB analysis.
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Table 2 Physicochemical Characteristics of uNPs and cNPs in Different Vehicles

Formula | Sampling Mean PDI £ SD Mean Zeta Formula Sampling Mean PDI = SD Mean Zeta
Name Solution Z-Average t Potential £ SD | Name Solution Z-Average Potential £ SD
SD (nm) (mV) SD (nm) (mV)
uNPI Water 19213 0.09 +0.02 —19.8+1.2 cNPI Water 244%12 0.16 +0.05 10.9+0.9
pH 5.0 204+5 0.10 +0.03 —1.4%1.3 pH 5.0 260x10 0.25 +0.04 —1.1£0.6
pH 6.8 20745 0.18 +0.02 —0.2+0.9 pH 6.8 24535 0.23 +0.04 —0.5+0.8
pH 7.4 20145 0.10 0.01 —0.5+0.2 pH 7.4 255+9 0.17 +0.19 —0.8+0.6
Serum 196122 0.12 +0.10 —1.2+0.8 Serum 136+327%F* 0.28 +0.02 —2.440.5
uNP2 Water 1447 0.09 +0.06 —17.0£1.3 cNP2 Woater 209+3 0.10 +0.01 7.0£0.3
pH 5.0 147+5 0.08 +0.06 —0.41.5 pH 5.0 208+5 0.10 +0.03 —0.3£0.2
pH 6.8 147+3 0.07 +0.05 —0.7+1.8 pH 6.8 205+10 0.12 +0.01 —0.5+0.7
pH 7.4 153+2 0.06 +0.03 —2.2%0.7 pH 7.4 262+30 0.26 +0.07 —0.4+0.2
Serum 1511 0.13 +0.06 —4.0+3.3 Serum 2322 0.14 +0.03 —2.0£1.3
uNP3 Water 254+14 0.08 +0.03 —19.9+0.4 cNP3 Water 370£22 0.32 +0.04 —0.9+0.4
pH 5.0 27049 0.33 £0.03 —1.3%1.5 pH 5.0 39313 0.18 +0.04 —-0.1+0.8
pH 6.8 27447 0.21 +0.04 —1.3%1.2 pH 6.8 382420 0.27 +£0.25 —0.31£0.9
pH 7.4 29616 0.17 +0.05 —1.2+0.7 pH 7.4 278+9* 0.17 +0.03 —0.4£0.5
Serum 2216 0.08 +£0.02 -3.0£0.9 Serum 198+57p+#* 0.79 +£0.07 —2.2+0.6
uNP4 Water 1558 0.17 +0.05 —23+0.9 cNP4 Water 258+34 0.34 +0.06 —12.3%1.2
pH 5.0 1622 0.03£0.01 -73%1.7 pH 5.0 269+9 0.25 +0.01 —1.5£0.2
pH 6.8 1686 0.25 +0.01 —9.4+0.3 pH 6.8 279+10 0.40 +0.01 —0.9+0.9
pH 7.4 1759 0.05 +0.06 —7.7+3.4 pH 7.4 291+24 0.42 +0.03 —1.0£0.8
Serum 17511 0.04 +0.01 —5.4+0.9 Serum 222431 0.24 +£0.04 —2.740.7

Notes: *p value <0.5; **p value <0.001; (p), polymodal size distribution.

Otherwise, WB analysis of serum proteins (C3 protein, VN
and CLU) and cellular proteins (FLN1, ANXA1 and CHC)
obtained from uNPs and cNPs incubated with melanoma cells
in SR conditions are shown in Figure 3A. In addition, the
abundance of the selected proteins (Figure 3B—G) obtained
by semi-quantification of the relative band intensities was
observed to be mastered by the NPs’ composition, particle
size, surface charge and the peptide conjugation status as
follows.

Relative Abundance of Serum Proteins

It is observed that C3 protein, absent from the medium
control (data not shown), is enriched by all the NPs to
different extents showing least abundance in uNP1 and
NP4 in both of its unconjugated and conjugated forms
(Figure 3B). Whereas, VN level was generally higher for
the cNPs than uNPs and recorded the highest intensity in
cNP4 (Figure 3C). CLU showed higher abundance in the
hybrid NPs of the uNPs and the polymeric ones of the
cNPs (Figure 3D).

Relative Abundance of Cellular Proteins
The level of the adsorbed FLN1 in NPs’ PC was generally
higher in the case of cNPs except for NP4. Lowest levels of

FLN1 were recorded for uNP2 and uNP3 (Figure 3F). ANXAI
and CHC were detected in the PC of ¢cNP3 and cNP4 only
(Figure 3E and G respectively). Two bands of ANXA1 were
observed in the medium control (Supplemental materials,
Section 1.1, Figure S1), corresponding to two isoforms of the
protein. These isoforms were differently integrated into the PC
of cNP3 and cNP4 (Figure 3A).

In vitro Release of the Loaded Cargo,
FITC Dye, from uNPs and cNPs

The effect of pH, peptide conjugation and serum proteins on
the release of the encapsulated FITC is elaborated in Figures
4 and in the supplemental materials, Section 1.2, Figure S2.
In addition, a discussion of the relationship between the
cumulative released % of FITC and the amount of adsorbed
proteins obtained by Bradford assay (Figure 1) is established.

Effect of pH, Peptide Conjugation and
Serum Proteins on the Release of the
Encapsulated FITC

uNPI and cNPI (Figure 4A and B)

In uNP1, the highest cumulative released % of FITC was
observed at pH 6.8. In addition, MS caused a slight
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reduction in the cumulative released % of FITC coinciding
with a slight enlargement of its particle size reported
previously in Table 2.

In cNP1, the highest cumulative released % of FITC
was observed at pH 6.8 as well second to 100% MS.

Whereas MS, which caused a marked reduction in particle
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size, markedly increased the release showing almost 100%
release of the loaded cargo at 6 h.

Upon comparison of uNP1 and cNP1 to evaluate the role
of peptide conjugation on the in vitro release (Figure S2A), it
could be observed that peptide conjugation markedly
increased the release in MS, and to a lesser extent at pH 5.0
and pH 6.8. An opposite trend was witnessed at higher
pH 7.4.

uNP2 and c¢NP2 (Figure 4C and D)
Release is independent on pH, the peptide conjugation and
the presence of MS.

uNP3 and cNP3 (Figure 4E and F)

In uNP3, no marked difference in the release was observed
as a function of pH. On the other hand, the presence of MS
slightly decreased the release similar to uNP1.

In cNP3, the slowest release was observed at pH 5.0,
then increased as pH increased from 6.8 to 7.4. In the
meanwhile, MS caused a marked increase in the released
% showing 70% in the first 6 hours (N.B. cNP3 has shown
a multimodal size distribution in serum, Table 2).

Upon comparison of uNP3 and cNP3 (Figure S2C), it
could be observed that cNP3 shows a higher release pat-
tern than uNP3 at all the employed pH ranges.

uNP4 and cNP4 (Figure 4G and H)

Release is independent on the peptide conjugation and
the presence of serum proteins. Regarding the effect of
pH, no difference was observed for uNP4 at different pH
values; however, release from cNP4 at pH 6.8 was sig-
nificantly faster than pH 5.0 and 7.4 similar to cNP1 and
cNP3.

submit your manuscript

8852

Dove

International Journal of Nanomedicine 2020:15


https://www.dovepress.com/get_supplementary_file.php?f=273713.docx
https://www.dovepress.com/get_supplementary_file.php?f=273713.docx
http://www.dovepress.com
http://www.dovepress.com

Dove

Sebak et al

Collectively, the large formulations (cNP1 and cNP3)
showed faster release in 100% MS than the smaller ones
(cNP2 and cNP4) regardless of their composition. In addi-
tion, peptide conjugation caused a general increase in release
most evidently in cNP3; while the pH-dependent release of
FITC varied from one formulation to another according to
the physicochemical properties of NPs; the particle size, the
composition and the peptide conjugation status.

The Relationship Between the Release of
FITC and the Amount of Adsorbed

Proteins

In the polymeric formulation, NP1, there was an inverse
proportionality between the quantity of the adsorbed pro-
teins (Figure 1A) and the extent of FITC release after 24
h (Figure S2A). In the meanwhile, the release of FITC from
the polymeric formulation, NP2, (Figure S2B) was indepen-
dent on the amount of the adsorbed proteins (Figure 1B).

On the other hand, there was a positive relationship
between the amount of the adsorbed proteins (Figure 1C)
and the cumulative release of FITC from the hybrid for-
mulation, NP3, at low pH 5.0 and 6.8 (and Figure S2C).
However, this trend was not extrapolatable to pH 7.4 and
100% MS where both forms of NP3 exhibited similar
amount of the adsorbed proteins but different release pat-
terns (N.B cNP3 exhibited small particle size at pH 7.4
and in 100% serum).

A positive relationship between the amount of the
adsorbed proteins (Figure 1D) and the cumulative release
of FITC in the hybrid NP4 was recorded only at pH 6.8
(Figure S2D).

To sum up, the effect of the amount of the adsorbed
proteins on cargo release depended on the composition of
the NPs showing an inverse relationship in the case of the
polymeric NPs and direct in the case of the hybrid ones.

Intracellular Uptake of uNPs and cNPs in
BI16FI10 Melanoma Cells in SF and SR

Conditions
It could be observed from the in vitro intracellular uptake
studies of NPs in B16F10 melanoma cells (Figure 5), that
peptide conjugation increased the accumulation of all NPs’
formulations more prominently in the SR conditions. Highest
levels of NPs accumulation were recorded in the case of the
hybrid cNPs, cNP3 and cNP4, in SR conditions.

In addition, upon comparison of the uptake of each
formulation in SF and SR conditions, it could be observed

that the presence of serum proteins in the culture medium
increased the uptake of uNP4 and all cNPs. However, the
presence of serum proteins reduced or caused no signifi-
cant change in the uptake of the rest of uNPs. The mechan-
ism of NPs uptake has been studied and the results are
elaborated in the supplemental materials, Section 1.3,

Figure S3.

Evaluation of the Role of Selected Serum
and Cellular Proteins on the in vitro

Intracellular Uptake of uNPs and cNPs
First Approach: BI6FI0 Melanoma Cells Pretreated
with the Antibodies

A positive relationship between the abundance of the
selected proteins in PC of NPs and the intracellular uptake
could be observed as a decrease in NPs’ intracellular
accumulation upon pretreating the cells with the corre-

sponding antibody prior to NPs’ incubation and vice versa.

The Effect of the Selected Serum Proteins

The effect of serum proteins (VN, C3 protein, CLU and
ALB) on NPs’ uptake is more prominent in the presence of
MS (Figures 6A—-D and the supplemental materials, sec-
tion 1.4, Figure S4). It could generally be observed that
serum proteins analyzed in this section exhibited a positive
relationship with the intracellular uptake in the case of
cNPs and a negative relationship in the case of uNPs. In
addition, the behavior of ¢cNP4 resembled the uNPs more
than cNPs.

The Effect of the Selected Cellular Proteins

The effect of cellular proteins (CHC, ANXA1 and
FLN1) on NPs’ intracellular uptake could be summar-
ized as follows (Figures 6E-G and the supplemental
materials, section 1.4, Figure S4). Similar to serum
proteins, the cellular proteins in question were nega-
tively related with the uptake of uNPs and cNP4; but
positively related with the uptake of the rest of cNPs in
both SF and SR conditions. In addition, the most pro-
minent effect was recorded for uNP1 and uNP3 in the
presence of MS and the least effect was observed with
ulNP2.

In summary, all the tested serum and cellular proteins
negatively related with the intracellular uptake of uNPs
and cNP4 and positively related with the intracellular
uptake of the rest of cNPs.
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Figure 4 In vitro release of FITC from uNPs and cNPs in different release media. The cumulative FITC release profiles of uNP| and cNPI (A, B), uNP2 and cNP2 (C, D),

uNP3 and cNP3 (E, F), uNP4 and cNP4 (G, H).

Second Approach: NPs Premixed with the
Antibodies

Premixing the NPs with the antibodies could enable their
deposition on the NPs’ surfaces to constitute part of
the PC.

The Effect of the Selected Serum Proteins

In the case of VN monoclonal antibody, it was observed that
NPs’ accumulation in the cells decreased in the SF condi-
tions (Figures 7A and S5). While an opposite pattern was
observed in the SR conditions. C3 protein antibody caused
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more accumulation of NPs in both SF and SR conditions
with an augmented increase in the accumulation in uNP4
and cNP2 under SR conditions (Figures 7B and S5).
Similarly, CLU antibody increased the NPs’ uptake more
prominently in SR conditions (Figures 7C and S5). On the
other hand, ALB antibody exhibited minimal effect on the
extent of the uptake of NPs (Figures 7D and S5).

The Effect of the Selected Cellular Proteins

Antibodies against cellular proteins (CHC, ANXA1 and
FLN1) exhibited an enhancement in the uptake of the NPs
(Figures 7E-G and S5).

Discussion

In this study, we have been concerned with understanding
the factors affecting the formation of PC on NPs exhibiting
different characterization (particle size, particle composi-
tion, surface charge and targeting ligand conjugation sta-
tus). The role of the quantity and identity of the adsorbed
proteins in determining the behavior and fate of the NPs
has also been studied. The relationship between the abun-
dance of distinct proteins in the PC of NPs, the in vitro
drug release and the in vitro intracellular uptake of NPs in
B16.F10 melanoma cells has also been investigated.

In Table 2, particle size and surface charge analysis for
uNPs and cNPs showed that peptide conjugation causes
a slight particle size enlargement and an obvious reduction
in the negativity of the surface charge. In the case of NP1
and NP2, peptide conjugation caused a reversal of the
surface charge as evidenced by the positive values for
zeta potential. Possible explanations for this change in
the zeta potential values include the involvement of the
negatively-charged carboxyl groups on PLGA in the car-
bodiimide crosslinking reaction, in addition to the positiv-
ity imparted by the arginine groups abundant in the
utilized cRGDyk peptide. This variation could qualita-
tively prove the success of peptide conjugation.***
Similarly, the decrease in zeta potential of all the NPs’
formulations in PBS could be attributed to the electrolyte
effect. In previous studies, NaCl and MgCl, were reported
to cause neutralization of the negatively-charged carboxyl
groups of PLGA.*%*

The formation of PC layer on the surfaces of uNPs and
cNPs produces opposite effects on particle size. PC for-
mation increases the particle size of uNPs which could be
explained by virtue of the formation of a coating layer
around the NPs as previously reported.*>® On the other
hand, a reduction in the particle size was observed in most

cNPs, most significantly in the case of cNP1 and cNP3
which showed a reduction from 244 to 136 nm and from
370 to 198 nm respectively in serum. This could be attrib-
uted to the loss of the NPs’ integrity and the interruption
of the cohesive forces in the polymeric core of the NPs by
the adsorbed proteins as previously discussed by Abstiens
et al.’>' Regarding the surface charge of the NPs in the
presence of serum, all NPs maintained slightly negative
zeta potential independent of the original zeta potential of
the NPs in UPW. These findings are consistent with pre-
vious reports.®'3-3032

The quantity of the proteins in the PC of the hybrid NPs
was observed to be higher than the polymeric ones. This
could be explained on the basis of the difference in surface
properties of the NPs,**>* the fluidity of the NPs conferred
by the lecithin coat,’® the difference in the degree of
hydrophobicity’ or to the difference in surface roughness
and particle curvature.’>® In addition, this could be
explained by virtue of the abundance of different functional
groups in the lecithin coat that could offer more interaction
with serum proteins.”® Similarly, the amount of the
adsorbed proteins on NPs’ surfaces has been shown to be
higher for the cRGDyk-conjugated over the unconjugated
ones. This is consistent with previous reports which showed
that as the amount of the targeting ligand molecules
increased, the amount and the types of the adsorbed serum
proteins increased, independent of the particle size.®®>’
The dependence of the quantity of the adsorbed proteins
on pH has been shown to be governed by the NPs’ proper-
ties. The pattern of increase or decrease of the amount of
proteins with increasing the pH was different according to
the tagging status. And in consistency with previous results,
higher serum concentration coincides with higher amount
of adsorbed proteins on NPs.*

NPs incubated with cells have been reported to adsorb
PC of different nature than NPs incubated with serum
away from the cells. This occurs when NPs interact with
different cellular proteins in the cytosol, the cell membrane
or the endocytic and exocytic vesicles.'*?° All samples of
ulNPs and cNPs incubated with melanoma cells under SF
conditions showed no signals in the WB analysis. This
makes sense for the selected serum proteins because they
are absent or present in trace amounts in the SF experi-
ments. However, for the cellular proteins, the absence of
signals could in part be due to a low detection limit or due
to adsorption of a different profile of cellular proteins not
tested in this study. In the meanwhile, the abundance of the
selected serum and cellular proteins calculated from the

International Journal of Nanomedicine 2020:15

submit your manuscript

8855

Dove


https://www.dovepress.com/get_supplementary_file.php?f=273713.docx
https://www.dovepress.com/get_supplementary_file.php?f=273713.docx
https://www.dovepress.com/get_supplementary_file.php?f=273713.docx
https://www.dovepress.com/get_supplementary_file.php?f=273713.docx
http://www.dovepress.com
http://www.dovepress.com

Sebak et al

Dove

15000+

5000+

—

Bl Serum(-)

Serum (+) el
1
10000+ .
—
-
*hkkk  kkkk

=

->

N
Q
N2

Concentration of intracellular NPs (ng/ml)

1% Ay
4 N4
S &

el iy

X N OV Y oM
R R "KL K
S HFSHL S

Figure 5 Intracellular uptake of uNPs and cNPs in B16F10 melanoma cells after 3-h incubation under both SF and SR conditions. (****) and (**) represent (P value < 0.0001)

and (P value = 0.001 to 0.01) respectively.

relative band intensities for uNPs and cNPs incubated with
melanoma cells under SR conditions has shown that
deposition of proteins from serum on NPs’ surfaces did
not prevent interaction of NPs with the cellular proteins. In
addition, the particle composition and the peptide conjuga-
tion status contributed to a great extent to the abundance of
the selected proteins in consistency with findings reported
earlier.”®>> C3 protein was observed to be enriched on all
the NPs despite being absent from the medium control.
This is a common finding for PLGA-based NPs; in
a previous study, NPs could enrich some serum proteins
that were under the detection limit in the positive control
(FBS).>® The abundance of proteins with molecular
weight > 46 kDa is also consistent with previous reports.>

In this study, the effect of the pH of the dissolution
medium on the release of FITC from the NPs was inves-
tigated. PBS pH 7.4, 6.8 and 5.0 was used to resemble pH
of blood, the tumor microenvironment and the endolyso-
somal compartment respectively.*? In literature, cargo
release from PLGA NPs was shown to increase with the
decrease in pH; whereas PLGA polymer degrades faster at
lower pH.zz’5 8 However, in our study, this was not the case
in all the formulations, indicating that cargo release is
multifactorial and is more complicated than to be

controlled only by the pH of the release medium. The
amount of the adsorbed proteins on NPs’ surfaces,” the
concentration of serum proteins in the release medium,*>°
the composition of the NPs®® and the peptide conjugation
status®' contribute to a greater extent to the cargo release
patterns.

One interesting parameter is the formation of PC on
NPs’ surfaces whose effect on cargo release has been
proven to be double-faceted. On one hand, proteins can
add an extra shield to the cargo release and hence slow
down the release rate and attenuate the burst
release.”® On the other hand, proteins can disrupt
NPs’ integrity and cause their disassembly, promoting
the leaching of the loaded cargo.*>! In addition, proteins
in the PC can have high affinity to the loaded cargo
molecules facilitating their escape from the NPs’ core.’’
The later phenomenon explains the obtained results
whereby cNPs which exhibited higher quantities of the
adsorbed proteins in their PC, have shown faster release
rates than their peptide unconjugated counterparts. In
addition, the presence of a PC layer could disrupt the
lipid coat in the hybrid NPs, NP3 and NP4, hindering its
ability to sustain the release of the loaded cargo as

. 4,30,51,62
previously reported.*3*->1-6
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In the in vitro uptake results, the higher extent of NPs’
accumulation upon peptide conjugation, especially for the
hybrid formulations (cNP3 and cNP4) could be attributed
to both the role of cRDGyk in anchoring the NPs to the
integrin receptors bringing about higher accumulation
tendencies®* and the advantage of the lipid coat in increas-
ing the cellular levels of the NPs.®* This observation could
also be related to the zeta potential of cNPs; it was pre-
viously discussed in this work (Table 2) that peptide con-
jugation reduced the overall surface charge of the NPs.
This could possibly reduce the repulsive forces between
the negative surface charge of the NPs and the negative
charge of the cell membrane.®*®° In addition, the mechan-
ism of the intracellular uptake has proven to be a very
important determinant of the accumulation of the NPs and
is dependent on the NPs’ properties.®®®” Peptide conjuga-
tion was observed to change the mechanism of endocytic
uptake of NPs; whereas cNPs were found to exhibit more
dependence on the caveolin-dependent rather than cla-
thrin-dependent uptake pathway (Figure S3). These find-
ings

come in harmony with previously

44

reported
investigations.

Regarding the role of PC on NPs’ uptake, it was
reported that the adsorption of proteins on NPs’ surfaces
could attenuate the extent of intracellular accumulation of

1.5 Formation of

the NPs, be unharmful or rather beneficia
a PC on NPs’ surfaces could decrease NPs’ uptake by
decreasing their anchorage to the cell membrane by indu-
cing a decrease in the surface free energy.'*'” In addition,
excess serum proteins in the culture medium could saturate
the membrane receptors involved in NPs’ uptake.*
Alternatively, a high extent of accumulation of cNPs in
B16F10 melanoma cells in the presence of serum proteins
was also observed and was consistent with previous
reports.”'> Cyclic RGD peptide was reported to maintain
its integrins binding affinity after protein adsorption result-
ing in increased cellular accumulation of NPs, even at low
conjugation density. This observation was more prominent
in large-sized NPs which possessed multiple binding
sites.® In addition, some proteins in PC of NPs could
facilitate receptor-mediated endocytosis. For example,
VN which showed highest relative abundance in the PC
of cNP4 could have contributed to its increased accumula-
tion in the cells.®'>3%¢ Similarly, CHC, which was exclu-
sively abundant in ¢cNP3 and cNP4, could have contributed
to the higher intracellular accumulation of these formula-

tions as well.'?

From the view of the relative intracellular uptake
results, a positive relationship between the selected cellu-
lar and serum proteins and the intracellular uptake of NPs
was observed in both experimental settings with some
exceptions. This could be explained on the basis of the
functions of the selected proteins as follows. VN, as
a ligand for the integrin receptor overly expressed on
melanoma cells, can provide new binding sites for the
NPs to the cells bringing about higher internalization of
NPs.%%3¢ C3 protein can also bind to the anaphylatoxin
or the complement peptide receptors recently reported to
be overexpressed on a number of cancer cells including
B16F10 melanoma cells.?**® Similarly, melanoma is char-
acterized by overexpression of CLU isoforms which cor-
relate with malignancy and progression.””*® In addition,
ALB is reported to possess a role in increasing NPs’
accumulation by facilitating receptor-mediated
endocytosis® and reducing their degradation in the endo-
lysosomal compartment.® Moreover, the selected cellular
proteins are known to be involved in endocytosis, receptor
recycling and NPs’ interaction with the cell membrane and
the cytoplasmic components.'**°

On the contrary, the negative relationship observed in
the case of VN when the antibody was premixed with the
NPs in the absence of MS could raise the concern that the
adsorbed proteins may need assistance from other proteins,
which are absent in SF conditions, to produce their
intended effect on the cells as reported in earlier studies.'

Regarding the negative relationship observed in the
case of uNPs when the cells were pretreated with the
antibodies, further investigation on the orientation of the
selected proteins on NPs’ surfaces and the subsequent role
on the interaction with the cells is needed. Some proteins,
upon adsorption on some NPs’ surfaces, change their struc-
ture and subsequently their function. They could eventually
be recognized by different receptors.'> In addition, the
interaction between different proteins in the same PC
need to be thoroughly investigated. The shielding effect
of some proteins present in the PC exerted over other ones
has also been suggested. This effect could make some
proteins in PC unrecognizable by their corresponding
receptors.“’54

Finally, the resemblance between the behavior of cNP4
and the uNPs with respect to both the serum and cellular
proteins, upon pretreating the cells with the antibodies,
could probably be driven by the loss of the peptide-
functionalized lipid coat upon adsorption of PC that has

been reported to cause disassembly of some NPs.*¢"!
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Conclusion

NPs tend to form PCs of a different nature according to the exposure
conditions between the proteins and the NPs; and coronas of
a different nature guide the NPs to different fates. Curious investiga-
tion of the role of distinct proteins in directing the NPs towards
achieving better therapeutic outcomes has evolved the concept of
endogenous targeting. Careful engineering of nanocarriers can mod-
ulate the recruitment of some proteins suggesting a potential use for
overcoming the current limitations of targeted drug delivery. In this
part of the study, NPs’ interaction with the cells has only been tested
in vitro under specific conditions. In this setting, VN serum protein
has shown to be a potential serum protein, that when sufficiently
abundant in PC of NPs, could enhance NPs’ accumulation inside the
targeted melanoma cells. However, this experimental setting which
studies NPs’ interaction with melanoma cells at defined time point
(3 h incubation) does not take into account that both NPs internaliza-
tion and elimination are dynamic processes, i.¢. the internalized NPs
could exit the cell via different mechanisms and can be re-
internalized back. In addition, NPs’ behavior in culture conditions
does not necessarily match their behavior in vivo. The absence of an
adequate correlation between the in vitro cellular uptake of the NPs
and the in vivo tumor accumulation could be explained based on the
major hurdles that face the NPs upon in vivo administration, e.g. the
uptake by the RES organs or the failure of deep penetration into the
target tissues in the presence of densely packed structures of the
tumor tissue. Therefore, in Part II of this study, thorough investiga-
tion of the kinetics of NPs’ uptake and elimination and the active
and passive targeting capabilities of the NPs in melanoma-bearing
mouse model is carried out to propose solid bases for future PC
modulation to optimize the endogenous targeting of the NPs.
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