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Abstract: Polymer nanoparticles continue to be of high interest in life science applications. Still,
adsorption processes occurring in protein-containing media and their implications for biological
responses are not generally predictable. Here, the effect of nanoparticle composition on the adsorption
of bovine serum albumin (BSA), fibronectin (FN) and immunoglobulin G (IgG) as structurally and
functionally different model proteins was explored by systematically altering the composition of
poly(methyl methacrylate-co-styrene) nanoparticles with sizes in a range of about 550 nm. As
determined by protein depletion from the suspension medium via a colorimetric assay, BSA and
IgG adsorbed at similar quantities, while FN reached larger masses of adsorbed protein (up to
0.4 + 0.06 ug-cm~2 BSA, 0.42 4 0.09 pg-cm~2 IgG, 0.72 + 0.04 ug-cm~2 EN). A higher content of
styrene as the more hydrophobic polymer component enhanced protein binding, which suggests a
contribution of hydrophobic interactions despite the particles exhibiting strongly negatively charged
surfaces with zeta potentials of —44 to —52 mV. The quantities of adsorbed proteins were estimated
to correspond to a confluent surface coverage. Overall, this study illustrated how protein binding can
be controlled by systematically varying the nanoparticle bulk composition and may serve as a basis
for establishing interfaces with a targeted level of protein retention and/or presentation.
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1. Introduction

Nanoparticles expose large specific surfaces to their surrounding medium, such as
biological fluid, and are thereby subject to protein adsorption. Often, protein adsorption
to polymer surfaces is considered to be undesired, and, typically, surface modifications
are applied to prevent protein adsorption [1]. In some cases, however, an advantageous
adsorption of specific molecules has been reported, which may subsequently mediate
surprising nanoparticle functions such as brain uptake via apolipoprotein E accumulated
from the serum at the particle surface [2]. Despite the relevance of protein adsorption being
well accepted, there are few systematic studies that explore a model nanoparticle series with
systematic alteration of the composition of the matrix polymer and its impact on protein
adsorption [3]. Instead, most studies were conducted with model nanoparticles, such as
from pure polystyrene with different surface modifications, typically by pre-adsorption of
surfactants [4-9]. Furthermore, etching of the surfaces of polystyrene towards an altered
topography was suggested to affect the quantities of adsorbed proteins [10].

Against this background, it would be of interest to understand whether the bulk
composition of nanoparticles rather than just surface modifications can be relevant for
protein adsorption. Apparently, substantial changes of material characteristics such as
hydrophobicity are known to correlate with protein adsorption [1]. For instance, when
preparing nanoparticles from poly(D,L-lactide-co-glycolide) (PLGA) and, alternatively,
from its diblock copolymer with poly(ethylene glycol) (PEG-PLGA), a lower protein ad-
sorption was found for PEG-PLGA, presumably due to hydrophilic PEG-rich domains
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being present at the particle surface [11]. Furthermore, despite similar coverage of PLGA
particles with surfactant, more hydrophilic PLGA with free carboxyl groups adsorbed
almost tenfold more protein than more hydrophobic ethyl end-capped PLGA, suggesting
that ionic interactions might dominate over hydrophobic interactions in certain cases [12].
In addition to those observations with individual materials, it would be of interest to realize
polymer-composition-dependent control of protein adsorption processes by a series of
materials with tunable composition and thereby tunable protein adsorption. Such systems,
which may allow one to support, prevent or specifically direct the protein adsorption pat-
tern, could later be useful as they affect subsequent processes such as cellular recognition
of nanoparticles, e.g., as carriers in medicine and biotechnology or in bioanalytics.

Considering polystyrene as the most common model material for nanoparticles in
mechanistic protein adsorption studies, it was here explored whether introducing methyl
methacrylate (MMA) as a more hydrophilic comonomer would allow control of protein
adsorption without the need to conduct complex surface chemistry as additional steps after
particle preparation. Model studies with thin films indicated substantially different protein
interactions with polymer segments from these comonomers [13]. Accordingly, the molar
concentrations of MMA and styrene (Sty) were systematically altered when synthesizing
poly(methyl methacrylate-co-styrene) nanoparticles, here abbreviated as P(MMA-Sty)x,
with x representing the molar content of Sty. In order to allow simultaneous preparation of
nanoparticles with different compositions, a synthesis robot was applied for parallel direct
synthesis of the nanoparticles by soap-free emulsion polymerization [14]. The properties of
the particles and the adsorption of a number of different model proteins were studied in
order to allow conclusions on whether P(MMA-5Sty) may enable a tuning of the amount of
adsorbed protein and/or mediate a preferential adsorption of specific proteins.

2. Results

A series of P(MMA-Sty) nanoparticles was synthesized by soap-free emulsion poly-
merization by robot-assisted synthesis [14], and they were purified by extensive dialysis to
remove unreacted monomers. FTIR analysis in the DRIFT mode confirmed that a system-
atic variation of particle matrix composition between 0 and 100 mol% Sty was achieved.
Exemplary FTIR spectra are depicted in Figure 1A which show a typical resolution for
DRIFT measurements and differences in the maximum transmission as linked to powder
packing. Nevertheless, according to established methodologies based on multivariate data
analysis [15], the composition of the particles could be characterized. The determined Sty
content was used in sample labels, e.g., P(MMA-Sty)88.

The synthesis of lattices from such water-based emulsion polymerization is often
followed by downstream processes to collect the polymer by triggering particle aggregation,
subsequent filtration and, finally, polymer drying. In contrast, here, the synthesized product
was further used as nanoparticles in aqueous dispersion, i.e., a stabilized colloidal state
was anticipated. The analysis of nanoparticles by dynamic light scattering (DLS) revealed
homogeneous particle sizes for P(IMMA-Sty)28, P(MMA-Sty)67 and P(MMA-5ty)88 in a
range of 550 nm. In contrast, for PIMMA-5ty)0 and P(MMA-5ty)100 synthesized only from
MMA and Sty, respectively, first DLS analysis suggested the presence of some microparticles
with an apparent broad size distribution (Figure 1B). Upon sonication, smaller particle sizes
were detected, which were still larger than those of materials from MMA /Sty mixtures
(copolymer particles) and exhibited a high polydispersity index (Table 1).
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Figure 1. Nanoparticle characterization by (A) FTIR spectroscopy via DRIFT technology for deter-
mining compositions by multivariate analysis [15], (B) dynamic light scattering for determination
of mean particle size (n = 3, mean, S.D.) and (C) zeta potential analysis (n = 3, mean, S.D.). The
particle sizes were determined without or with additional application of ultrasound for redispersion
(ultrasonic bath, 5 min). Samples indicated with * are expected to be aggregated, i.e., individual
particle sizes are smaller than determined by the light scattering method.
Table 1. Nanoparticle properties.
- Solid Particle . .
Sample Composition Content Charge Particle Size Surface Area
Sty Feed Sty Found c zpa d PDI A
(mol%) (mol%) (mg-ml-1) (mV) (nm) (cm?-mg~1)
P(MMA-Sty)0 0 0 109 £ 18 —45+1 2313 be 0.86 be 26 be
P(MMA-Sty)28 25 28 64+7 —47+1 539 0.19 111
P(MMA-Sty)67 50 67 26+7 —52+1 550 0.21 109
P(MMA-Sty)88 75 88 28+ 8 —50+1 562 0.21 107
P(MMA-Sty)100 100 100 66 + 16 —44+1 1436 P 0.65° 420

2 Zeta potential measured at a conductivity of 50 + 1 uS/cm. P Data after 5 min ultrasound treatment in ultrasonic
bath. € Particle sizes are overestimated and surface areas are underestimated due to aggregation.
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In order to understand whether the DLS data for sonicated samples corresponded to
fragments of particle created by sonication, disaggregated primary particles or remaining
agglomerates that could not be easily dispersed by ultrasound, the size and morphology of
samples were additionally studied by scanning electron microscopy (SEM) (Figure 2). Im-
portantly, this investigation confirmed the presence of homogeneously sized nanoparticles
for P(MMA-Sty)0, suggesting that the DLS measurements displayed artefacts by nanoparti-
cle aggregation. In contrast, P(IMMA-Sty)100 was shown to contain much larger particles
and a broad size distribution, corresponding well to the DLS measurements with sonication.
These differences in particle size distribution with variation of the comonomer feed may be
a consequence of phase-distribution-related phenomena during nanoparticle synthesis.

~

C

Figure 2. Scanning electron microscopy of nanoparticles for (A) P(IMMA-Sty)0, (B) P(MMA-Sty)28,
(C) P(MMA-Sty)67, (D) P(MMA-Sty)88 and (E) P(MMA-Sty)100.

Protein-material interaction cannot be assigned to a single physicochemical parameter
but is a highly complex process. Obviously, analyzing nanoparticle surface properties is
required where particle charge is believed to be a relevant parameter affecting protein
binding [1,16]. The zeta potential can be employed as a measure of surface charge and
was determined in a low-conductivity medium (~50 uS-cm™!), i.e., at conditions where
it was close to the Stern potential. Considering the initiator employed for nanoparticle
synthesis, ammonium persulfate, sulfate moieties decorate one end of each polymer chain.
These groups are expected to be exposed at the particle surface facing the aqueous medium,
which justifies the determined clearly negative charges with zeta potentials varying between
—44 and —52 mV in aqueous medium (Figure 1C). No systematic effect of composition
on particle charges was observed. This can be justified as particle charge is defined in all
cases by the negatively charged headgroup of the polymer chains rather than its backbone
composition (ratio of repeat units).
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In this study, the biointeraction of such nanoparticles was studied with single proteins
in order to avoid competing adsorption effects. The following model proteins were selected:
bovine serum albumin (BSA) as the most frequent protein in blood plasma, a dysopsonin
and a common reference standard for adsorption studies; immunoglobulin G (IgG) as a
major opsonin and important protein in the humoral immune response; fibronectin (FN)
as an important adhesion-mediating protein in cell biology and, in its insoluble form,
part of the extracellular matrix. Another aspect in choosing these model proteins was
the increasing molecular weight ranging from ~66 kDa for BSA and ~150 kDa for IgG to
~450 kDa for FN.

The selected proteins have very different concentrations in physiological fluids such as
serum, ranging over at least two orders of magnitude. For a standardized setup, here, con-
centrations of 50 g ml~! were employed for all proteins. In order to exclude kinetic effects,
an incubation period of 24 h was selected, which should correspond to an equilibrated
condition of binding, spatial rearrangement and detachment processes. Depending on the
protein and particle type, typically 25-85% of the protein was depleted upon incubation
with 1 mg-ml~! nanoparticles. Albumin and IgG showed a trend towards a slightly higher
protein adsorption with increasing Sty content when referring to the mass of protein ad-
sorbed on a specific mass of nanoparticles (Figure 3A). Generally, the adsorbed quantities
of FN were substantially higher than for BSA and IgG, which may be explained by their
physiological function of nonspecific binding to foreign surfaces. When again relating
adsorbed quantities to the mass of employed nanoparticles, a hyperbolic correlation of FN
adsorption and nanoparticle composition with highest adsorption for medium Sty content
was detected (Figure 3A).
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Figure 3. Single protein adsorption studies for different model proteins. (A) Data analysis related to
the mass of employed nanoparticles. (B) Data analysis related to surface areas of the investigated
particles (* particle aggregation for P(MMA-Sty)0, data presentation not possible). Protein binding
of bovine serum albumin (BSA), human immunoglobulin G (IgG) and bovine fibronectin (FN) was
determined by protein depletion from the suspension medium with 1 mg-mL~! nanoparticles and
50 ug mL~! of the respective protein (n > 6; mean, S.D.).

Since the sizes of nanoparticles differed in some cases (Table 1), the quantities of
adsorbed protein were also related to the surface area exposed by the different types of
nanoparticles. It should be noted that for PIMMA-Sty)0, the entire surface of each primary
particle may not be effective for interaction with proteins due to nanoparticle aggregation
as described above. Accordingly, the average surface areas (Table 1) calculated for each
particle composition based on the DLS data may possibly underestimate the accessible
surface for P(MMA-Sty)0 as they do not include interparticulate space that may partially
be penetrated by the dispersion medium. Therefore, the protein adsorption presented in
Figure 3B in relation to the nanoparticle surface area does not include data for P(MMA-
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Sty)0. However, for all other compositions, a trend towards higher protein adsorption with
increasing Sty content was revealed for all studied proteins.

The interaction of proteins with interfaces can lead to different levels of surface
coverage. In principle, proteins may form islets of bound proteins, a confluent monolayer
or—once adsorbed—may promote the binding of further layers of protein. Previously,
for polystyrene nanoparticles prepared by a different polymerization technique, a surface
coverage of ~50% was reported for BSA at pH 6 when relating the number of bound
molecules to their space requirements estimated by their cross-sectional area [17]. In order
to conclude whether the levels of protein binding observed here were in the range of
either of the aforementioned options, an estimate of the weight of the respective protein
monolayer with full surface coverage was performed by projecting the dimensions of each
protein onto a surface (Table 2). The calculations were based on the largest projection area
that the respective molecule may have and considered a planar surface and a maximum
2D surface packing of 91% (as given for circles; it will be lower for the proteins with an
elliptical footprint depending on the aspect ratio [18]). This estimate does not include,
e.g., conformational changes upon protein binding which may lead, e.g., to larger space
requirements, or the effect of particle size/curvature on protein-material or protein—protein
interaction during adsorption. Despite these restrictions of the model and considering also
the experimental precision of protein quantification, the values exemplarily presented in
Table 2 for PIMMA-Sty)67 (as the particles with the highest weight-based protein binding)
suggest that the quantities of adsorbed proteins were in the range of confluent single-layer
surface coverage.

For another protein, fibrinogen, the depletion from the supernatant was often >90% of
the initial standardized concentration used as protein medium, thereby not corresponding
to an equilibrated state and thus not being presented here in detail. Still, it should be noted
that, for this more rod-like protein, it appeared that there may be a trend for an end-on
rather than side-on orientation, i.e., the largest protein axis is located perpendicular to the
nanoparticle surface, as suggested for other materials before [19].

The analytical methodology of protein quantification by depletion from the medium
would be disturbed if non-adsorbed proteins precipitate and are removed along with the
nanoparticles prior to protein quantification. However, there was no indication of such
phenomena as the data analysis also suggested a monomolecular adsorbed layer. Still,
for future use of such particles, e.g., in bioanalytics, a further investigation of potential
structural changes of the non-adsorbed proteins is advised.

Table 2. Properties of employed model proteins and estimate of the space requirements for nanopar-
ticle surface coverage by proteins compared to experimental data of P(MMA-Sty)67.

Estimated

. . . Estimated Area Experiment
Protein MW Dimensions ? . b Monolayer d
Side On Weight Side On © P(MMA-Sty)67
-1 -1
2 (ug-mg~1) (ug-mg~1)
(kDa) (nm) (nm) (Protein/Particles)  (Protein/Particles)
Bovine serum albumin
(BSA) 66 95 x5x5 48 20 195 £ 3.2
Immunoglobulin G (IgG) 150 14.5 x 85 x 4 123 18 153 £3.9
gﬁ)"r‘edm 450 120 x 2.5 x 2.5 300 2 450+ 14

2 Dimensions as reported for albumin [20], IgG [21] and FN [22,23]. b Estimate of projection area. This estimate
does not consider protein unfolding or any other reorientation; side-on orientation was here applied, meaning
that the largest protein surface/axis contacts the substrate/nanoparticle. © Estimate of mass protein per mass
nanoparticles in case a protein monolayer is formed. Data for particles with a diameter of 550 nm, as is the case
for P(MMA-Sty)67. ¢ Exemplary experimental data for P(MMA-Sty)67.
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Considering the composition of the nanoparticles, which were prepared without the
addition of steric stabilizers or polyelectrolyte brushes at their surface, the nanoparticles
present a relatively smooth surface without major dangling chains. In addition to van
der Waals forces, electrostatic interactions and hydrophobic interactions may be the main
contributors for protein binding to these particles, probably with mixed contributions
of these driving forces. Based on the similarly negative zeta potential of the particles
(Figure 1B) and the negative or neutral net charge of the proteins at pH 7.4 (isoelectric point
pl for BSA ~ 5, IgG ~ 7.8 [24], FN ~ 5.6 [25]), the adsorption pattern with a high surface
coverage may not be explained by simply relying on net charges. It should be noted that
the employed proteins exhibit distinct positively charged patches on their surface that may;,
in principle, contribute to a charge-driven binding of overall negatively charged proteins to
negatively charged nanoparticle surfaces. Such dipole electrostatic forces may particularly
account for short-term interactions. As reported, e.g., from electrokinetic binding studies of
albumin, at least on a negatively charged, flat, inorganic material, proteins cannot be treated
like objects with uniform charge distribution to explain adsorption behavior but instead
require 3D charge distribution models [20]. However, it was beyond the scope of this study
to explore potential contributions of charged patches to particle-protein interaction, as may
be conducted in silico [1].

Irrespective of electrostatic interactions and as hypothesized initially, the alteration of
copolymer composition with MMA as the more hydrophilic and Sty as the more hydropho-
bic comonomer appeared to enhance protein deposition along with increasing Sty content
(increasing hydrophobicity). However, this would require sufficient distance between
charged moieties on the nanoparticle surface to allow hydrophobic interaction to take place.
The surface charge density o can be calculated from the zeta potential { and particle radius
a according to Equation (1) [26]:

2e,e0kkT z 1 2 | 8infeosh( )] i
_ 2epeokkT _. ze
c==r smh(—ZkT) 1+ = ) +

3
K cosh? (% (ka)*  sinh? (ﬂ
with

= (2Ns2 172
T\ ge0kT

_1 2
I'=3).ciz;
1

)

where « is the Debye-Hiickel parameter, N4 is the Avogadro number, e is the elementary
charge, gy is permittivity of vacuum, ¢, is the dielectric constant of the medium (78 for
water at 298 K), k is the Boltzmann constant and T is the absolute temperature at which the
experiment was conducted (298 K),

where [ is the ionic strength of the electrolyte medium (NaCl: conductivity 50 ps-cm™1),
¢; is the molar concentration of the respective ion i (4-10~* mol-171,) and z; is the charge
number of the ion.

Based on this, e.g., for PIMMA-Sty)67, o = —0.00278 C-m~2=-0.0174 e~ -nm? can be
determined, which means that one negatively charged moiety per ~58 nm? is found on
average on the nanoparticle surface. This value is lower than that determined in other stud-
ies with polystyrene-based particles, where o values of between —0.05 and —0.08 e~ -nm?
were reported [27]. Considering the space requirement of sulfate headgroups such as from
sodium dodecyl sulfate, which have a projection area of only 0.62 nm? in water (less in
electrolyte solution) [28], it may be concluded that substantial portions of the nanoparticle
surfaces may indeed be available for hydrophobic interactions.
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3. Discussion

This study analyzed the physicochemical properties of negatively charged poly(methyl
methacrylate-co-styrene) nanoparticles in a size range of typically 550 nm and explored this
set of materials as models for analyzing protein—material interaction. It was illustrated that
the alteration of bulk polymer composition can have a clear impact on protein binding, as
shown with three different single proteins of different biological function and molecular
weights (Figure 2). With higher Sty content, the number of adsorbed proteins increased.
Furthermore, higher levels of surface-area-normalized binding of FN (0.35 to 0.7 pg-cm~2)
were observed compared to those of BSA and IgG (0.1 to 0.4 pg-cm~2) depending on
nanoparticle composition. A parameter that could have contributed to the observed higher
protein binding with increased Sty content is the higher hydrophobicity of Sty with its
aromatic moiety compared to aliphatic MMA. The latter is not able to undergo m—m stacking,
which is known to be the strongest interaction of amino acids side chains with nanoparticles
surfaces [29]. Furthermore, charge interactions can also play a relevant role for protein
binding in principle but did not appear to be dominant here since the proteins had a neutral
or negative net charge, the nanoparticle surfaces were bearing negative charges as well
(sulfate groups) and the surface coverage with sulfate moieties was rather low. Other
relevant parameters for protein adsorption can be porosity or surface roughness. Both of
them increase the accessible surface areas for adsorption, while roughness additionally can
alter the protein orientation at the surface, particularly for anisotropic proteins like FN [30].
In this study, SEM analysis was used to verify the size measurements conducted by DLS
using a table-top SEM with limited resolution, which does not provide details of surface
structures. In other sets of P(MMA-Sty) nanoparticles synthesized under comparable
conditions, high-resolution SEM revealed the absence of pores and no visual differences
in surface topology of particles with increasing Sty content. Thus, possible effects of
porosity or different surface roughness on protein adsorption patterns do not seem to
apply for the nanoparticles reported here. Overall, despite this study not including a
more comprehensive analysis of binding kinetics due to restrictions in material quantities
available for screening purposes from high-throughput synthesis, the data suggest that
hydrophobic interactions may play a significant role in the binding of proteins with a
negative or neutral net charge to the nanoparticles, which also exhibit negatively charges.

As previously reported [3], another series of biostable copolymer nanoparticles from
poly[acrylonitrile-co-(N-vinyl pyrrolidone)] (P(AN-NVP)) showed an adsorption of 0.25 to
0.7 ug-cm~2 for BSA and 0.05 to 0.5 pg-cm~2 for FN upon increasing material hydropho-
bicity (acrylonitrile content up to 100%) when high concentrations of protein solutions
(BSA: 40 mg-ml’1 ; FN: 400 ug~ml’1) were used. For these P(AN-NVP) nanoparticles, at
higher protein concentrations, BSA apparently showed a higher, i.e., multilayer, adsorption.
However, when employing a standard concentration of 50 pg-ml~!, as performed here,
only 0.01 to 0.06 pg-cm 2 for both BSA and FN was adsorbed to P(AN-NVP) (unpublished
data), i.e., concentrations lower than observed here for P(MMA-Sty). This suggests that
the P(MMA-Sty) series of nanoparticles may be suited to expanding the range of protein
binding established by previous series of model copolymer nanoparticles.

Based on the observation that the level of bound protein systematically expanded the
range of surface-bound protein quantities of PCAN-NVP), this work, beyond being a starting
point for further mechanistic studies such as those on competitive protein adsorption in
serum, may also contribute to establishing interfaces with a targeted level of protein
retention and/or exposure to a technical or biological readout system, e.g., in bioanalytics.

4. Materials and Methods
4.1. Materials

The monomers methyl methacrylate (MMA, >99%, Fluka/Merck, Darmstadt, Ger-
many) and styrene (Sty, >99%) were delivered by Sigma-Aldrich (Steinheim, Germany),
ammonium bicarbonate solution (ABC, >99%; 6 mM) by Bernd Kraft (Duisburg, Germany)
and ammonium persulfate (APS, >98%) by Merck (Darmstadt, Germany). For dialysis,
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Corning® Costar® Spin-X® polypropylene centrifuge tube filters (0.22 pm pore size nylon
membrane; Sigma-Aldrich) were used.

For protein adsorption studies, bovine serum albumin (BSA, A-9647, Sigma-Aldrich),
fibronectin from bovine plasma (FN, F-4759, Sigma-Aldrich) and human immunoglobulin
G (IgG, I-2511, Sigma-Aldrich) were employed using phosphate-buffered saline as medium
(PBS, pH 7.4). All proteins were used as received.

4.2. Synthesis of PIMMA-Sty) Nanoparticles

The synthesis of P(MMA-Sty) was conducted in an automated parallel synthesizer plat-
form Accelerator SLTII/106 (Chemspeed Technologies, Augst, Switzerland) as described
earlier [14]. Briefly, the synthesis was conducted in ABC with APC as initiator and a total
concentration of 1.57 mmol-mL~! MMA and Sty at different ratios (0:100, 25:75, 50:50, 75:25,
100:0). The samples were extensively dialyzed against water for purification using 0.22 um
membrane tubes. The number of particles in the aqueous suspension was determined
by freeze-drying 10 uL particle latex in a 1.5 mL sample tube (sample freezing at —29 °C
for 2 h; lyophilization using Alpha 2-4 LSC, Martin Christ, Osterode, Germany; vacuum
0.08 mbar, condenser temperature —80 °C, 19 h) and determining the dry mass with a
microbalance (XP26M, Mettler-Toledo, Giefien, Germany).

4.3. Analysis of Particle Composition, Size, Charge and Morphology

The determination of particle composition was conducted by diffuse reflectance in-
frared spectroscopy (DRIFT) according to [15] using a Vertex 70 spectrometer (Bruker Optik,
Ettlingen, Germany).

Zeta potential of the particles was determined by laser Doppler micro-electrophoresis
of diluted particle samples in water (conductivity adjusted to ~50 uS-cm~1) at 25 °C using
a Beckman Coulter Delsa™ Nano C (Beckmann Coulter GmbH, Krefeld, Germany).

Particle sizes were analyzed by dynamic light scattering (DLS) of diluted particle
samples in water at 25 °C in quartz glass cuvettes using a Malvern Zetasizer Nano ZS
(Malvern Instruments, Herrenberg, Germany). In some cases, samples were sonicated in an
ultrasonic bath (5 min; Transsonic 95/HL, Elma, Singen, Germany) prior to analysis.

Particle sizes were additionally assessed by scanning electron microscopy (SEM). Diluted
lattices of particles were spin-coated on a silicon wafer, sputtered with gold and examined
with a Phenom G2 Pro microscope (Phenom-World, Eindhoven, The Netherlands).

4.4. Analysis of Model Protein Adsorption

Nanoparticle suspensions (175 uL; 2 mg-mL~!) were mixed with 175 puL of either BSA,
FN or IgG (100 pug-mL~!) and incubated at 37 °C on an orbital shaker (80 rpm, Certomat
IS, BBraun Biotech International, Melsungen, Germany) for 24 h. The supernatant was
collected after centrifugation (50,377 x g, 2 h; Heraeus Biofuge Stratos, Thermo Scientific,
Dreieich, Germany), and the remaining protein was determined by a QuantiPro™ BCA
Assay kit (Sigma-Aldrich, St. Louis, MO, USA) using a calibration curve in the linear range
from 1 to 70 ug protein per ml. The protein adsorption to the particles was determined by
the depletion of protein from the supernatant.

The surface coverage of nanoparticles by proteins was evaluated by a simplified
calculation approach that comprised three steps: (i) determining the possible number of
molecules with a given projection area on a standardized flat substrate (1 cm?), corrected by
the highest possible 2D packing of 0.91, as applicable to circles, (ii) estimating the number
of protein molecules per mass (1 mg) of nanoparticles using the particle volume (r-d*/6),
the particle surface area (-d?) and the polymer density (estimated 1.13 g~cm_3 [31]),
(iii) calculating the corresponding mass of proteins per mg nanoparticles based on the
respective protein molecular weight.
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4.5. Statistical Data Analysis

Data of independent measurements were used to calculate statistical descriptors (mean,
S.D.) of the samples.

Author Contributions: Conceptualization, C.W.; methodology, B.S. and S.B.; formal analysis, B.S.;
investigation, B.S., S.B. and C.W.; resources, C.W.; data curation, B.S.; writing—original draft prepara-
tion, B.S. and C.W.; writing—review and editing, B.S., S.B. and C.W.; visualization, B.S. and C.W.;
project administration, C.W.; funding acquisition, C.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by German Federal Ministry for Education and Research (BMBF)
within the research network Molecular Interaction Engineering (MIE, grant # 031A095D).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available from the authors upon reasonable request.

Acknowledgments: The authors wish to acknowledge the previous work of M. Behl/A. Lendlein
(robot-assisted synthesis), the technical support by D. Radzik and A. Pfeiffer and discussion on
surface charge density with J. Dzubiella and M. Heuchel.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Wei, Q.; Becherer, T.; Angioletti-Uberti, S.; Dzubiella, J.; Wischke, C.; Neffe, A.T.; Lendlein, A.; Ballauff, M.; Haag, R. Protein
Interactions with Polymer Coatings and Biomaterials. Angew. Chem. Int. Ed. 2014, 53, 8004-8031. [CrossRef]

Kreuter, J.; Petrov, V.E.; Kharkevich, D.A.; Alyautdin, R.N. Influence of the type of surfactant on the analgesic effects induced by
the peptide dalargin after its delivery across the blood-brain barrier using surfactant-coated nanoparticles. J. Control. Release 1997,
49, 81-87. [CrossRef]

Staufenbiel, S.; Merino, M.; Li, W.Z.; Huang, M.D.; Baudis, S.; Lendlein, A.; Muller, R.H.; Wischke, C. Surface characterization and
protein interaction of a series of model poly[acrylonitrile-co-(N-vinyl pyrrolidone)] nanocarriers for drug targeting. Int. J. Pharm.
2015, 485, 87-96. [CrossRef]

Gessner, A.; Lieske, A.; Paulke, B.R.; Miiller, R.H. Influence of surface charge density on protein adsorption on polymeric
nanoparticles: Analysis by two-dimensional electrophoresis. Eur. |. Pharm. Biopharm. 2002, 54, 165-170. [CrossRef] [PubMed]
Moghimi, S.M.; Muir, L.S,; Illum, L.; Davis, S.S.; Kolb-Bachofen, V. Coating particles with a block co-polymer (poloxamine-908)
suppresses opsonization but permits the activity of dysopsonins in the serum. Biochim. Biophys. Acta BBA Mol. Cell Res. 1993,
1179, 157-165. [CrossRef] [PubMed]

Moghimi, S.M. Prolonging the circulation time and modifying the body distribution of intravenously injected polystyrene
nanospheres by prior intravenous administration of poloxamine-908. A ‘hepatic-blockade’ event or manipulation of nanosphere
surface in vivo? Biochim. Biophys. Acta BBA General. Subj. 1997, 1336, 1-6. [CrossRef] [PubMed]

Ogawara, K.-I.; Furumoto, K.; Nagayama, S.; Minato, K.; Higaki, K.; Kai, T.; Kimura, T. Pre-coating with serum albumin reduces
receptor-mediated hepatic disposition of polystyrene nanosphere: Implications for rational design of nanoparticles. J. Control.
Release 2004, 100, 451-455. [CrossRef]

Gessner, A.; Lieske, A.; Paulke, B.-R.; Miiller, R.H. Functional groups on polystyrene model nanoparticles: Influence on protein
adsorption. J. Biomed. Mater. Res. Part. A 2003, 65A, 319-326. [CrossRef]

Oberlédnder, J.; Champanhac, C.; da Costa Marques, R.; Landfester, K.; Maildnder, V. Temperature, concentration, and surface
modification influence the cellular uptake and the protein corona of polystyrene nanoparticles. Acta Biomater. 2022, 148, 271-278.
[CrossRef]

Chen, B.; Wu, Z; Tian, M.; Feng, T.; Chen, Y.; Luo, X. Effect of surface morphology change of polystyrene microspheres through
etching on protein corona and phagocytic uptake. J. Biomater. Sci. Polym. Ed. 2020, 31, 2381-2395. [CrossRef]

Partikel, K.; Korte, R.; Stein, N.C.; Mulac, D.; Herrmann, EC.; Humpf, H.-U.; Langer, K. Effect of nanoparticle size and PEGylation
on the protein corona of PLGA nanoparticles. Eur. J. Pharm. Biopharm. 2019, 141, 70-80. [CrossRef]

Spreen, H.; Behrens, M.; Mulac, D.; Humpf, H.-U.; Langer, K. Identification of main influencing factors on the protein corona
composition of PLGA and PLA nanoparticles. Eur. J. Pharm. Biopharm. 2021, 163, 212-222. [CrossRef] [PubMed]

Kumar, N.; Hahm, J.I. Nanoscale protein patterning using self-assembled diblock copolymers. Langmuir 2005, 21, 6652-6655.
[CrossRef] [PubMed]

Baudis, S.; Lendlein, A.; Behl, M. High-Throughput Synthesis as a Technology Platform for Copolymer Libraries. Macromol. Symp.
2014, 345, 105-111. [CrossRef]


https://doi.org/10.1002/anie.201400546
https://doi.org/10.1016/S0168-3659(97)00061-8
https://doi.org/10.1016/j.ijpharm.2015.02.072
https://doi.org/10.1016/S0939-6411(02)00081-4
https://www.ncbi.nlm.nih.gov/pubmed/12191688
https://doi.org/10.1016/0167-4889(93)90137-E
https://www.ncbi.nlm.nih.gov/pubmed/8218358
https://doi.org/10.1016/S0304-4165(97)00060-3
https://www.ncbi.nlm.nih.gov/pubmed/9271243
https://doi.org/10.1016/j.jconrel.2004.07.028
https://doi.org/10.1002/jbm.a.10371
https://doi.org/10.1016/j.actbio.2022.06.028
https://doi.org/10.1080/09205063.2020.1813062
https://doi.org/10.1016/j.ejpb.2019.05.006
https://doi.org/10.1016/j.ejpb.2021.04.006
https://www.ncbi.nlm.nih.gov/pubmed/33862242
https://doi.org/10.1021/la050331v
https://www.ncbi.nlm.nih.gov/pubmed/16008369
https://doi.org/10.1002/masy.201400159

Int. ]. Mol. Sci. 2023, 24, 16390 11 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Baudis, S.; Lendlein, A.; Behl, M. High Throughput Characterization of Polymer Libraries by Diffuse Reflectance Infrared
Spectroscopy. Macromol. Mater. Eng. 2014, 299, 1292-1297. [CrossRef]

Engberg, A.E.; Nilsson, PH.; Huang, S.; Fromell, K.; Hamad, O.A.; Mollnes, T.E.; Rosengren-Holmberg, J.P.; Sandholm, K;
Teramura, Y.; Nicholls, I.A.; et al. Prediction of inflammatory responses induced by biomaterials in contact with human blood
using protein fingerprint from plasma. Biomaterials 2015, 36, 55-65. [CrossRef]

Baier, G.; Costa, C.; Zeller, A.; Baumann, D.; Sayer, C.; Araujo, PH.H.; Mailander, V.; Musyanovych, A.; Landfester, K. BSA
Adsorption on Differently Charged Polystyrene Nanoparticles using Isothermal Titration Calorimetry and the Influence on
Cellular Uptake. Macromol. Biosci. 2011, 11, 628-638. [CrossRef] [PubMed]

Delaney, G.; Weaire, D.; Hutzler, S.; Murphy, S. Random packing of elliptical disks. Phil Mag. Lett. 2005, 85, 89-96. [CrossRef]
Roach, P; Farrar, D.; Perry, C.C. Interpretation of protein adsorption: Surface-induced conformational changes. J. Am. Chem. Soc.
2005, 127, 8168-8173. [CrossRef]

Adamczyk, Z.; Dabkowska, M.; Kujda, M.; Sofinska, K. Human Serum Albumin Adsorption on Solid Substrates. In Colloid
and Interface Chemistry for Nanotechnology; Progress in Colloid and Interface Science; CRC Press: Boca Raton, FL, USA, 2013;
pp. 405-437.

Tan, Y.H.; Liu, M.; Nolting, B.; Go, ].G.; Gervay-Hague, J.; Liu, G.Y. A Nanoengineering Approach for Investigation and Regulation
of Protein Immobilization. ACS Nano 2008, 2, 2374-2384. [CrossRef]

Erickson, H.P.; Carrell, N.; Mcdonagh, J. Fibronectin Molecule Visualized in Electron-Microscopy—A Long, Thin, Flexible Strand.
J. Cell Biol. 1981, 91, 673-678. [CrossRef] [PubMed]

Pelta, J.; Berry, H.; Fadda, G.C.; Pauthe, E.; Lairez, D. Statistical conformation of human plasma fibronectin. Biochemistry 2000, 39,
5146-5154. [CrossRef] [PubMed]

Bunkute, E.; Cummins, C.; Crofts, FJ.; Bunce, G.; Nabney, I.T.; Flower, D.R. PIP-DB: The Protein Isoelectric Point database.
Bioinformatics 2015, 31, 295-296. [CrossRef] [PubMed]

Boughton, B.J.; Simpson, A.W. The Biochemical and Functional-Heterogeneity of Circulating Human-Plasma Fibronectin. Biochem.
Biophys. Res. Commun. 1984, 119, 1174-1180. [CrossRef]

Makino, K.; Ohshima, H. Electrophoretic Mobility of a Colloidal Particle with Constant Surface Charge Density. Langmuir 2010,
26,18016-18019. [CrossRef]

Wang, X.G.; Miller, D.S.; de Pablo, ].].; Abbott, N.L. Organized assemblies of colloids formed at the poles of micrometer-sized
droplets of liquid crystal. Soft Matter 2014, 10, 8821-8828. [CrossRef]

Butt, H.-J.; Graf, K.; Kappl, M. Surfactants, Micelles, Emulsions, and Foams. In Physics and Chemistry of Interfaces; John Wiley &
Sons: Hoboken, NJ, USA, 2004; pp. 246-279.

Zhang, Y.Z.; Casabianca, L.B. Probing Amino Acid Interaction with a Polystyrene Nanoparticle Surface Using Saturation-Transfer
Difference (STD)-NMR. J. Phys. Chem. Lett. 2018, 9, 6921-6925. [CrossRef]

Rechendorff, K.; Hovgaard, M.B.; Foss, M.; Zhdanov, V.P.; Besenbacher, F. Enhancement of Protein Adsorption Induced by Surface
Roughness. Langmuir 2006, 22, 10885-10888. [CrossRef]

Ellis, B.; Smith, R. Polymers: A Property Database, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2009.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/mame.201400073
https://doi.org/10.1016/j.biomaterials.2014.09.011
https://doi.org/10.1002/mabi.201000395
https://www.ncbi.nlm.nih.gov/pubmed/21384550
https://doi.org/10.1080/09500830500080763
https://doi.org/10.1021/ja042898o
https://doi.org/10.1021/nn800508f
https://doi.org/10.1083/jcb.91.3.673
https://www.ncbi.nlm.nih.gov/pubmed/7328116
https://doi.org/10.1021/bi992770x
https://www.ncbi.nlm.nih.gov/pubmed/10819982
https://doi.org/10.1093/bioinformatics/btu637
https://www.ncbi.nlm.nih.gov/pubmed/25252779
https://doi.org/10.1016/0006-291X(84)90899-4
https://doi.org/10.1021/la1035745
https://doi.org/10.1039/C4SM01784F
https://doi.org/10.1021/acs.jpclett.8b02785
https://doi.org/10.1021/la0621923

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Materials 
	Synthesis of P(MMA-Sty) Nanoparticles 
	Analysis of Particle Composition, Size, Charge and Morphology 
	Analysis of Model Protein Adsorption 
	Statistical Data Analysis 

	References

