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ARTICLE INFO ABSTRACT

Upon intravenous administration of nanoparticles (NP) into the bloodstream, proteins bind rapidly on their
surface resulting in a formation of a so-called ‘Protein Corona’. These proteins are strongly attached to the NP
surface and provide a new biological identity which is crucial for the reaction at the nano-biointerface. The
structure and composition of the protein corona is greatly determined by the physico-chemical properties of the
NP and the characteristics of the biological environment. The overall objective of this study was to characterize
the role of NP size/surface curvature and PEGylation on the formation of the protein corona. Therefore, we
prepared NP in a size of 100 and 200 nm using the biodegradable polymers poly(DL-lactide-co-glycolide) (PLGA)
and poly(DL-lactide-co-glycolide)-co-polyethylene glycol diblock (PLGA-PEG) and subsequently incubated them
with fetal bovine serum (FBS) to induce the formation of a protein corona. After removal of unbound protein, we
employed different analytical approaches to study the corona in detail. Sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed to gain a first impression about amount and composition of the
corona proteins. Identification was carried out after tryptic in-solution digestion and liquid chromato-
graphy-mass spectrometry/mass spectrometry (LC-MS/MS). In addition, we successfully established the
Bradford protein assay as a suitable colorimetric method to quantify total adsorbed protein amount after alkaline
hydrolysis of PLGA based NP. Our results revealed that protein adsorption on PLGA- and PLGA-PEG-NP didn’t
depend on NP size within the range of 100 and 200 nm. PEGylation led to a significant reduced amount of bound
proteins. The depletion of proteins which are involved in immune response was remarkable and indicated a
prolonged circulation time in body.
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1. Introduction

Besides the wide use of nanomaterials in industrial products, na-
noparticles (NP) are increasingly considered for use in biomedical ap-
plications including imaging, diagnosis, and targeted drug delivery [1].
NP exhibit unique physicochemical properties compared to their bulk
material resulting in a high surface to volume ratio and an active sur-
face chemistry [1,2]. Immediately after administration into a biological
fluid NP tend to interact with proteins in order to reduce their large
surface energy [3]. Consequently, this leads to the formation of a pro-
tein corona [4]. Corona formation is a very dynamic, competitive and
time dependent process. In the early stage proteins with low affinities
and fast exchange rates bind to the particle surface and are later re-
placed by proteins with a higher affinity and lower abundance in serum,
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for instance apolipoproteins and immunoglobulins [4,5]. These proteins
are considered as the ‘hard’ protein corona and provide the NP a new
biological identity which could be substantially different from their
pristine state and dictate the biological fate in the body in terms of
biodistribution, cellular uptake, and trafficking [6]. The identity,
amount, and conformational state of the bound proteins highly depend
on the physicochemical properties of the NP (e.g. nanomaterial, size,
shape, charge, surface functional groups, hydrophobicity) and the ex-
posing environment including the origin of the biological fluid (e.g.
bovine or human), protein concentration, exposure time, pH, tem-
perature, and shear stress [6,7]. Understanding the correlation between
NP properties, protein corona formation and its reaction at the nano-
biointerface is crucial for the development of safer and more efficient
NP based drug delivery systems.
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Hence, the aim of the given study was to investigate the effect of NP
size and surface modification with poly(ethylene glycol) (PEG) on the
formation of the protein corona. Therefore, NP in a size of 100 and
200 nm using the polymers poly(DL-lactide-co-glycolide) (PLGA) and
poly(DL-lactide-co-glycolide)-co-polyethylene glycol diblock with
15 wt% PEG (PLGA-PEG) were produced. PLGA is approved by the US
FDA and the European Medicine Agency (EMA) for several applications
because of its biodegradability, biocompatibility, and sustained release
properties, thus offering outstanding opportunities for the development
of controlled and targeted drug delivery systems [8]. However, opso-
nization leads to a recognition of nanocarriers by the cells of the
mononuclear phagocyte system (MPS) and a rapid elimination from the
systemic circulation [9]. A common approach to overcome this obstacle
is to functionalize the surface with PEG in order to impart ‘stealth’
properties. PEGylation shields the NP from opsonization and phago-
cytosis and therefore improves their pharmacokinetic behavior [9-11].

In order to evaluate the impact of size and ‘stealth’ properties of the
different prepared NP systems, an incubation with fetal bovine serum
(FBS) was performed to induce the formation of a protein corona. FBS
was used as protein source because it is a common additive in standard
cell culture media for many human cell lines [12]. Moreover, it is well
known that the protein adsorption is affected by the protein con-
centration of the incubation solution [4,13,14]. For example, when the
available nanoparticle surface is in excess over the total protein con-
centration, the adsorption of low affinity proteins is enhanced [4]. In
order to avoid these effects, we fixed the ratio of total particle surface
area to serum for all experiments. After incubation and separation of NP
from excess serum, we employed sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and liquid chromato-
graphy—mass spectrometry/mass spectrometry (LC-MS/MS) to study
the corona composition in detail. Moreover, the well-established
Bradford protein assay was used as a novel application for quantifica-
tion of total adsorbed protein amount after alkaline hydrolysis of PLGA
based NP systems.

2. Material and methods
2.1. Reagents

The biodegradable polymers poly(DL-lactide-co-glycolide) (PLGA,
Resomer’ RG 502 H, inherent viscosity 0.19 dL/g, My 12,000 g/mol,
D,L-lactide (50 mol%): glycolide (50 mol%)) and poly(DL-lactide-co-
glycolide)-co-polyethylene glycol diblock with 15wt% PEG (PLGA-
PEG, Resomer  Select 5050 DLG mPEG 5000, inherent viscosity
0.52dL/g, My 48.3kDa, p,L-lactide (50 mol%): glycolide (50 mol%)),
which were used as NP matrices, were obtained from Evonik Industries
(Darmstadt, Germany). The steric NP stabilizer poly(vinyl alcohol)
(PVA, Mowiol® 8-88, molecular weight approx. 67,000 g/mol) was
purchased from Merck KGaA (Darmstadt, Germany). Fetal bovine
serum (FBS) superior was received from Biochrom AG (Berlin,
Germany). Roti-Load’1, Roti’-Mark STANDARD, and all other chemi-
cals used for SDS-PAGE were delivered by Carl Roth GmbH & Co. KG
(Karlsruhe, Germany). Coomassie Brilliant Blue G-250 was purchased
from VWR Life science AMRESCO (Solon, Ohio). Bovine serum albumin
(BSA), DL-dithiothreitol (DTT), and iodoacetamide (IAA) were obtained
from Sigma-Aldrich (Steinheim, Germany). Trypsin (sequencing grade)
for protein digestion was obtained from Promega Corporation
(Madison, USA). Urea was purchased from Acros Organics (New Jersey,
USA). All other chemicals and organic solvents were delivered in the
highest grade available.

2.2. Nanoparticle preparation
Several top-down synthesis techniques for NP based on the poly-

mers PLGA and PLGA-PEG are well described in literature [15]. Here,
two partially modified preparation methods for NP with a diameter of
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100 and 200 nm were used [16,17].

2.2.1. Preparation of 100 nm PLGA and PLGA-PEG nanoparticles

NP with a diameter of 100 nm were manufactured by a solvent
displacement method. Therefore, 30 mg PLGA was dissolved in 2 mL
acetone. The organic solution was injected into 4 mL of an aqueous PVA
solution (2%, m/m) under a constant stirring rate of 500 rpm. The re-
sulting emulsion was stirred overnight at room temperature to remove
the organic phase and to induce the formation of the NP. The obtained
NP suspension was washed three times by centrifugation (2.5h,
13,000g) and redispersion in ultrapure water. The NP were referred to
as PLGA-100-NP.

For preparation of the PEGylated formulation, 130 mg PLGA-PEG
was dissolved in 2 mL acetone and subsequently injected into 4 mL PVA
solution (2%, m/m) under stirring at 500 rpm. After evaporation of the
organic phase the purification of the suspension was performed like-
wise. The NP were referred to as PLGA-PEG-100-NP.

2.2.2. Preparation of 200 nm PLGA and PLGA-PEG nanoparticles

NP with a diameter of 200 nm were prepared using an emulsion
diffusion method. Therefore, 100 mg PLGA was dissolved in 2mL
ethylacetate and subsequently added to 4 mL of an aqueous solution
containing PVA (2%, m/m). The mixture was emulsified using a high-
speed homogenizer (Ultra-Turrax’, S25NK-10G, IKA, Staufen,
Germany) at 21,000 rpm for 30 min. The resulting pre-emulsion was
poured into 6 mL of PVA solution (2%, m/m) and stirred overnight at
room temperature to remove the organic solvent. Finally, the NP were
purified by three steps of centrifugation (10 min, 16,000g) and sub-
sequent resuspension in ultrapure water. The NP were referred to as
PLGA-200-NP.

In order to produce PEGylated NP, 100 mg PLGA-PEG was dissolved
in 4 mL ethylacetate. For emulsification the organic solution was added
to 7 mL aqueous PVA solution (2%, m/m). The mixture was homo-
genized with the Ultra-Turrax’ (S25N-19G, IKA, Staufen, Germany) at
15,000 rpm for 35 min. Afterwards, the pre-emulsion was diluted with
3 mL PVA solution (2%, m/m) and stirred overnight. Purification of the
suspension was carried out as described above. The NP were referred to
as PLGA-PEG-200-NP.

2.3. Nanoparticle characterization

2.3.1. Determination of particle diameter, size distribution, and zeta
potential

The hydrodynamic NP diameter and polydispersity index (PDI)
were detected by photon correlation spectroscopy (PCS) using a
Malvern Zetasizer Nano ZS system (Malvern Instruments Ltd., Malvern,
United Kingdom). An appropriate volume of the different purified NP
formulations was diluted with 2 mL ultrapure water in a disposable
cuvette right before use and measured at a temperature of 22 °C using a
backscattering angle of 173°.

The zeta potential was measured in the same instrument by laser
Doppler microelectrophoresis to provide information about the surface
charge of the NP. Therefore, the NP dilutions described above were
transferred into a folded capillary cell and the determination was
conducted at 22 °C.

2.3.2. Nanoparticle yield

The NP yield of the different NP formulations was determined
gravimetrically. Therefore, an aliquot of 20.0 pL. NP suspension was
transferred into a micro weighing dish and dried for at least 2h at 80 °C
until mass constancy.

2.3.3. Morphological analysis of nanoparticles by atomic force microscopy

The dimensions and the morphology of the prepared NP was in-
vestigated by atomic force microscopy (AFM) employing a Bruker
Dimension 3100 atomic force microscope, equipped with a Nanoscope
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IIIa controller (Bruker, Karlsruhe, Germany). Initially, 3 uL of NP sus-
pension (0.2 mg/mL) were transferred onto a cleaned glass slide and
subsequently air dried. Imaging was performed afterwards in inter-
mittend contact mode (Tapping Mode™) with n-type silicon cantilevers
(HQ:NSC14/Al BS, nominal tip radius < 10 nm, typical resonant fre-
quency of about 160kHz and a nominal spring constant of 5N/m;
manufactured by umash, Sofia, Bulgaria), 2% below resonance fre-
quency at a RMS amplitude of around 2. Further data analysis was
carried out using NanoScope Analysis version 1.5.

2.4. Serum protein adsorption

Sample preparation for serum protein adsorption was carried out
according to a modified method described by Gossmann et al. [3]. For
all experiments the ratio of total particle surface area to serum was kept
constant to ensure comparability between the obtained results and to
exclude effects that attribute to other phenomenons than particle size or
surface modification with PEG.

For the calculation of the total surface area of the NP suspension
under the assumption of a spherical particle shape (A = 4mr?) the
density, the hydrodynamic diameter and the yield of the NP were re-
quired. The particle density was measured by a DM40 LiquiPhysics™
Excellence system (Mettler Toledo GmbH, Greifensee, Swiss). Densities
of 1.354 g/cm® and 1.367 g/cm® were achieved for PLGA-100-NP and
PLGA-200-NP, respectively. For both, PLGA-PEG-100-NP and PLGA-
PEG-200-NP, a density of 1.347 g/cm® was determined.

For SDS-PAGE analysis and protein quantification by Bradford
protein assay, an aliquot corresponding to 0.08 m? total particle surface
was taken from the NP suspensions, mixed with 500 uL FBS and then
filled up to a total volume of 2 mL with ultrapure water. After that, the
samples were incubated for 30 min at 37 °C under shaking at 1200 rpm
in a Thermomixer’ comfort (Eppendorf AG, Hamburg, Germany).
Finally, the samples were purified to remove excess protein. Hence, the
NP were centrifuged (30 min, 30,000g) five times, the supernatant was
discarded and the pellet was resuspended in ultrapure water. For
identification of the proteins in the corona by LC-MS analysis a larger
particle surface area was required. Therefore, 1000 pL FBS was added to
a volume of NP suspension corresponding to 0.24 m? particle surface
and filled up to a total volume of 4 mL with ultrapure water. The un-
bound protein amount was removed as already described.

2.5. SDS-PAGE analysis of corona proteins

After protein adsorption and final centrifugation step the pellet was
resuspended under shaking (1200 rpm, 22 °C) in 30 pL reducing loading
buffer (Roti-Load’1) overnight to desorb the proteins from the NP
surface. Hereafter, the samples were centrifuged again (45 min,
30,000g) in order to separate the desorbed proteins from the NP.
Therefore, the pellet was discarded and the supernatant was transferred
into a new reaction vessel and heated for 5 min at 95 °C to denature the
proteins. Subsequently, a 10% polyacrylamide gel was prepared and the
samples as well as the protein standard (Roti’-Mark STANDARD), ne-
gative controls, and a positive control were applied on the gel. For
negative controls, the NP were incubated with water instead of FBS. All
other steps were performed identically. For positive control, FBS was
diluted 1:100 with ultrapure water. The SDS-PAGE was carried out at a
constant voltage of 200V for 1h on an OmniPAGE mini system
(Omnilab-Laborzentrum GmbH & Co. KG, Bremen, Germany). The re-
sulting gel was fixed (79% water, 1% orthophosphoric acid, 20% me-
thanol), stained with a colloidal Coomassie Brilliant Blue G-250 solu-
tion overnight and destained in methanol:water (1:3, v/v). Finally, Gel
iX Imager (INTAS Science Imaging Instruments GmbH) was used for
imaging.
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2.6. Quantification of corona proteins using Bradford protein assay

For the quantification of corona proteins, a photometric method
based on a protein determination protocol by Bradford et al. was used
[18]. The dye Coomassie Brilliant Blue G-250 binds to the proteins and
causes a shift in the absorption maximum from 465 to 595 nm which
can be read in a spectrophotometer.

For this assay, the previously obtained NP pellet was hydrolyzed
with 100 uL. NaOH 1M and 400 pL purified water (15min, 60 °C,
1200 rpm Eppendorf Thermomixer’ comfort). Afterwards, 1.9 mlL
Bradford reagent was added to 100 puL of the hydrolyzed sample.
Incubation for 10 min at 1200 rpm led to a stable protein—dye complex
which was monitored at 595 nm using a spectrophotometer Typ U-2900
(Hitachi High Technologies Corporation, Tokyo, Japan). The NP bound
protein amount was calculated using a BSA calibration curve with ad-
dition of NaOH 1 M in a range of 0.05-0.5 mg/mL.

This method was validated in terms of accuracy, precision, and
linearity according to the ICH harmonized tripartite guideline
“Validation of analytical procedures: Text and Methodology Q2(R1)”
(2005). The validation was conducted with pure BSA and BSA plus
hydrolyzed PLGA-PEG in order to exclude interferences which are
caused by hydrolyzed components of PLGA-PEG and Coomassie
Brilliant Blue G-250. The experiments were performed at low, middle,
and high concentrations of BSA covering the specific range for the
procedure. The samples were measured six fold and analyzed as de-
scribed above.

2.7. Identification of corona proteins by LC-MS/MS

Corona proteins were identified using a shotgun proteomics based
approach, which has become the standard technique for the in-
vestigation of complex protein mixtures in recent years. Following
tryptic digestion of the proteins, peptides were identified using LC-MS/
MS on an orbitrap-based mass spectrometer and software-based data
evaluation to interpret the peptide fragmentation data. In this study we
referred to a protocol of Gossmann et al. [3].

2.7.1. In-solution digestion of corona proteins

After washing and collecting the NP with protein corona by cen-
trifugation as described above, the resulting pellet was resuspended in
TRIS buffer containing 6 M urea overnight at room temperature to
desorb the proteins from the surface. Following this, the samples were
centrifuged again (45 min, 30,000g) in order to isolate the desorbed
proteins. The supernatant consisting of corona proteins was mixed with
5 uL of 200 mM dithiothreitol for 1 h at room temperature to reduce the
disulfide bonds. Subsequently, 20 uL. of 200 mM iodoacetamide was
added to the solution in order to alkylate cysteines. The reaction was
conducted for 1h in the dark. Excess iodoacetamide was thereafter
inactivated by another addition of dithiothreitol (20 uL, 200 mM, 1 h,
1200 rpm, 22 °C). To prepare tryptic in-solution digestion of proteins,
the samples were diluted to a total volume of 1000 puL with ultrapure
water to a final concentration of 0.6 M urea to maintain the activity of
trypsin. Next, 10 pL of ice-cold trypsin solution (200 ng/uL) was added
to the diluted samples and digestion was carried out overnight under
slight shaking (37 °C, 900 rpm). Finally, the reaction was stopped by
adjusting the pH to < 6 with glacial acetic acid and the samples were
filled up to a total volume of 2 mL with ultrapure water for the further
experimental procedure.

2.7.2. Peptide purification

To prepare for a successful mass spectrometric analysis of the pep-
tides the samples were purified by solid-phase-extraction in order to
remove salts and undesired impurities. Briefly, Strata™-X 33 um RP
30mg/1 mL columns (Phenomenex, Aschaffenburg, Germany) were
sequentially activated and equilibrated with 1 mL methanol and 1 mL
1% formic acid before the digestion solutions were applied onto the
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columns in aliquots of 1 mL. Thereafter, the samples were desalted by
washing with 1 mL of purified water. Then, the stationary phase in-
cluding the peptides was rinsed with 600 uL of Eluent I (MeOH/
H,0 + 1% FA (5:5)) followed by 400 pL of Eluent I (MeOH/H,0 + 1%
FA (7:3)). The eluents were collected and evaporated nearly to dryness
in a Thermomixer’ comfort (40 °C, 300rpm) under nitrogen atmo-
sphere. Finally, the residue was redissolved in a mixture of 100 uL
acetonitrile, formic acid, and purified water (3:1:96, v/v) and the
samples were stored at —20 °C until LC-MS/MS analysis.

2.7.3. Mass spectrometric detection of peptides

Data were acquired on an LTQ Orbitrap XL hybrid ion trap-orbitrap
mass spectrometer coupled to an Accela HPLC system (both Thermo
Scientific, Dreieich, Germany). The injection volume was 20.0 uL and
LC separation of enzymatic digests was carried out on an
2.1 X 150 mm, 2.6 pm Accurore C18 column (Thermo Scientific) at a
constant flow rate of 250 uL/min employing the following gradient of
ACN + 1% formic acid (A) and H>O + 1% formic acid (B): 3% A for
6 min, 3-12% A in 6 min, 12-35% A in 79 min, 35-60% A in 9 min,
holding 60% A for 8 min, 60-3% A in 2 min and reequilibration at 3% A
in 10 min. The mass spectrometer was operated in positive full scan and
data-dependent mode (DDMS). Survey full-scan mass spectra (m/z
300-1500) were acquired in the Orbitrap (resolution r = 30,000) and
the two most intense ions were sequentially isolated, fragmented, and
analyzed in the linear ion trap, using collision-induced dissociation
(CID, normalized collision energy of 30% and an activation time of
30 ms). No charge states were rejected from fragmentation and target
ions were dynamically excluded from repeated fragmentation for 45s.
Conditions for electrospray ionization (ESI) were: Capillary tempera-
ture 225 °C; vaporizer temperature 350 °C; sheath gas flow 40 (arbitrary
units); auxiliary gas flow 20 (arbitrary units); sweep gas flow 5 (arbi-
trary units), source voltage 3.5kV; and tube lens 135 V.

2.7.4. Data evaluation

For protein identification a database search was performed with
PEAKS 7 (Bioinformatics Solutions, Waterloo, Canada) against the
UniProt KB database (Bos taurus, created 2016-04-25, 43,803 entries)
using the PEAKS de novo algorithm and the enhanced target-decoy
method (“decoy fusion”) for false discovery rate (FDR) estimation and
result validation [19,20]. Search parameters were: (a) trypsin as spe-
cific enzyme, three missed cleavage allowed; (b) fixed modification:
Carbamidomethylation of cysteine and variable modification: Oxida-
tion of methionine, allowing three variable PTM per peptide; (c) pre-
cursor mass error tolerance of 5 ppm; (d) fragment mass error tolerance
of 1 Da. Proteins with a -1gP value > 80 were considered to be reliable.

2.8. Statistical methods

All experiments were performed at least three times. The results
were shown as average value with standard deviation. Significance tests
were conducted with Sigma Plot 12.5 (Systat Software GmbH, Erkrath,
Germany), using a one way ANOVA test with the Holm-Sidak post test.
Significance levels were depicted as * for p < 0.05.

3. Results
3.1. Nanoparticle preparation and physicochemical characterization

NP manufactured and analyzed in the present study were based on
the biodegradable polymer PLGA and sterically stabilized with PVA. In
order to monitor the effect of the NP size and surface curvature on the
formation of the protein corona derived from FBS, NP with a diameter
of 100 and 200 nm were prepared. To assess the influence of ‘stealth’
properties on the protein corona formation, the surface of the PLGA-NP
was functionalized with PEG. Therefore, an amphiphilic PLGA-PEG
diblock copolymer with 15% wt PEG (5 kDa) was used.
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Table 1
Physicochemical characteristics of the investigated nanoparticle systems
(mean *= SD; n = 3).

Nanoparticle Particle diameter PDI Zeta potential [mV]
system [nm]

PLGA-100-NP 110.6 + 6.0 0.06 * 0.02 —41.2 = 8.1
PLGA-200-NP 214.6 = 13.2 0.03 = 0.03 —41.1 = 5.2
PLGA-PEG-100-NP 93.8 + 7.3 0.07 £ 0.03 —40.1 = 45
PLGA-PEG-200-NP 2425 £ 5.5 0.05 = 0.01 —39.3 * 39

The physicochemical properties of the different NP formulations
were determined with regard to hydrodynamic diameter, polydispersity
index, and zeta potential in a Malvern Zetasizer. As summarized in
Table 1, the variation in preparation technique provided different sized
NP in the desired range. All formulations showed a monodisperse size
distribution with PDI values < 0.1. Both systems, irrespective of PLGA
or PLGA-PEG as matrix polymer, displayed a negative surface charge of
about —40mV. Atomic force microscopy images confirmed the sphe-
rical shape of the NP and the smoothness of the surface (Fig. 1). In a
previous study of our group XPS measurements were used to char-
acterize the surface structure of these NP in more detail [16]. It could
be shown that similar NP based on PLGA-PEG exhibited a surface PEG
coverage of 15.1 wt% PEG in combination with 52.3wt% PLGA and
33.6 wt% PVA whereas the surface of PLGA-NP consisted of 92.4 wt%
PLGA and 7.5 wt% PVA.

3.2. Characterization of protein corona after serum protein adsorption

3.2.1. SDS-PAGE analysis

One-dimensional SDS-PAGE analysis was performed to separate the
corona proteins on the basis of their molecular mass and to gain a first
impression about protein composition and relative abundance. The
electrophoresis was carried out in triplicate. The profiles of separated
proteins were reproducible and one typical gel is shown in Fig. 2. Be-
sides the protein corona pattern of PLGA and PLGA-PEG-NP, a positive
control from diluted FBS and negative controls derived from 100 to
200 nm PLGA-PEG-NP are displayed.

The protein pattern of the positive control was dominated by one
major band corresponding to the molecular weight of serum albumin
(67 kDa). In contrast, PLGA-NP showed an accumulation of many serum
proteins on their surface. The masses of visible polypeptides ranged
from 29 to 212kDa. A sharply defined band was located at the top of
the gel between 118 and 212kDa. The highest intensity of protein
staining appeared between 43 and 118kDa while the three protein
bands above 29kDa typically occurred in the corona of PLGA-NP.
Furthermore, the composition and staining intensity of protein bands
for 100 and 200 nm PLGA-NP were identical.

In comparison to the corona of PLGA-NP, the PLGA-PEG-NP yielded
a protein pattern consisting of less protein bands with considerably
lower intensity. The only bands visible were localized around 66 kDa
and were highlighted with arrows. Again, the protein profiles were si-
milar for the two different particle diameters. Moreover, the absence of
protein bands in the negative controls proved that the samples were not
contaminated with other proteins during the preparation procedure.

3.2.2. Protein quantification using Bradford assay

In order to quantify the total protein amount adsorbed onto the
surface of the different NP systems and to access the impact of different
particle size and PEGylation Bradford protein assay was established as a
new analytical tool. The quantification was conducted after alkaline
hydrolysis of the isolated NP-protein complex to minimize disturbance
of the used compounds. Prior to this we examined the effect of hy-
drolyzed NP on the absorbance and carried out a method validation.
For this purpose PLGA-PEG-NP were chosen as an appropriate model
system because these NP cover all used ingredients which could be
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Fig. 1. Atomic force microscopy (AFM) pictures of PLGA-100-NP (A); PLGA-200-NP (B); PLGA-PEG-100-NP (C); PLGA-PEG-200-NP (D). The images confirmed the

spherical shape of the NP and the smooth surface without local asperities.

relevant for interferences with the protein-dye complex.

The validation procedure was performed following the ICH guide-
line Q2(R1). In order to check linearity, a calibration curve with six
different BSA concentrations ranging between 50 and 500 ug/mL were
measured as described above. The resulting calibration curve was linear
and the corresponding correlation coefficient was 0.9998. All statistics
of linear regression are summarized in Table 2. Furthermore, recovery
experiments were performed at low (75 pg/mL), medium (250 pg/mL),
and high (450 pg/mL) BSA concentrations in order to evaluate accuracy
and precision. Therefore, protein concentration of the samples con-
taining either BSA or BSA in combination with hydrolyzed PLGA-PEG-
NP was determined in triplicate. Recovery data for BSA and the 95%
confidence interval were shown in Table 3. Regardless of whether the
sample contained hydrolyzed PLGA-PEG-NP, the protein recovery was
between 91.4 and 99.5% for all examined concentration levels. Ad-
ditionally, the small standard deviation confirmed the precision of the
assay.

Quantification of total adsorbed protein amount for the different NP
systems is displayed in Fig. 3. The measured serum protein amount for
PLGA-100-NP was 99.1 ug/0.08 m? particle surface. The amount for
PLGA-200-NP increased slightly to 104.0 ug/0.08 m® showing no sig-
nificant change (p = 0.05). PEGylation of 100 and 200 nm PLGA-NP led
to a significant decrease in protein adsorption (p < 0.05). The de-
termined amount for PLGA-PEG-100-NP was 13.0 ug/0.08 m* and the
amount for PLGA-PEG-200-NP remained almost the same (p = 0.05).

3.2.3. Protein identification by LC-MS/MS

The proteins bound onto the surface of 100 and 200 nm PLGA and
PLGA-PEG-NP were identified after desorption and tryptic in-solution
digestion using LC-MS/MS and subsequent bioinformatic interpretation
of peptide fragmentation data.

We were able to detect numerous individual proteins in the corona
of the different NP systems. Each sample was analyzed in three in-
dependent replicates. All identified proteins including their biological
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function in blood, molecular weight (My) as well as their calculated
isoelectric point (pI) were listed in Table 4.

A total number of 29-39 different proteins was found in the corona
of 100 and 200 nm PLGA-NP (Fig. 4). An exception was RUN 1 for the
corona of PLGA-200-NP. Here, only 22 proteins were identified
(Fig. 4B). The qualitative analysis of the proteins with respect to
function, My, and pI showed that the corona of the two different sized
PLGA-NP systems was almost comparable (Table 4, Figs. 4-6). Most of
the proteins bound on the NP were related to specific functions in blood
(Fig. 4) and displaying a pI > 5 (Fig. 6). The majority was constituted
of proteins which are involved in the immune response, such as com-
plement factor D, H, I, complement component 3, and C-C motif che-
mokine. Moreover, various apolipoproteins were identified, e.g. apoli-
poproteins A-I, A-II, and E (Fig. 4, Table 4).

In contrast, the quantitative as well as qualitative composition of
proteins adsorbed onto the surface of PLGA-PEG-NP was considerably
different (Table 4, Fig. 4). In total, the number of adsorbed proteins was
lower and ranged between 16 and 23 with exception of RUN 3 for
PLGA-PEG-200-NP (Fig. 4B, 29 proteins). Furthermore, the number of
proteins involved in immune response was substantially lower. Corona
proteins, such as complement factor D, I, and complement component 3
were depleted. The occurrence of apolipoproteins remained constant. In
the corona of PLGA-PEG-100-NP even two additional apolipoproteins
could be detected (C-III and IV). Besides, the proteins involved in the
regulation of insulin-like growth factor (IGF) as well as other proteins
i.e. gelsolin and beta-2-glycoprotein I disappeared completely in the
corona of the PLGA-PEG-NP (Table 4, Fig. 4). The change in protein
composition with PEGylation was also confirmed by dividing the pro-
teins according to their My (Fig. 5). For PLGA-NP, the highest per-
centage of identified proteins was displayed by proteins with an
average mass < 29 kDa, followed by proteins with an average mass
from 66 to 118 kDa. This distribution was equal for PLGA-PEG-NP, but
PEGylation led to a significant reduction of corona proteins with a mass
above 118 kDa (Fig. 5).
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Fig. 2. One-dimensional SDS-PAGE gel of adsorbed serum proteins obtained from the corona of 100 and 200 nm PLGA- and PLGA-PEG-NP after 30 min incubation
with FBS and subsequently washing. Negative controls derived from PLGA-PEG-NP (incubation without serum) and numbers on the left depict the molecular weight
My (kDa) of marker proteins. The arrows mark the faintly visible protein bands from PLGA-PEG-NP.

Table 2
Statistics of linear regression for spectrophotometric quantification of BSA by
Bradford protein assay.

Parameter Spectrophotometric calibration for BSA

Slope b
Standard Error S,

1.2305mL/mg
0.0132mL/mg

Intercept a 0.0259
Standard Error S, 0.0040
Standard error of estimate S, . 0.0052
Correlation coefficient r 0.9998
Number of samples 6

4. Discussion
4.1. Corona protein quantification and NP size effects

The thoroughly characterization of manufactured NP is a pre-
requisite for further investigations of the protein corona and the fol-
lowing evaluation of size effects. The previously described solvent
displacement and emulsion diffusion methods were suitable top-down
preparations techniques for the reproducible production of PLGA- and
PLGA-PEG-NP with a diameter of 100 and 200nm, respectively
[16,17]. A zeta potential absolute value of 30 mV is usually considered
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necessary for an solely electrostatic stabilization of particle colloids
whereas in case of additional sterical stabilization a reduced zeta po-
tential will be sufficient [21]. Hence, the zeta potential of about
—40mV for the different particle systems indicated colloidal stability
due to electrostatic particle repulsion. Because of sufficient electrostatic
stabilization and a monodisperse size distribution (PDI < 0.01), it can
be assumed that the particles were not aggregated before incubation
with FBS. Non-aggregated, single NP and a narrow size distribution are
essential for elucidation of effects which just contribute to different
sizes. AFM images confirmed the spherical shape and the smoothness of
the particle surface (Fig. 1). A rough surface with local protrusions and
depressions could alter the available surface and thus lead to a higher
serum protein adsorption. For instance, Garcia-Alvarez et al. showed
that gold nanostars adsorb significant larger amounts of proteins after
in vivo injection into CD-1 mice due to their higher surface than gold
nanorods [22]. Therefore, we referred in our experimental setup to a
well-defined constant ratio of particle surface area to serum con-
centration.

In addition to the semi-quantitative analysis of adsorbed proteins by
SDS-PAGE, Bradford protein assay was applied as a quantitative col-
orimetric approach to determine total NP bound protein amount and
thereby achieving more detailed insights about the protein adsorption
behavior. In previous studies bicinchoninic acid assay (BCA) was
commonly used for quantification of corona proteins [23,24]. In 2005,
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Table 3
Recovery data for the quantification of BSA using Bradford protein assay.
Parameter BSA
Level

BSA + hydrolyzed PLGA-PEG-NP
Level

Low (75 pug/mL) Medium (250 pg/mL)

High (450 pg/mL)

Low (75 ug/mL) Medium (250 pg/mL) High (450 pg/mL)

Recovery [%] 91.42 96.69 95.45
S.D. [%] 4.00 1.48 1.19
Confidence interval (p = 95%)

Upper limit [%] 101.36 100.36 98.40
Lower limit [%] 81.49 93.02 92.49
Maximum [%] 96.01 97.66 96.82
Minimum [%] 88.65 94.99 94.73
Number of samples 3 3 3

93.23 96.79 99.50
1.84 0.46 1.61
97.81 97.94 99.50
88.66 95.64 91.52
94.94 97.16 97.00
91.29 96.27 93.81
3 3 3
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Fig. 3. Total serum protein amount bound onto the surface of the various NP
systems. The differences in the mean values between PEGylated and non-
PEGylated nanoparticles for both sizes were statistically significant
(mean =+ SD; n = 3; “p < 0.05).

Goppert and colleagues were the first who adapted this quantification
method to NP [25]. However, we preferred Bradford protein assay
because of its fast color development, the low variability of the staining
between the different proteins in complex mixtures, and the minimal
pipetting effort [18,26]. Nevertheless, it is well known in literature that
chemicals, such as sodium dodecylsulfate (SDS), cause a modified re-
sponse to the dye and thus lead to an altered absorbance of the sample
[27]. Unfortunately, desorption of corona proteins with SDS from the
NP surface is a widespread standard procedure before starting with
protein analysis [28]. To overcome this fact, we established a new
approach for NP-protein analysis. We hydrolyzed the NP-protein com-
plexes with sodium hydroxide prior to addition of Bradford reagent. In
order to evaluate potential interferences between the hydrolyzed NP
compounds (e.g. lactic acid, PVA) and the protein-dye complex, we
performed a method validation according to the ICH guideline Q2(R1).
It could be shown, that the differences between the recovery of samples
comprised of BSA or BSA plus hydrolyzed PLGA-PEG-NP were not sig-
nificant at the three concentration levels used. Furthermore, with the
small standard deviation the Bradford protein assay could be con-
sidered as an appropriate and reliable method for quantification of total
bound protein amount of PLGA based NP systems within the examined
concentration range.

One of the major goals of the present study was the investigation of
the NP size impact on the formation of the protein corona. In the past
several studies were conducted in order to investigate the protein ad-
sorption on PLGA-NP [3,29,30]. However, a comparative examination
of different sized PLGA-NP is still missing.

In Fig. 2 the protein pattern of the FBS positive control is illustrated,
that was dominated by serum albumin which is the most abundant
protein in blood [31]. On the other hand it is well known that protein
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adsorption on NP lead to a highly selective enrichment of proteins
which exhibit a low abundance in blood [3]. Furthermore, Tenzer et al.
showed, that binding profiles of these proteins not just correspond to
the relative protein concentrations detected in plasma preparations
[32]. In contrast to exhibiting only one band or protein, the PLGA-NP
tend to adsorb numerous proteins on their surface displaying various
functions in blood. This is in accordance with former reports, which
revealed that protein adsorption is even more distinct on charged NP
composed of hydrophobic core materials [4,33] and the negative sur-
face charge enhances the adsorption of proteins with pI > 5.5 [3,34].
Our results suggested that the affinity of the serum proteins to both NP
sizes is roughly the same.

In the case of spherical systems particle size is directly associated
with the surface curvature. A reduction of size increases the ratio of
total surface area to volume and therefore the free energy. Therefore, it
is readily conceivable that many groups already observed a size-de-
pendent effect on NP protein adsorption [7,35]. Schaeffler et al. showed
that a reduction in gold NP (AuNP) size from 80 to 5nm increases the
protein binding capacity [36]. Dutta and collaborates demonstrated the
same observation for amorphous silica NP (50-1000nm) [37]. We
hypothesize that the size difference between 100 and 200 nm is not
large enough to significantly affect protein adsorption. Moreover, when
NP are smaller than the average size of proteins, they are not able to
develop a complete protein corona [38] while the structure and func-
tion of the proteins is retained upon adsorption [34]. Conversely, when
NP diameter increases up to a threshold of 80 nm, adsorbed proteins
undergo conformational changes which lead to further protein ad-
sorption. A multilayer corona composed of 2-3 protein layers develops
and the thickness of the corona increases [38]. Taking into account the
above-mentioned limit, it is not surprising that there is no considerable
difference in protein adsorption behavior between 100 and 200 nm
PLGA-NP.

Concerning protein adsorption a reasonable comparison between
PLGA-NP and 50 and 100 nm carboxyl-modified polystyrene NP can be
drawn [28,39]. Both systems are composed of a polymeric core material
and display a similar zeta potential of about —40mV due to the
terminal carboxyl groups. In addition, in previous studies with poly-
styrene NP the ratio of particle surface area to plasma concentration
was also normalized in order to contemplate size effects. In contrast to
our results, Lundqvist et al. detected only 50% homology between the
coronas [39] and Zhang et al. showed significant protein abundance
changes, too [28]. For instance, a significant smaller amount of hap-
toglobin related protein was bound to the 100 nm polystyrene NP [28].
Considering the aforementioned size limit of 80 nm and the different
basic structure due to the aromatic hydrogen units, the difference to our
results are not unexpected despite the similarities described. For this
reason, size effects seem to be strongly dependent on the NP starting
material.

In a further study a comparable qualitative protein pattern between
200 and 400 nm Fe;04 NP was observed [40], whereas the amount of
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Identified proteins on the surface of 100 and 200 nm PLGA- and PLGA-PEG-NP. Proteins were identified in one (v/), two (¥v) or three (¥vv/) independent
measurements by LC-MS/MS and subsequent data evaluation. Proteins were listed in alphabetical order. Molecular weight (My) and functions are taken from the
web page https://www.uniprot.org/ and the isoelectric point (pI) was calculated by https://web.expasy.org/compute_pi/. Functions were categorized as blood
coagulation (BC); Regulation of insulin-like growth factor (IGF); Immune response (IR); Lipoproteins (LP); Other serum components (OC); Oxygen transport (OT).

Nanoparticle system

100 nm 200 nm
Accession number Protein Function My [Da] pI PLGA PLGA-PEG PLGA PLGA-PEG
QS5E9B5 Actin, gamma-enteric smooth muscle oC 41,877 5.31 vV Vv
B0JYQO ALB protein oc 69,294 5.95 244 44 444 444
P34955 Alpha-1-antiproteinase ocC 46,104 6.05 v v v vy
BOJYN6 Alpha-2-HS-glycoprotein oC 38,419 5.26 v Vv
F1MSZ6 Antithrombin-IIT BC 52,440 6.38 44% %
V6F9A2 Apolipoprotein A-I preproprotein LP 30,276 5.71 vV '22% '44% '22%
P81644 Apolipoprotein A-II LP 11,202 7.80 vy vy vy vvY
P19034 Apolipoprotein C-II LP 11,061 5.67 4% Vv 444
P19035 Apolipoprotein C-III LP 10,692 5.02 v
Q3SYR5 Apolipoprotein C-IV LP 14,438 8.75 v
QOZCB4 Apolipoprotein E LP 27,074 8.87 vy vy vvy Vv
P17690 Beta-2-glycoprotein 1 LP 38,252 8.53 vvYY 444
Q3ZC09 Beta-enolase ocC 47,096 7.60 v
Q32L58 C-C motif chemokine IR 10,337 8.43 vy vvvy
Q29RR9 C-C motif chemokine ligand 14 IR 10,457 8.98 v
FINOI3 Coagulation factor V BC 222,214 5.52 v 8% vV
Q2TBQ1 Coagulation factor XIII B chain BC 75,167 6.34 v v VY
ABE654 COL18A1 protein oC 135,068 5.60 v
P02453 Collagen alpha-1(I) chain ocC 138,939 5.60 vy v
P01030 Complement C4 IR 101,908 6.15 2% '34% 244 244
AOAOF6QNP7 Complement component 3 IR 187,181 6.46 vy vvvy v
Q3TO0A3 Complement factor D IR 27,878 7.64 vvYY 444
Q28085 Complement factor H IR 140,374 6.43 vV 244 v
F1MC45 Complement factor H precursor IR 96,593 5.98 vV v
Q32P14 Complement factor I IR 68,933 8.07 VvV vYvv
Q17QC8 Complement factor properdin IR 50,750 8.32 Va4 v vYvv v
P01035 Cystatin-C oC 16,265 9.23 vy vy vvy vvY
A6QPP9 C-X-C motif chemokine IR 12,609 9.30 VvV vYvv v
A5PJT7 ECM1 protein IR 57,637 7.22 Vv
FIMYNS Fibulin-1 oC 77,486 4.94 v Vv
FIN1I6 Gelsolin cc 85,687 5.86 vYvv '24% v
P10096 Glyceraldehyde-3-phosphate dehydrogenase ocC 35,868 8.51 v Vv
D4QBB3 Hemoglobin beta oT 15,979 6.36 v v
P02081 Hemoglobin fetal subunit beta oT 15,859 6.51 vy vy vvv 24
P01966 Hemoglobin subunit alpha oT 15,184 8.07 4% 22 '24% '244%
P02070 Hemoglobin subunit beta oT 15,954 7.02 VvV v
Q1RMNS8 Immunoglobulin light chain, lambda gene cluster IR 24,536 7.54 v
Q2F6J3 Insulin-like growth factor 2 preproprotein IGF 10,782 7.48 v Vv
P13384 Insulin-like growth factor-binding protein 2 IGF 34,015 7.13 vvYY 444
Q05716 Insulin-like growth factor-binding protein 4 IGF 27,890 7.10 VY Va4
F1IMUK3 Insulin-like growth factor-binding protein 6 IGF 24,953 8.73 Vv Vv
P01045 Kinogen-2 oC 68,710 6.09 v
P68301 Metallothionein-2 oc 6,028 8.23 3%
Q8SPP7 Peptidoglycan recognition protein 1 ocC 21,063 9.59 v
D1Z308 Periostin oC 93,194 7.02 v v
Q95121 Pigment epithelium-derived factor ocC 46,229 6,57 vy v vYvv v
P06868 Plasminogen BC 91,216 7.68 v
Q2HJB6 Procollagen C-endopeptidase enhancer ocC 48,211 8.13 v
P00735 Prothrombin BC 70,506 5.97 '24% vvY 444 144
P82943 Regakine-1 IR 10,281 8.80 3% 3% 44
P02769 Serum albumin ocC 69,294 5.82 v VvV vvv
P04815 Spleen trypsin inhibitor I ocC 10,843 9.00 2% v vV '24%
Q2KIS7 Tetranectin ocC 22,144 5.47 V4% v 3% v
Q28194 Thrombospondin-1 oC 25,015 7.94 v v vV v
E1BHO06 Uncharacterized protein IR 192,764 7.20 VvV vYvv
F1IMLW7 Uncharacterized protein oC 24,397 7.53 v v
F1MVK1 Uncharacterized protein oC 173,973 6.47 v v
G3N0S9 Uncharacterized protein ocC 22,336 7.45 v
Q3ZBS7 Vitronectin CcC 53,575 5.92 v

protein adsorption differed between both systems which was detected
by relative quantification by LC-MS/MS. This quantification method
allows one to reliably detect even minimal size dependent differences in
protein adsorption affinities which cannot be detected by spectro-
photometric determination of total adsorbed protein amount by
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Bradford protein assay. In consequence, the heterogenous data situation
regarding the effect of size on protein corona formation could also re-
sult from the analytical limitations of the methods used.

The above explained arguments regarding the size are not only
appropriate for PLGA-NP but also for PLGA-PEG-NP of both sizes.
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However, the differing adsorption profiles of PLGA-PEG-NP in com-
parison to PLGA-NP will be discussed subsequently.

4.2. Effect of PEGylation on the formation of the protein corona

Coating the surface of nanocarriers with PEG is a widespread
strategy to prolong their systemic circulation time and therefore en-
hance the ability to reach the desired target cell [9]. Gref and colla-
borates established the first PEGylated polymeric nanospheres [41].
They demonstrated that PEGylation of PLGA-NP increases blood cir-
culation time after injection into mice while reducing liver uptake in
comparison to their non-PEGylated counterparts. In order to evaluate
‘stealth’ properties, we prepared NP using an amphiphile diblock co-
polymer consisting of p,i-lactide and glycolide in equal parts covalently
attached to a PEG entity (5kDa). During preparation process, the PEG
chains migrate from the emulsification droplets to the water interface
while the hydrophobic residue remained into the inner core resulting in
a PEG surface coating after organic solvent evaporation and NP pre-
cipitation [41]. For this reason, we assumed the PEG surface density as
15wt% [16].

Our results indicated that PLGA-PEG-NP led to a significant reduced
amount of bound serum proteins and a considerable distinct protein
profile compared to PLGA-NP (Figs. 2 and 3). Due to the hydrophilic
characteristics of the PEG chains, the NP surface is covered by a hy-
drated PEG layer exhibiting a large extended volume. When proteins
approach the surface, the flexible PEG chains become compressed
which creates an unfavorable thermodynamically situation. Conse-
quently, PEGylation prevents NP against opsonization resulting in a
lower immunogenicity [9,30]. The shielding effect substantially

= 120 = 12
£ A PLGA PLGA-PEG 2
2 —_— 3
o o
5 100 - 5 10
T T
Z 80 £ 8
c c
g 3
b =
o | °
2 60 3o
2 2
g 40 2 4
s s
Q Qo
2 2 3
5 g2
3 g
< 0 - <

N Vv > N v >
SHEEROEY S
S & S S & &

o

o

o

o

o

o

o

depends on the PEG chain length and PEG surface density. In general, a
My of 2kDa is considered as sufficient for reducing recognition by
immune cells [9]. According to Gref et al., no further decrease in pro-
tein adsorption can be observed above a PEG My, of 5kDa. Further-
more, a PEG density of 5wt% is determined as the threshold for max-
imum protein adsorption reduction [30]. Taking into account the
above-mentioned limits and the characteristics of our PEGylated NP
systems, the drastically suppression of protein adsorption was readily
conceivable. Nevertheless, it is not possible to inhibit protein adsorp-
tion entirely [22,24,30]. In a recent pioneering study, Schéttler and
coworkers demonstrated that not only the reduced amount of opso-
nizing proteins is the driving force for ‘stealth’ properties but also a
selective enrichment of certain proteins is required. They identified
clusterin, also known as apolipoprotein J, as a new dysopsonin [42].
Instead of clusterin, we identified serum albumin, another protein with
dysopsonic properties, on the surface of all investigated NP systems
[40]. Thus Ogawara and colleagues revealed that blood circulation of
human serum albumin pre-coated polystyrene NP is prolonged after
injection into rats compared to the pristine NP [43]. According to the
highlighted protein band at a My of 67 kDa (Fig. 2), we suggested an
enrichment of serum albumin in the corona of the PLGA-PEG-NP and
therefore also assuming an increased blood circulation lifetime.

We identified a large number of proteins in the corona of the non-
PEGylated NP displaying various physiological functions (Fig. 3,
Table 4). Even though serum is composed of about 3700 different
proteins, the majority of corona constituents generally take part in
immune response, lipid transport, blood coagulation or iron transport
[44]. The corona of the PEGylated NP was less complex and the ap-
pearance of higher molecular weight proteins was partially repressed

B PLGA PLGA-PEG
HEl Mass > 118 kDa
[ Mass 66-118 kDa
[ Mass 43-66 kDa
[ Mass 29-43 kDa
I Mass < 29 kDa
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Fig. 5. Classification of corona proteins according to their molecular mass for (A) 100 nm PLGA- and PLGA-PEG-NP and (B) 200 nm PLGA- and PLGA-PEG-NP.
Proteins were identified in three independent measurements by LC-MS/MS (RUN 1-3) and the molecular mass was taken from the web page https://www.uniprot.

org/.
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Fig. 6. Classification of corona proteins according to their isoelectric point (pI) for (A) 100 nm PLGA- and PLGA-PEG-NP and (B) 200 nm PLGA- and PLGA-PEG-NP.
Proteins were identified in three independent measurements by LC-MS/MS (RUN 1-3) and the isoelectric point was calculated by https://web.expasy.org/compute_

pi/.

which is consistent with previous observations [24]. However, the most
striking observation was the decreased number of proteins involved
into immunoregulatory processes. These proteins are known to be op-
sonins. After adsorption they facilitate phagocytosis by cells of the MPS
via opsonin-recognizing receptors, for example complement and Fc
receptors [9,10]. The adsorption of opsonins is primarily mediated by
hydrophobic interactions [45]. PEGylation led to a more hydrophilic
surface and therefore adsorption of opsonins declined. For instance,
Walkey and coworkers reported that the amount of complement factor
C3 decreased from 30 to 5% w/w of total adsorbed protein when gold
NP were grafted with PEG [24]. In case of PLGA-PEG-NP complement
compound 3 vanished completely. In a current study Chen et al. em-
phasized the role of the complement system in blood clearance me-
chanisms of nanospheres [46]. The complement system is part of the
innate immune system which eliminates infectious microbes. Besides,
C3 is a critical key factor in the three separated pathways (classical,
lectin and alternative) of the activation cascade [47]. They investigated
uptake into human leukocytes after incubation of SPIO nanoworms
with either human plasma or plasma with blocked complement opso-
nization by adding 10 mM EDTA. Results showed that uptake is sig-
nificantly reduced when complement system is inhibited [46]. None-
theless, one has to keep in mind that complement activation is probably
not the sole mechanism of elimination [48].

Apolipoproteins are involved in lipid trafficking and were detected
to be enriched on the surface of various different nanocarriers [44]. In
general, they exhibit dysopsonic properties [3]. Moreover, coating NP
with polysorbate 80 leads to a preferential adsorption of apolipoprotein
E which enables the transport across the blood-brain barrier [49]. The
same phenomenon was observed after covalent attachment of apoli-
poprotein A-I to human serum albumin NP [50]. After FBS incubation
both proteins were identified in the corona of PLGA and PLGA-PEG-NP
underlining the involvement in cell transport mechanisms and biodis-
tribution. Beta-2-glycoprotein I is structurally associated with the li-
poproteins and is therefore also referred to as apolipoprotein H. In
contrast to the other identified apolipoproteins it is assigned to the class
of opsonins. The rapid clearance rate of anionic liposomes in mice is
correlated to the amount of bound beta-2-glycoprotein I. Besides, pre-
treating the animals with anti-human beta-2-glycoprotein I antibodies
prolonged significantly the circulation time [51]. Interestingly, beta-2-
glycoprotein I was determined in three independent measurements by
LC-MS/MS in the corona of 100 and 200 nm PLGA-NP, whereas it could
not be found a single time in the corona of the PLGA-PEG-NP (Table 4).
This fact leads to the assumption that the produced PLGA-PEG-NP of
both sizes will represent a favorable body distribution profile with the
ability of an extended blood circulation lifetime.
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5. Conclusion

In the present study, we demonstrated that Bradford protein assay
represents a suitable approach for quantification of total adsorbed
protein amount after alkaline hydrolysis of PLGA based NP systems. It
provides reliable results within the examined concentration range and
therefore allowing a more in-deep understanding of protein corona
formation after FBS incubation. One objective was to investigate the
effect of NP size on protein adsorption. The data situation on this topic
is very heterogeneous and no clear tendency becomes apparent re-
gardless of the NP starting material. In many cases it is difficult to se-
parate the effect of size from other influential factors on the corona
formation. Additionally, variations in analytical methods can make
directly comparisons of individual studies challenging. Here, the ratio
of total particle surface area to serum concentration was kept constant
for the different particle systems in order to solely investigate the im-
pact of size. Consequently, it can be stated that protein adsorption did
not depend on the size of PLGA- and PLGA-PEG-NP within the range of
100 and 200 nm. A lot of different proteins with varying functions in
body were identified in the corona of PLGA-NP indicating that they are
prone to opsonization. PEGylation led to a significant lower amount of
bound proteins and a less complex protein pattern. Taking into account
the suppression of proteins which are involved into immune response,
the proposed PEGylated NP are representing excellent long-circulating
drug carrier systems with the unique opportunity to potentially take
advantage of enhanced permeability and retention effect (EPR).
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