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Cellular uptake
Delivery

the correlation of adsorbed dysopsonin/opsonin proteins on the NPs surface has an opposite trend with
the intensity of cell uptake. Despite the reduced uptake of corona-coated NPs in comparison with pristine

NPs, the dysopsonin/opsonin ratio controlled by the physicochemistry properties of NPs could potentially
be used to tune up the cellular delivery of polymeric NPs.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Polymeric drug delivery systems are promising carriers that
provide efficacious approaches to improve the delivery of active
pharmaceutical ingredients and alleviate the toxicity of pharma-
ceutical payloads through passive and active targeting methods
[1-5]. Poly (b, L lactide-co-glycolide) (PLGA) is one of the most
widely used biodegradable synthetic polymers for drug delivery
[1,6]. The PLGA-based NPs have been successfully used in many
therapeutic and diagnostic products in the forms of implants,
encapsulated macromolecules (proteins, peptides, and genes) and
chemotherapeutic agents [7,8].

The interaction between proteins in plasma, serum, cere-
brospinal fluid, synovial fluid and vitreous [9] with NPs, reduces
the NPs surface energy and enhances the total entropy of the pro-
teins [10,11]. This phenomenon is known as protein corona, which
is distinct from the pristine NP, containing biomolecules such as
sugars, lipids and proteins [12-19]. The dynamic nature of corona
shell consists of loosely proteins with low-affinity (soft corona)
[20,21] replaced by high-affinity proteins (hard corona) over time
[10,15,22]. The key determining factors for the NPs uptake is the
interaction of particles with the cell membrane, which can be con-
trolled by the biological identity, physicochemical properties (such
as size and shape) as well as surface chemistry of NPs [23,24]. In
addition to the shape and size, dimensions of nano-systems such
as 2D-nanosheets could also affect intracellular process associated
with bio-nano interaction and its cellular uptake [25,26]. The pro-
tein corona composition of NPs plays an important key role on the
fate of the in-vivo and in-vitro bio-nano interface outcomes [27].
The control of synthetic identity and surface chemistry modifica-
tion of NPs orchestrates the fate of NPs in drug delivery [8]. There-
fore, recognizing the influence of NPs physicochemical factors on
NPs biological identities would accelerate the progress of NPs
application towards clinical applications [28-34]. The modification
of PLGA NPs surface by cationic polymers and stabilizer such as
didodecyldimethylammonium bromide (DMAB) or by polymers
with antifouling and hydrophilic properties (e.g. polyethylene gly-
col (PEG) and polyvinyl alcohol (PVA)) could encourage the interac-
tion of NPs with the cell membrane and the residence time of drug
in bloodstream respectively [35-37]. The interaction of the posi-
tive charge of the DMAB-coated NPs with the negative surface of
the cell membrane promises a higher uptake than with negative
charge NPs [38].

Opsonization as a process of biological system against exoge-
nous agents is part of the corona formation which may affect the
biological identity and the in-vivo fate of NPs. Opsonins such as
complement proteins, fibrinogen and immunoglobulins are consid-
ered as the most abundant protein corona. Removal of NPs by the
immune system occurs by the Fc-receptors on phagocytic cells via
binding to the opsonins adsorbed on the surface of NPs. On the
other hand, albumin and apolipoproteins known as dysopsonins
significantly affect the biological distribution of NPs and their
uptake via cell membranes [39]. The hydrophilic polymers such
as PVA and PEG have been employed around the NPs in order to
manage the opsonization process [22]. The adsorption of albumin,
fibrinogen, and immunoglobulins has also been identified at the

hydrophilic surface of NPs [40]. In addition to the hydrophilic prop-
erties of NPs, increased adsorption of proteins occurs by increasing
the size of NPs which is associated with the NPs curvature. On the
other hand, the positive surface charge is related to an increase in
the amount of adsorbed proteins as compared to the negative
charge [41,42]. As with the NPs surface charge, covering the active
sites of target agents by protein corona, NP surface chemistry may
also control the adsorption of specific proteins in the corona shell.
This approach has been used through intriguing selective targets
based on surface chemistry in cellular and in-vivo investigations
[43-46].

Among the different types of cells, the interaction of NPs with
macrophages is important due to the role of macrophages in the
clearance efficiency of NPs [47]. The intensification of the interac-
tion between corona-coated NPs and the receptor of the target cells
could be controlled by peculiar proteins adsorbed from various
functional groups of the plasma proteins [48].

In this current study, the contribution of three factors; including
size, composition, and surface charge to the corona profile was
investigated in PLGA-based NPs. To this end, protein corona finger-
print of NPs with different surface coatings, unique/similar/com-
mon proteins, protein fractions with higher and lower abundance
than 1% on the corona, the ratio of dysopsonins/opsonins in associ-
ation with NPs uptake in two positive and negative FcR cell lines
[49] were determined using nLC-MS/MS.

2. Materials and methods
2.1. Materials and reagents

The PLGA copolymer with a free carboxylic acid (LA/
GA=50:50M ratio Resomer RG 502H, weight average
MW:12,000 g/mol) was obtained from Boehringer-Ingelheim
(Ingelheim, Germany). Poly (ethylene glycol) (PEG)- bis-amine
[NH2-PEG-NH2] (weight average MW: 3350 g/mol), N,N’-Dicyclo

hexylcarbodiimide (DCC), sulfo-N-hydroxysuccinimide (NHS),
Polyvinyl alcohol (PVA) (weight average MW: 9000-
10,000 g/mol) and Didodecyldimethylammonium bromide

(DMAB) were purchased from Sigma Aldrich (St. Louise, MO,
USA). Nile red with 99% purity was obtained from ACROS Organic
(Geel-Belgium). Enzymatic agents for protein digestion-
dithiothreitol (DTT) and trypsin (proteomics grade) were pur-
chased from sigma Aldrich (St. Louise, MO, USA). Ethyl acetate
and acetone with purity of 99.5% were purchased from Merck
(Darmstadt, Germany). LC-MS grade acetonitrile and formic acid
were obtained from Fisher Scientific (Ottawa, ON, Canada). High
quality water (Millipore, USA) was used throughout the experi-
ment. All other utilized materials and analytical grade chemicals
were purchased from Sigma Aldrich (St. Louise, MO, USA) without
further purification.

2.2. Human plasma and cell culture materials
Normal human plasma (blood group B*) was obtained from

blood transfusion organization (Tehran, Iran). All procedures
regarding use of human plasma were in accordance with the
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ethical approval of research committee of Tehran University of
Medical Sciences (#93-01-33-24870). The plasma samples were
divided into 5 ml cryovials to prevent the re-thawing and re-
freezing of the plasma. Chinese Hamster Ovary (CHO)-K1 (C645)
and murine macrophages RAW 264.7 (C639) cell lines were
obtained from the Pasteur Institute of Iran (Tehran, Iran). Dul-
becco’s modified Eagle’s medium (DMEM), Opti-MEM medium,
fetal bovine serum (FBS) and trypsin-EDTA were purchased from
Thermo Fisher Scientific (Gibco, USA).

2.3. Synthesis of NPs with modified surfaces

2.3.1. PVA-modified PLGA NP (PVA-PLGA)

All NPs were prepared in two ranges of size. The synthesis of
PVA-PLGA NPs was performed according to the previous modified
nanoprecipitation method [50]; the PLGA polymer (LA/
GA =50:50 M ratio Resomer RG 502H, MW:12,000 g/mol) and the
Nile red 99% (Acros organic, Geel, Belgium). As indicated in Table 1,
they were dissolved in a proper organic solvent and injected drop-
wise in to a defined volume of the diffusing phase containing PVA
(MW: 9000-10,000 g/mol) through a needle syringe under mag-
netic stirring (Heidolph, Germany). After evaporation of the solvent
and size stabilization, the formed NPs were centrifuged three times
at 24,000g for 15 min and resuspended in milli-Q grade water
(TKA, Genpure) and stored at 4 °C.

2.3.2. PVA-modified DMAB-PLGA NP (PVA-p-PLGA)

PVA-p-PLGA NPs were synthesized by a modifying
emulsification-diffusion methods [35,38,51]. Briefly, as shown in
Table 1, the polymer PLGA and Nile red was dissolved in 2 ml ethyl
acetate. The ethyl acetate solvent phase was poured into a 6 ml
non-solvent containing 5-6.67 mg/mL DMAB. It was followed by
emulsification using an adjustable high-speed emulsifying homog-
enizer (IKA T18 Ultra-Turrax®) at 16,000 rpm for 8 min. Then, it
was slowly added into 14 ml diffusing phase containing PVA at
mentioned amounts and stirred overnight at 850 rpm to remove
the solvent. The stabilized NPs were rinsed with milli-Q grade
water (ultrapure grade water) and centrifuged three times
(24,000¢g, 15 min) and finally stored at 4 °C.

2.3.3. PEG-PLGA-NH2 conjugate

Initially and in order to prepare the PVA-modified PEG-PLGA
NPs (PVA-PEG-PLGA), the PLGA copolymer was converted to
amine-capped diblock copolymer by PEG. PLGA-PEG-NH2 di-
block conjugate was synthesized according to the previously mod-

Table 1
List of materials and preparation methods of various PLGA-based NPs.

ified method [52,53]. Briefly, PLGA (0.1494 mmol) was dissolved in
8 ml dichloromethane (DCM) as the minimum volume and then
carboxyl end-capped group was activated by 1.494 mmol dicyclo-
hexylcarbodiimide @~ (DCC) and same mmol of N-
Hydroxysuccinimide (NHS) at room temperature under nitrogen
umbrella for 24 h. Activated PLGA (0.083 mmol) was dissolved in
8 ml DCM and then added slowly to 100 mg PEG-bis-amine
(weight average MW: 3350 g/mol) which was previously dissolved
in 2 ml methylene chloride in a dropwise manner. The reaction
was carried out for 12 h under the nitrogen atmosphere (PLGA/
PEG-bis-amine stoichiometric molar ratio:1/5) and the resultant
solution was precipitated by adding ice-cold diethyl ether. The
obtained amine-capped di-block copolymer PLGA-PEG-NH2 was
filtered and dried using vacuum.

2.3.4. PVA-modified PLGA-PEG NP (PVA-PEG-PLGA)

PVA-PEG-PLGA NPs were fabricated by nanoprecipitation or so-
called solvent displacement method. Briefly, the PEG-PLGA di-
block copolymer with amine end-capped group and the Nile red
was dissolved in acetone and then injected dropwise to a defined
volume (Table 1) of the diffusing phase containing PVA via a needle
syringe under magnetic stirring [54]. After evaporation of the ace-
tone and stabilization of the NP sizes, the pegylated NPs were cen-
trifuged three times (16,000g, 15 min), washed, resuspended and
stored at 4 °C.

2.4. Characterization of synthesized NPs

NPs size (z-average), particle size distribution and the surface
charge of different NPs were measured by dynamic light scattering
(DLS) (Malvern Zetasizer ZS, Malvern, UK) at room temperature. In
addition, surface morphology and size analysis in dry state were
measured by the Scanning Electron Microscopy (SEM) method
while the morphology of NPs core-shell was captured through
Transmission Electron Microscopy (TEM) (CM30, Philips). For
microscopic imaging, fresh nanosuspension was dropped into a
coverslip and dried at room temperature. Subsequently, the cover-
slip was sputtered with gold under vacuum conditions where the
morphology and size analysis were investigated by the MIRA\\TES-
CAN instrument through energy of 7KV, the working distance of
7 mm and at 40-50kx magnification.

In order to provide further structural characterization of the di-
block copolymer, the '"H NMR spectroscopy (Brucker 500 MHz)
investigation was carried out. For determining the amount of
PEG in the copolymer and outside shell, the protons of PEG (CH2,

Nickname PVA- PVA-
PLGA <150 nm PLGA > 150 nm

PVA-p-

PLGA <150 nm

PVA-PEG-
PLGA > 150 nm

PVA-p-
PLGA > 150 nm

PVA-PEG-
PLGA <150 nm

Type of NPs PVA-modified PLGA PVA-modified DMAB-PLGA PVA-modified PLGA-PEG
Size ranges (nm) <150 >150-250 <150 >150-250 <150 >150-250
Preparation method Nanoprecipitation Emulsion diffusion Nanoprecipitation
List of materials
PLGA 502H (mg) 30 50 40 60 - -
PEG-PLGA (mg) - - - - 30 30
Polyvinyl alcohol (mg) 20 30 20 30 15 15
Acetone (ml) 4.850 1 - - 3 1.5
Dichloromethane (ul) 150 - - - - -
Ethyl acetate (ml) - - 2 2 - -
DMAB (mg) - - 40 30 - -
Nile Red (% of polymer 0.5

content)
Purified water (ml) 20 40 20 20 25 25
Stirring speed (rpm) 1000 600 - - 800 600
Homogenizer speed (rpm) - - 16,000 16,000 - -




G. Rezaei et al./Journal of Colloid and Interface Science 556 (2019) 476-491 479

3.6 ppm) were quantitatively compared to either the protons of the
lactic (CH, 1.5 or CH3, 5.2 ppm) or glycolic units (CH2, 4.8 ppm)
while considering the molecular weight of each unit. Also, the
PEG percentage in the copolymer was defined by the length of each
copolymer block.

2.5. Protein corona analysis

In order to identify the proteins present on NPs (Table 1), the
total amount of each NP was adjusted to 200 ug in a specific vol-
ume (uL). All types of NPs were centrifuged at 6000g for 10 min.
After removal of supernatant, the pellets were resuspended in
300 uL water after which 300 uL plasma was added to each pellet,
mixed gently and incubated for 2 h at room temperature. Next, the
obtained samples were centrifuged for 20 min at 12,500g and the
pellets were washed three times with water to remove free
plasma. Next, the pellets were resuspended in 100 pL water con-
taining 2% formic acid and 1 pg trypsin and incubated at 37 °C
for 24 h; during the incubation time, the samples were mixed sev-
eral times by vortexing. After centrifugation at 12,500g for 60 min,
the peptides were collected and reduced by 15 pL 1% dithiothreitol
(DTT) and dried in a speed-vacuum. Finally, the peptides were
resuspended in 20 uL water containing 2% formic acid, where
2 puL of each NPs-corona derived peptides fraction was injected into
nLC-MS/MS (Q-Exactive-plus, Thermo fisher).

2.6. Data analysis

Raw mass spectrometry data were analyzed using Peaks version
8.5 (bioinformatics Solutions Inc., Waterloo, Ontario, Canada) with
a False Discovery Rate (FDR) of 0.1%. Precursor and fragment ions
tolerance were 10 ppm and 0.02 Da, respectively. Trypsin with
non-specific cleavage on one end of the peptide was allowed. Car-
bamidomethylation of cysteine residues was considered as fixed
modification while oxidation of methionine was regarded as a vari-
able modification. The human SwissProt database contained
20,195 entries.

After data analysis, result visualization, validation and, filtration
by peaks bioinformatics software provides the final report. The
final report included the molecular weight, spectral count and
other data of proteins that have been identified. For protein
semi-quantitative analysis, the following formula was used. The
relative protein abundance of protein k (RPAy) in the protein shell
is the normalized percentage of the spectral count which is equal
to the following equation [55,56]. SpC is the spectral count identi-
fied, and Mw is the molecular weight (kDa) of protein k. n repre-
sents the number of proteins identified in the protein corona.
The SpC of each identified protein was normalized to total SpC
belonging to all proteins identified for covered NPs surfaces. RPA
expresses the percentage of each protein in the total protein mass.

(S,C/(M,,),)
RPA_NpSyC = | =Wkl ) 5 100
S (zH(SPC/(Mw)t))X

2.7. Cellular uptake of NPs

The CHO-K1 and RAW 264.7 cells were expanded in DMEM sup-
plemented with 10% FBS, 100 U/mL penicillin, and 100 pug mL™!
streptomycin at 37 °C under a humidified atmosphere of 5% CO2.
The cellular uptake of NPs was investigated using FACS flow
cytometer (Mindray, China) and Confocal Laser Scanning Micro-
scopy (CLSM, Nikon Inc., Switzerland).

Briefly and in order to evaluate the cellular uptake of pristine
and corona-coated NPs, CHO-K1 and RAW 264.7 cells were inde-
pendently cultured in 6-well plates at a density of 1 x 10° cells

per well for 24 h. They were then washed and treated with Nile
red-labeled NPs (pristine and corona-coated NPs) in serum-free
media (Opti-MEM) for 4 h at 37 °C. NPs were first incubated with
human plasma, and then centrifuged and washed to remove
unbounded proteins. Pristine and corona-coated NPs were re-
suspended in serum free medium, and both cell lines were sepa-
rately incubated with NPs at the final concentration of
500 ug mL~!. After incubation time, the cells were rinsed with
Phosphate Buffered Saline (PBS), detached from culture plate using
trypsin-EDTA solution and finally the fluorescence intensity of cells
was quantitated using FACS flow cytometer at 488 nm excitation
and 585/40 band-pass (FL2) filter. Data interpretation was per-
formed using Flow]Jo® v10 software. FSC versus SSC gating was
used to remove cell debris, and the fluorescent histogram parame-
ters were determined from this gated scatter region [57].

Also, CHO-K1 and RAW 264.7 cells were cultured in 8-well cell
culture-treated chamber slides (SPL, Korea) at a density of 1 x 10*
cells per well for 24 h, and then washed by PBS and treated with
Nile red-labeled PLGA-based NPs (pristine and corona-coated
NPs) in serum-free media (Opti-MEM) for 4 h at 37 °C. After incu-
bation, the cells were washed with PBS, fixed in paraformaldehyde
(4% in PBS) for 10 min, stained with 2 pg mL~! DAPI (Invitrogen)
and finally inspected using CLSM. The fluorescence localization
images of the pristine and corona-coated NPs in the cells were cap-
tured with a 40x oil immersion objective lens. Nile red-loaded
PLGA-based NPs were excited and detected at 552 and 636 nm,
respectively.

3. Results
3.1. Nps characterization

NPs with various compositions and surface charges were syn-
thesized within a size range of less than 150 nm and larger than
150 up to 250 nm. NPs characterization results are presented in
Table 2 and ESI, Figs. S1, S2. Considering that the final surface of
all NPs was modified with PVA, it was observed that only PVA-p-
PLGA NPs were positively charged mainly due to the use of DMAB
inducing positive charge. However, the core of NPs in other groups
(PVA-PLGA, PVA-PEG-PLGA) had negative and slightly negative
charges because of the presence of carboxylic acid end caps. The
acidic end terminal conjugation of PLGA copolymer by the bis
amine- polyethylene glycol resulted in slightly negative charge of
the PVA-PEG-PLGA NPs because of the shielding effect of the PEG
chain where the NH2-PEG grafting to the PLGA copolymer was
confirmed by the NMR spectrum (ESI, Fig. S3). According to the
TH NMR spectra, the ratio of PEG to PLGA was measured as 1:1.
The PEGylation percentage of PEG-PLGA di-block copolymer was
calculated as 21.8 wt%.

3.2. Quantitative evaluation of protein corona on PLGA-based NPs

3.2.1. Classification of detected proteins based on common, similar and
unique proteins

After incubation of PLGA NPs with blood plasma, the number
and percentage of high abundance adsorbed proteins detected on
the surface of polymeric NPs are reported in Table 3. In this table,
the proteins with a High Relative Abundance of 1% (RPA > 1%) were
sorted in a descending order (ESI, Table S1 and Fig. S4). A compar-
ison of the type and amount of proteins higher than 1% considering
molecular weight and the percentage of RPA has been presented in
Fig. 1.

In this study, common proteins [44] refers to the adsorbed pro-
teins with a high abundance of 1% in the corona while similar pro-
teins represent proteins detected at higher and lower than 1%
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Table 2
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Z-average (hydrodynamic diameter, nm), zeta-potential, size distribution (polydispersity index, PDI) and synthesis methods of the synthesized PLGA-based NPs (pristine NPs).

Nickname PVA- PVA- PVA-p-PLGA < 150 nm PVA-p-PLGA > 150 nm PVA-PEG- PVA-PEG-PLGA > 150 nm
PLGA<150 nm PLGA> 150 nm PLGA <150 nm

Type of NPs PVA-modified PLGA PVA-modified DMAB-PLGA PVA-modified PLGA-PEG

Size ranges (nm) <150 >150-250 <150 >150-250 <150 >150-250

Z-average of size 1222 184+ 1 1233 197 +1 99+2 1861
(nm) = SD

PDI + SD 0.191 +£0.02 0.122 +0.03 0.241 £0.01 0.197 +0.03 0.187 £0.02 0.096 + 0.01

Zeta potential Negative Negative Positive +16.5 + 0.7 Positive +23.1 £ 1.0 Neutral to slightly Neutral to slightly
(mV)£SD -17.9+0.5 -16.3+1.0 negative —8.3 1 negative —8.6+1.5

Total Surface area  0.48 0.27 0.71 0.27 0.55 0.24
(cm?/ug)

Composition PLGA-COOH PLGA-COOH PLGA-COOH + DMAB PLGA-COOH + DMAB PLGA-PEG-NH2 (PVA PLGA-PEG-NH2 (PVA

+PVA +PVA (PVA modified) (PVA modified) modified) modified)
Synthesis method  Nanoprecipitation Emulsion Diffusion Nanoprecipitation
Table 3
Number and percentage of proteins identified on corona coated PLGA-based NPs surfaces and the unique protein characterizations.
Nickname PVA- PVA- PVA-p- PVA-p- PVA-PEG- PVA-PEG-
PLGA < 150 nm PLGA > 150 nm PLGA <150 nm PLGA > 150 nm PLGA < 150 nm PLGA > 150 nm

No. of detected protein 187 220 197 196 179 191

Z-average of size (nm) + SD 1793 283+2 1892 298 +1 164+3 266 2

Zeta potential (mV) + SD -9.86 £ 0.5 -841+1.0 -2.0+0.7 -29+04 -39+1.0 -4.8+0.8

No. and percentage of protein 26; 64.02% 25; 58.80% 25; 64.55% 26; 63.93% 23; 62.72% 25; 64.57%
abundance (RPA > 1%)

No. and percentage of protein 161; 35.98% 195; 41.20% 172; 35.45% 170; 36.07% 156; 37.28% 166; 35.43%
abundance (RPA < 1%)

No. of Similar protein 132

No. of unique protein 5 20

Abundance percentage of unique 2.270 1.193
protein (%)

The physiological groups of unique

Tissue Leakage Tissue Leakage

proteins.

Immunoglobulins

Immunoglobulins

33
1.427

Tissue Leakage

2
0.159

Tissue Leakage

9
0.919

Tissue Leakage

14
1.305

Tissue Leakage

Mw (kDa.) of unique protein 100-200 >500
10-100 100-200
10-100

Complement Complement Immunoglobulins ~ Immunoglobulins
system system

Lipoproteins

coagulations

>500 80-100 10-70 >500

200-300 30-40 100-200
100-200 10-70

10-100

abundance. Further, Unique proteins [44] refer to the proteins that
could only be detected on the surface of a specific NP. Venn dia-
gram analysis of NPs in different groups identified 132 similar pro-
teins in all formulations (Fig. 2), while the maximum number and
relative abundance of unique proteins were detected on the sur-
face of PVA-p-PLGA and PVA-PLGA NPs with the size of less than
150 nm respectively (Fig. 3a, b and ESI, S5). The characterization
of unique proteins adsorbed on the surface of NPs is reported in
Table 3. Concerning physiological groups, unique proteins detected
on the surface of PVA-PLGA and PVA-PEG-PLGA NPs were found to
belong to the immunoglobulins where unique proteins were asso-
ciated with tissue leakage proteins in all NPs (Table 3).

3.2.2. Classification of detected proteins based on molecular mass and
isoelectric point

Fig. 3¢ displays the molecular mass of adsorbed proteins of
which approximately 90% of the proteins are composed of proteins
under 100 kDa molecular weight. Percentage changes of RPA in
regions 10-20 and 60-70 kDa were compared in groups of PVA-
PLGA, PVA-p-PLGA, PVA-PEG-PLGA NPs. Accordingly, the maxi-
mum abundance of 60-70 and 10-20 kDa proteins was associated
with the positively charged PVA-p-PLGA and PVA-PLGA NPs,
respectively. The greatest abundance of proteins within the range
of 10-20 kDa is related to the immunoglobulins where the main
protein within the range of 60-70 kDa is albumin.

The isoelectric point of proteins adsorbed on the surface of NPs
is presented in Fig. 3d. Percentage changes of RPA in the isoelectric
point regions of 5-6 and 8-9 were significantly altered as com-
pared to the other isoelectric points for all NPs. In addition, repre-
sentative RPA results of isoelectric point analysis of adsorbed
protein groups are exhibited in ESI, Fig. S6. The abundance of
immunoglobulins on the surface of PVA-p-PLGA in the isoelectric
point regions of 5-6 and 8-10 was lower than on the rest of NPs;
complement system proteins showed a comparable change in the
proteins abundance with an isoelectric point of 6-8 (ESI,
Fig. S6b). Significant changes in the proteins abundance of albumin
and lipoproteins were associated with the isoelectric point of 5-6
and 5-7 respectively (ESI, Fig. S6¢, d).

3.2.3. The classification of adsorbed proteins based on function

The total percentage of protein abundance (> RPA>1% or
S"RPA < 1%) was determined for all detected proteins, classified
into several functional groups and depicted in Fig. 4. Although
the high percentages of detected complement proteins are found
to be related to the protein with lower than 1% abundance, signif-
icant changes have been identified in abundances higher than of 1%
complement proteins. As displayed in Fig. 4a and b, the lowest and
highest abundance of complement proteins with RPA> 1% was
associated with PVA-PEG-PLGA and PVA-p-PLGA NPs, respectively.
In contrast to PVA-PLGA, the percentage of proteins in coagulation
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Fig. 1. RPA and average mass of most abundant proteins (RPA > 1%) on NPs with a small size (a, ¢, e) and mid-size (b, d, f).

cascades with RPA < 1% increase in other NPs (Fig. 4c and d). Abun-
dance of immunoglobulins in PVA-p-PLGA has been less than in
other NPs where the ratio of >_RPA> 1% to > RPA < 1% was 1.5-2
folds (Fig. 4e and f). Consistent with positively charged PVA-p-
PLGA NPs, the percentages of immunoglobulins adsorbed on the
PVA-PLGA and PVA-PEG-PLGA NPs surface were detected as the
most abundant protein in the corona mixture. The PVA-p-PLGA
NPs exhibited a slightly higher adsorption of acute phase proteins
compared to either PVA-PLGA or PVA-PEG-PLGA (Fig. 4g, h). Unlike
acute phase proteins, tissue leakage proteins were the only protein
group not representing RPA > 1% and it varied within 3% <RPA < 9%
(Fig. 41 and j). The results of plasma proteins called the other

plasma components are shown in Fig. 4k and 1. The RPA% of this
group was calculated as 21 < RPA% < 30 for the various NPs where
more albumin was adsorbed to the surface of positively charged
PVA-PLGA and PVA-p-PLGA NPs. The RPA for lipoproteins group
of corona was measured as 7.5 < RPA% < 13 (Fig. 4m and n).

3.2.4. Classification of adsorbed proteins based on NP size, charge and
composition

The relative abundance of common proteins (RPA% > 1) for each
group of NPs with a size range of less than 150-250 nm is reported
in Fig. 5a.
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(196)
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Fig. 2. Venn diagram reporting the number of unique and similar proteins identified on the PLGA-based NPs.

Increasing PVA-PLGA NPs size has led to raised RPA of the com-
plement and acute phase proteins while other protein groups such
as lipoproteins, immunoglobulins and etc. indicated a descending
trend. However, the results of RPA of PVA-p-PLGA NPs due to the
positive surface charge revealed an ascending trend in the comple-
ment, immunoglobulins, acute phase and the coagulation proteins
while the rest of protein groups showed a falling trend. In PVA-
PEG-PLGA, due to the increased size and slightly negative surface
charge, RPA changes showed a growing trend at complement pro-
teins, immunoglobulins and coagulation proteins. Interestingly,
complement proteins revealed a rising RPA trend associated with
the increasing size in all NPs, while the relative abundance of
lipoproteins and albumin decreased concurrent with size enlarge-
ment. In Fig. S5(ESI), the number of unique and similar proteins
were affected by the size of NPs. The number of unique proteins
in PVA-p-PLGA NPs under 150 nm is more remarkable than the
large size range of same NPs. The size-dependent discrepancy of
the numerical and relative abundance of unique proteins are illus-
trated in Fig. 3a, b. In small-sized PLGA NPs, the relative abundance
of complement system proteins under 1% was less than the mid-
sized NPs, while the abundance of adsorbed complement protein
greater than one percent had an increasing trend compared to
mid-sized NPs. The effects of surface charge on protein corona pro-
file in PVA-PLGA and PVA-p-PLGA NPs are shown in (ESI, Fig. S7a).
A notable point in this case is that in the midsized range of NPs
with a positive charge, the relative abundance of adsorbed opso-
nins (complement proteins and immunoglobulins) and dysop-
sonins were reduced and augmented, respectively. Further, the
adsorption of acute phase proteins was enhanced by shifting the
surface charge from negative to positive by 3.5% for midsized
NPs. On the other hand, comparing the midsized range of NPs with
less than 150 nm, the percentages of complement and coagulation
proteins were found to have an opposite trend by shifting the neg-
ative to positive surface charge (ESI, Fig. S7-a). The effect of NP
composition on the protein corona is presented in (ESI, Fig. S7-b).
By modifying the composition of the copolymer from PLGA to

PEG-PLGA, in both size ranges, the quantity of complement pro-
teins decreased, while the relative abundance of dysopsonins
(albumin) increased significantly. In NPs with the size less than
150 nm the modification of copolymer from carboxyl end-capped
PLGA to Pegylated PLGA revealed a significant reduction in the
adsorption of immunoglobulins, coagulation, and lipoproteins
where the trend of adsorbed proteins of midsized NPs was
reversed.

3.3. Dysopsonins/opsonins ratio

The major part of 10-20 kDa (immunoglobulins) and 60-70 kDa
proteins (albumin) were opsonins and dysopsonins groups respec-
tively. According to the molecular mass of the adsorbed proteins
on the surface of NPs, there was a significant difference in two
regions of 10-20 kDa and 60-70 kDa with respect to RPA of albu-
min and immunoglobulins (Fig. 3c). The proportion of RPA for this
groups is considered as the ratio, which is larger than one due to
the high relative abundance of dysopsonins (Fig. 5b). Fig. S8-a
(ESI), displays the abundance of apolipoproteins and other plasma
components where the abundance variation of other plasma com-
ponents greater than to less than 1% deviates from 3 to 10-fold for
all NPs. Although the PVA-p-PLGA has adsorbed a high content of
the lipoprotein amounts above 1%, the PVA-PLGA and PVA-p-
PLGA NPs dominated the maximum and minimum abundance
above 1% of adsorbed other plasma components respectively. In
Fig. S8-b (ESI), the abundance of greater and less than 1% of the
complements and immunoglobulin protein for all NPs is shown
while the percentage of immunoglobulins adsorbed on the surface
of PVA-p-PLGA is the lowest compared to other NPs. Fig. 6 summa-
rizes the relative abundance of opsonins and dysopsonins adsorbed
on NP surfaces. In NPs less than 150 nm, the ratio of dysopsonins/
opsonins was as PVA-p-PLGA > PVA-PEG-PLGA > PVA-PLGA. On the
other hand, when the NP size was more than 150 nm, the ratio was
equal to PVA-p-PLGA > PVA-PEG-PLGA > PVA-PLGA.
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Fig. 3. Unique proteins in PLGA-based NPs in two size ranges of less than 150 nm (a) and larger than 150 nm (b); RPA of corona proteins classified according to their molecular

mass (c) and isoelectric point (d).

3.4. Cellular uptake of pristine and corona coated NPs

Cellular uptake of NPs was assessed in two cell lines, RAW264.7
and CHO-K1 which are FcR* and FcR™ respectively as shown in
Fig. 7a, b and S10 (ESI). The results reveal that the cellular uptake
of corona-coated NPs decreased as compared to pristine NPs while
the highest cellular uptake of pristine NPs was associated with the

PVA-PEG-PLGA and PVA-p-PLGA in CHO-K1 cell line. On the other
hand, the uptake of corona-coated NPs was elevated in PVA-p-
PLGA as compared to other NPs in the CHO-K1 cell line. The highest
FcR-mediated uptake of pristine and corona-coated NPs is demon-
strated in Fig. 7b. The maximum cellular uptake of RAW264.7 cell
line was related to the mid and small size ranges of PVA-PLGA and
PVA-p-PLGA.
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Fig. 4. Total percentage of identified proteins on the surface of PLGA-based NPs, classified based on functional protein groups (left panel) and abundance (right panel).
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Fig. 4 (continued)

The correlation between NP uptake intensity and the amount of

opsonin proteins (immunoglobulins) adsorbed on the surface NPs
is presented in Fig. 7c, d. It shows that the positive and negative
correlations between dysopsonins and opsonins adsorbed on the
surface NPs have an opposite trend with the amount of cellular
uptake. The confocal images have been presented with respect to
the maximum amounts of dysopsonins/opsonins ratio on the cor-
ona of NPs coated with PVA-p-PLGA (Fig. 8). NP- associated corona
and pristine with higher adsorbed immunoglobulin content indi-
cate that there is a greater uptake of NPs by RAW264.7 as com-
pared to CHO-K1 cells. Dysopsonins/opsonins ratio in NPs with a
size less than 150 nm as the maximum value between 0.8 and
1.4 reflects the lowest FcR-mediated uptake in macrophages.

4. Discussion

Most of the in-vivo and in-vitro investigations regarding poly-
meric NPs have been performed without considering the influence

of man-made identity on protein-corona eventually affecting the
NPs biological responses [28-31,33,34]. This study investigated
the impacts of size, charge, and composition on adsorbed proteins
on PLGA-based NPs. Further, unique/commony/similar proteins were
classified based on molecular weight and isoelectric point, and the
effect of dysopsonins/opsonins ratio on NPs cellular uptake was
determined for the first time. This was confirmed by our in-vitro
data where the variation of RPA percentage of investigated NPs
was associated to 10-20kDa and 60-70kDa molecular mass
regions. Interestingly, the results of RPA under 100 kDa molecular
mass were in accordance with the RPA results of liposomal [55]
and inconsistent with inorganic NPs [43], respectively. The high
relative abundance at 10-20 kDa and 60-70 kDa molecular masses
belonged to the immunoglobulins and albumin, respectively,
which could be defined for any polymeric NP with a peculiar syn-
thetic identity. Significantly, immunological recognition occurs
through the adsorption of immune-triggering proteins to the NPs
surface as an opsonization process [58-60]. Several approaches
have been well established for preventing and stimulating the
opsonization of NPs [61-64]. The kinetics of protein adsorption
are related to the composition of NPs while the variation in size
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Fig. 5. The effect of NPs size on RPA changes percentage (a); Dysopsonin/opsonin ratio as RPA of two ranges of protein mass (b).

significantly affects the biological identity (similar/unique/com-
mon proteins) and the percentage of RPA of greater and less than
1% [13,65]. There is evidence of cross-relevance effects between
particle size and surface chemistry on changes in the composition
of the protein corona. In some cases, such effects are directly
related to the intrinsic property of proteins, such as their shapes
and physiological function [66,67]. It is already suggested that
the safety of PLGA-based NPs in terms of cytotoxicity will seldom
be influenced by the NPs surface modifications such as PVA or

DMAB coatings [30,35,37]. The development of NPs with hydrophi-
lic properties using hydrophilic polymers such as polyvinyl alcohol
and polyethylene glycol may promote the adsorption of albumin,
fibrinogen and immunoglobulins [40]. Previously, it has been
shown that the molecular weight of PEG and the density of PEG
effectively enhance the fibrinogen adsorption [68] while in the cur-
rent study, the relative abundance of fibrinogen increased by
enlarging the size of PVA-PEG-PLGA NPs. Another factor affecting
opsonization is the surface charge, which is considered as a
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panel (b), the RPA > 1% and RPA < 1% of dysopsonins adsorbed on PVA-PLGA and PVA-PEG-PLGA NPs respectively have been less than in the rest of the NPs. The percentage of

opsonins abundance in PVA-p-PLGA NPs (greater and less than 1%) is minimum.

determining factor which alters the fingerprint profile of protein
corona [38,68,69]. Although the binding of the protein is affected
by the surface charge of the particle [11,23], the reduction in the
amount of immunoglobulins in the PVA-p-PLGA NPs is due to the
DMAB-induced positive charge compared to other NPs. Further,
the rise in the relative abundance percentage of complement pro-
teins (> RPA > 1%) in the investigated NPs was due to increased
size of particles. Note that the effect of the size was previously
evaluated on the quantity of proteins [23], while our results sug-
gested that in addition to the NPs surface charge and composition,
the effect of size dictates the type of adsorb unique proteins. Fur-
ther, due to different surface charges of polymeric NPs, the adsorp-
tion of proteins might be partially dependent on the isoelectric
point of proteins. This effect makes changes in the ratio of dysop-
sonins/opsonins as the surface charge of NPs governs the adsorp-
tion of proteins within the isoelectric point range of above and
below 5.5.

Compared to the pristine NPs, corona-coated NPs indicated
lower and different FcR-mediated uptake in comparison with
FcR* and FcR™ cells. The comparative correlation between the
RAW264.7 [56] and CHO-K1 uptake as well the type of corona pro-
tein found in PLGA-based NPs, indicated that whatever the cell sees
and reads (cell vision) is pertained to the amount and availability
of rearranged protein motifs. Through interaction between
immunoglobulins and the Fc receptor, the cells trigger the phago-
cytosis process [70,71]. In this regard, all corona-coated NPs were
observed to have higher FcR-mediated uptake compared to the
FcR™ cell line due to the interaction between immunoglobulins
and Fc receptor on cells. Our findings suggest that the higher abun-

dance of dysopsonins, such as lipoprotein in PVA-p-PLGA NPs may
cover the active sites of immunoglobulins causing a lower uptake
[72]. On the other hand, the enhanced uptake of NPs with a higher
immunoglobulin content is quantitatively confirmed by flow
cytometry results. The high abundance of activated complement
proteins in the corona may be due to their cleavage on the surfaces
of corona coated NPs. In this case the lack of masking immunoglob-
ulin active sites by C3 proteins and dysopsonins leads to existence
of immunoglobulins in the corona layer interacting with Fc recep-
tors of immune cells. According to the aforementioned statements,
the high abundance of immunoglobulins in the protein corona is a
necessary and sufficient condition for binding to the Fc receptor
which could induce the uptake of NPs into macrophages. The cor-
relation of the results with the relative abundance of immunoglob-
ulins with the amount of macrophage uptake suggests that the
precursor of the complement C3 proteins has been uncleavage in
all PLGA-based NPs [73,74]. In addition to factors affecting surface
chemistry and physicochemical properties, factors such as concen-
tration, protein source, temperature, static or dynamic flow status
could alter the protein corona profile, which was definite in our
investigation. In this study, the total RPA below 1% was found to
be between 35% and 40% of the total protein content of the protein
corona. These low-abundant proteins interact with other proteins
with a high amount of 1% affecting the biological identity of the
NPs by modifying the dysopsonins/opsonins ratio. Ultimately, par-
ticular attention should be paid to the unique proteins with a high
abundance of 1% (such as LAC7 in PVA-PLGA NPs), which affects
the ratio of dysopsonins/opsonins, and it should be considered
for future investigations.
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Fig. 7. Cellular uptake of pristine and corona-coated PLGA-based NPs in negative (a) and positive (b) Fc receptor cells; *: comparative uptake of analogous size pristine with
corona-coated NPs; **: comparative uptake of corona coated NPs; ***: comparative uptake of pristine NPs; All data have been presented by one-way ANOVA and post hoc
Tukey’s test (p <0.01). Comparative correlation between the RAW264.7 (c) and CHO-K1 (d) uptake and type of corona protein found in PLGA-based NPs in B* plasma
condition; The dysopsonin and opsonin proteins have been highlighted based on FcR-mediated uptake indicating that the large positive or negative correlation in each cell

has an opposite trend with each other.

5. Conclusion

In the current study, the fingerprint mapping of proteins
adsorbed on the surface of PLGA-based NPs was reported consider-
ing the impact of NPs physicochemical properties on dysopsonins/
opsonins ratio. This study demonstrated for the first time that the
ratio of dysopsonins/opsonins was associated with the PLGA-based
NPs possessing both positive and negative correlations related to
the cellular uptake. This correlation for the cellular uptake was
associated with the type of adsorbed proteins on NP surfaces as

well as the cell surface receptors. Opsonins provided positive and
negative correlations in the uptake of corona coated NPs into the
cells with (FcR") and without (FcR") expressed Fc receptor respec-
tively. Thus, the spatial interactions of dysopsonins/opsonins pro-
teins to each other could reveal the correlation between
biological identity and the related immunological responses. Along
with the identification of similar/unique and high-abundant pro-
teins, the abundance of dysopsonins/opsonins ratio related to the
60-70 and 10-20 kDa regions on PLGA-based NPs can be inspiring
for designing more efficient nano-systems. This study also
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Fig. 8. Confocal images of RAW 264.7 and CHO-K1 cells incubated with nile red loaded pristine and corona-coated PVA-p-PLGA NPs (red) for 4 h, and labeled with DAPI
(blue); FcR-mediated uptake of corona-coated NPs was higher for RAW264.7 compared to CHO-K1. Scale bars represent 100 pm.

provided guidelines for the correlation between physicochemical
properties of NPs and dysopsonins/opsonins ratio leading to the
conformational rearrangements that mitigate the challenge of
NPs against immunological responses by the formation of protein
corona.
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