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ABSTRACT: When in contact with a biological medium, the
surfaces of nanoparticles are usually covered by proteins. In this
regard, it was found that poly(ethylene glycol) (PEG) promotes
the “stealth effect”. This implies a reduction of unspecific protein
adsorption and cellular uptake. Although information about the
PEG−protein interaction was reported, more accurate and
sophisticated structure and dynamics analyses are needed to
understand the interaction processes in detail. This work studies
the PEG−protein interaction using model nanoparticles stabilized
either by the PEG-based surfactant Lutensol AT50 or sodium
dodecyl sulfate. The interaction with human serum albumin was
studied using neutron scattering techniques. The parameters
obtained by small-angle neutron scattering yielded information about the adsorbed protein layer thickness. Protein structure
changes were detected via differential scanning fluorimetry and elastic neutron scattering. This combination gives a better insight
into the PEG−protein interaction, contributing to the design of nanomaterials for medical applications.

■ INTRODUCTION
Nanocarriers for biomedical applications are usually designed
to achieve the desired transport effect avoiding their rapid
clearance from the bloodstream and the induction of an
immune response. However, after introduction into the body,
proteins and other biomolecules present in the blood are
adsorbed onto the surface of colloidal nanomaterials.1,2 These
adsorbed biomolecules constitute the so-called protein or
biomolecule corona and influence the biological behavior,
including biodistribution, immune response, and elimination
from the body.3 Hydrophilic polymers such as poly(ethylene
glycol) (PEG) are commonly used to promote the so-called
“stealth effect”. Initially, it was observed that protein
adsorption decreases if nanomaterials are functionalized with
PEG chains.4−6 This effect leads to longer circulation times in
the bloodstream and reduction of unspecific cell uptake.
Further studies suggested that the presence of PEG not only
reduces the overall unspecific protein adsorption in blood
plasma but can also promote the enrichment of particular
proteins.6,7 These specific proteins would play a critical role in
triggering the highly desired stealth effect. Although function-
alization with PEG is currently the most commonly used
strategy, new polyphosphoester (PPE) polymers such as
poly(ethyl ethylene phosphate) are emerging as a biodegrad-
able alternative.8,9 A few studies demonstrated that PPE
conjugates exhibit similar protein adsorption patterns to those
with PEG.10 Other examples are cylindrical brush polymers

such as polysarcosines, which are suitable carriers that extend
in vivo circulation times and show high biocompatibility.11 For
example, azide groups on the poly oxazoline side chains
effectively target dendritic cells and exhibit low immunoge-
nicity in different animal models.12 Even though PEG and its
developed alternatives are now intensively investigated, it is
still unclear which are the molecular scale processes leading to
different interactions with proteins. Thus, we intend to
understand the protein interactions of PEG on nanocarriers
compared to non-PEGylated surfaces. One of the biggest
challenges in this regard is the difficulty of finding suitable
characterization techniques that can provide the necessary
resolution. For example, circular dichroism determines the
conformational changes of the secondary and tertiary structure
of proteins, but transparent solutions are required.13 NMR
spectroscopy can provide detailed structural information about
macromolecules at an atomic resolution but becomes
extremely challenging and resource-demanding for proteins.14

Other techniques such as cryogenic transmission electron
microscopy offer a powerful view of the protein structure.
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However, all the techniques mentioned above do not provide
structural information at a sufficiently high resolution and are
not interface-specific. In contrast, small-angle scattering is a
powerful tool to study the structure and interaction of colloids
to overcome these disadvantages. For example, the interaction
between silica nanoparticles (NPs) and bovine serum albumin
indicates that they behave as individual entities due to the
electrostatic repulsive interaction.15 Likewise, small-angle X-ray
scattering and small-angle neutron scattering (SANS) were
used together with some theoretical models to evaluate the
interaction between gold NPs and human serum albumin
(HSA).16 On the other side, the interaction between
surfactants with proteins and NPs separately have been also
reported, that is, fibrillation of α-synuclein protein by sodium
dodecyl sulfate (SDS)17 or the interaction of anionic silica NPs
with ionic and nonionic surfactants.18 More complex systems
constituted by three components, NPs, proteins, and
surfactants, are the next step in understanding the impact of
surfactants on protein adsorption.
This work focuses on small-angle scattering because it offers

a reliable nanometer-resolution structural characterization of
proteins and their interactions as it is able to quantitatively
discriminate between adsorbed and dispersed proteins in bulk.
SANS and elastic neutron scattering (ENS) can be applied to
determine structural parameters and dynamics of protein−NP
interactions. Both neutron scattering techniques allow the
determination of the low-resolution structure of individual
colloidal components such as the nanomaterial functionaliza-
tion by H/D isotopic substitution. Furthermore, correlation
with other techniques, such as nano differential scanning
fluorimetry (nanoDSF) gives information about the conforma-
tional stability of the proteins. We applied a combination of
these techniques to obtain insights into the impact of PEG on
model polystyrene (PS) NPs on the protein adsorption.
Lutensol AT50 (LutAT50) was selected as a PEG-based
surfactant for surface coating and compared with the negatively
charged SDS. As a protein, HSA was determined to be the
most prevalent protein in human plasma. Thereby, we were
able to identify small changes in the thickness of the adsorbed
protein layer, which correlate well with the information
obtained about the protein structure.

■ MATERIALS AND METHODS
Samples. HSA was purchased from Sigma-Aldrich (St. Louis, MO;

product no. A3782) and used without further purification. All protein
solutions were freshly prepared with D2O from Sigma-Aldrich (≥99.9
atom % D). Styrene-d8 (≥98 atom % D) and hexadecane (>99%)
were also purchased from Sigma-Aldrich. Styrene was freshly purified
before the synthesis via distillation to remove the stabilizer 4-
tertbutylcatechol. 2,2′-Azobis(2-methylbutyronitrile) (V59) was

purchased from Wako Chemicals (Neuss, Germany). The nonionic
surfactant Lutensol AT50 (PEG-hexadecyl ether) was purchased from
BASF AG (Ludwigshafen, Germany). The anionic surfactant SDS was
purchased from Fluka (Sigma-Aldrich).
NP Preparation. PS NPs with either SDS or Lutensol AT50 as the

surfactant were synthesized using the miniemulsion polymerization
method with styrene-d8 as the monomer according to a previously
published procedure.19 In brief, the aqueous phase containing
Lutensol AT50 or SDS was added to a mixture of styrene-d8, initiator
V59 (Wako Chemicals), and the hydrophobe (hexadecane). After 1
hour of pre-emulsification, the mixture was sonicated using a Branson
Sonifier (1/2 in. tip, 6.5 mm diameter) for 2 min at 450 W and 90%
amplitude in an ice-cold bath. The polymerization was carried out at
72 °C at 1000 rpm. The resulting NPs were washed five times via
centrifugation and resuspension in D2O. The NPs were filtered
through Millex-SV 5 μm filters (Merck Millipore, Billerica, USA)
before use to remove aggregates or potential impurities such as dust.
Both NPs were synthetized with a final solid content of 1 wt %.
Particle Characterization. The hydrodynamic size of the NPs

was measured by dynamic light scattering (DLS) using a Zetasizer
Nano (Malvern Instruments). The final sample concentration was 5
mg mL−1, and all the measurements were run at 25 °C.
Small-Angle Neutron Scattering. SANS data were collected

from D2O dispersions of the pure NPs, pure surfactants, native HSA
in D2O, and mixtures of HSA/NPs. The final concentration for native
HSA and for HSA in all the mixtures was 5 mg mL−1. The NP−
protein mixtures were centrifuged at 20,000g for 30 min and
subsequently redispersed in D2O before the measurements to
eliminate all free protein left in solution. SANS data were collected
on the D11 SANS instrument (ILL, France). All measurements were
performed using an incident neutron wavelength λ = 5 Å and at two
different sample−detector distances and acquisition times (2 m for 10
min and 14 m for 30 min). These conditions yield momentum
transfers Q covering the range 0.001−0.4 Å−1, where Q is defined as Q
= (4π/λ) sin(θ/2) with θ being the scattering angle. All the samples
were contained in fused silica cells with a path length of 1 mm. Data
were corrected for the detector deadtime, flat field (using the
scattering by 1 mm H2O), background (using boron carbide as an
absorber), and transmission, using a beam monitor for normalization.
The contribution from the empty cell was subtracted. The intensity
level of water was used as a secondary standard to obtain intensities in
the absolute scale. Data, being isotropic, were azimuthally averaged,
leading to 1D profiles. To take into account the contribution of
incoherent (Q-independent) scattering due to protons, a constant was
subtracted from the spectra during the different fitting procedures.
The data were analyzed by means of the open software packages
SASview18 and SASfit employing the core−shell sphere model. This
model provides the form factor, P(Q), for a spherical particle with a
core−shell structure.
Differential Scanning Fluorimetry. A Prometheus NT.84

nanoDSF device from NanoTemper Technologies GmbH (Munich,
Germany) was used with standard glass capillaries (NanoTemper).
Capillaries were filled with 10 μL of each sample. The excitation
power was set to 30%, and the temperature ramp from 20 to 95 °C
was run with a heat rate of 1 °C min−1. The intrinsic fluorescence was

Figure 1. Schematic illustration of the surfactant distribution: (a) SDS and (b) LutAT50 on PS NPs surfaces.
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recorded at 330 and 350 nm. For the analysis, the signal obtained
from the wavelength of the 330 nm channel was used. The protein−
NP solutions were obtained by mixing the same volume of 10 mg
mL−1 protein solution in D2O and 10 mg mL−1 NP dispersion to
obtain a final concentration of 5 mg mL−1 of NPs and HSA each. The
samples containing the mixture of NPs and HSA were incubated for
30 min at 37 °C and centrifuged at 20,000g again for 30 min. After
centrifugation, the formed pellet was redispersed in the same amount
of D2O. In the case of bare NPs and HSA, the final concentration was
5 mg mL−1 as well.
Elastic Neutron Scattering. The ENS experiments were

performed at the backscattering spectrometer IN13 at ILL, with an
energy resolution of 8 μeV (integrating motions slower than approx.
80 ps) at ambient pressure at the temperatures of 280, 300, and 310
K. The sample solutions were loaded in flat sample holders of 1 mm
thickness. The final concentration for native HSA and for HSA in all
the mixtures was 5 mg mL−1. The NP−protein mixtures were
centrifuged at 20,000g for 30 min and subsequently redispersed in
D2O before the measurements to eliminate all free protein left in the
solution. The elastic intensities, measured as a function of
temperature, were reduced according to the standard procedure and
normalized to vanadium.

■ RESULTS AND DISCUSSION
To evaluate the PEG influence on protein adsorption, we
compared NPs with a non-covalently PEGylated surface using
the surfactant LutAT50 with NPs with a non-PEGylated
surface (stabilized by SDS) (Figure 1).
Surfactants are key for NP synthesis and to ensure colloidal

stability. SDS is an anionic surfactant composed of a
hydrophobic tail and a negatively charged head group pointing
toward the aqueous solution and providing electrostatic
repulsion between the NPs. In low concentrations (i.e.,
below the quantification limit after extensive washing), SDS
is well compatible with biological applications. On the other
side, LutAT50 is a nonionic PEG-based surfactant constituted
of a hydrophobic alkyl chain and a long hydrophilic PEG block
that extends into the solution to a certain extent, providing

steric stabilization. To study the influence of PEG on protein
adsorption, this surfactant was selected as a straightforward
way to functionalize NPs with PEG chains in the absence of
another stabilizing agent (e.g., covalent PEGylation initially
requires the addition of another charged surfactant during NP
synthesis, which is then later mainly washed off, but minor
amounts might remain). Thus, in this manner, the control over
the type of functional moieties and, therefore, comparability
between the two systems is better.
Two batches of PS NPs (stabilized either with SDS or with

LutAT50) were prepared using styrene-d8 as a monomer with
D2O as a dispersion medium. PS was selected as a NP model
material because of its stability, reproducibility and control of
process parameters. They are very well-studied and their
physico-chemical properties (size, charge, etc.) can be precisely
tuned, even with different surfactants for stabilization20 or
changed solvents (D2O vs H2O). In addition, we know that the
NP batches do not change (regarding colloidal stability or
regarding surface composition) over long time frames (several
months), which is necessary for performing studies with long
experimental time frames, such as neutron scattering experi-
ments. Both surfactants, SDS and LutAT50, are comparable in
terms of stability, yielding similar size distributions of the NPs.
The size of the obtained NPs was measured by DLS (Table

1). The corresponding correlation functions and distributions
are shown in Figures S1 and S2.
The obtained sizes of the NPs were similar within the

experimental error range. It is important to remark that the NP
size is highly influenced by the optimum surfactant
concentration needed for the different stabilization mecha-
nisms (ionic vs steric). Therefore, it is not trivial to obtain
different batches of precisely the same size. To characterize the
formed protein layer, both synthesized NP batches were
incubated with HSA to allow protein adsorption. Then, the
excess of free proteins was removed by performing
centrifugation and washing steps (for details, see the Materials

Table 1. Characterization of the Investigated NP Batches

Figure 2. SANS experimental data with the corresponding best fitting curves superimposed to the PS NP−SDS (a) and PS NP−LutAT50 (b)
experimental points.
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and Methods section). Further, these batches of NPs with
adsorbed HSA and NPs without protein were used to perform
SANS measurements.
Small-Angle Neutron Scattering Experiments. First,

stabilized NPs without proteins were analyzed. Figure 2 shows
the scattering intensity versus the momentum transfer Q for PS
NPs stabilized with SDS (a) and LutAT50 (b) without
proteins.
To analyze the SANS profile, we used a core−shell sphere

with a log-normally distributed radius of the core accounting
for the PS latex and a constant shell thickness accounting for
the surfactant coating. Interactions were neglected, that is, no
structure factor was used. The scattering length density (SLD)
(see the Supporting Information) of the core was imposed to
the PS-d8 value, whereas the SLD of the shell was that of SDS
or LutAT50. The scattering intensity of PS NP−LutAT50 was
perfectly fitted using a core−shell model (Figure 2b).
However, to analyze the PS NP−SDS sample, we used the
fractal-core shell model that considers the scattering from
fractal-like aggregates of building blocks of core−shell
spheres.21 This model is based on the Teixeira model for the
S(Q) of a fractal and a P(Q) for a core−shell model.22 It
described the curve reasonably well in the whole Q range
(Figure 2a), and the parameters are consistent with the simple
core−shell model (where the low Q fit was not satisfying).
Fitting with an SLD of the shell as the adjustable parameter
was also performed but did not yield a reasonably good fit
quality.
The radius (Rg) obtained for PS NP−SDS was 650 Å (65

nm), whereas for PS NP−LutAT50, it was 693 Å (69 nm). As
expected, the NP radii are slightly lower than those obtained
using DLS (Rh) (86 nm for PS NP−SDS and 96 nm for PS
NP−LutAT50). The values obtained using DLS refer to the
hydrodynamic radius and consider the hydration shell.
Furthermore, the so-called ρ-ratio (ρ = Rg/Rh) is calculated
for a homogeneous sphere to be 0.775.23 This value completely
fits to SDS- and Lut-stabilized particles with ρ values around
0.7 in both cases. The inferred shell thickness of 2 Å for PS
NP−SDS matches with the presence of SDS molecules, while
the 3 Å shell thickness for PS NP−LutAT50 may suit LutAT50
with the hydrophilic PEG part in a mushroom conformation
on the NP surface. The obtained values match the fact that the
density of LutAT50 on the particle surface is rather low due to
the washing and purification steps so that the average shell
thickness might be lower than the local thickness of individual
surfactant molecule patches. Moreover, the model applied
(taking into account a small portion of aggregates) is in good
agreement with the colloidal stability of the two particle types
as the electrostatically stabilized NPs are slightly more prone to
form aggregates than the sterically stabilized ones. The
obtained radii and shell thicknesses from the analysis are
summarized in Table 2.

After evaluating all pure components, including HSA and the
surfactants (see Figures S3 and S4), the NPs were analyzed in
the presence of adsorbed protein. To ensure that no significant
amounts of free protein were in solution, the NP dispersions
were washed by centrifugation and redispersion (see the
Materials and Methods section). Figure 3 represents the
scattering profile for PS NP−SDS (a) and PS NP−LutAT50
(b) after incubation with HSA, while the scattering profiles
taken before washing are shown in Figure S5. The same
models used for both pure NP batches were applied also after
HSA incubation, that is, the fractal shell model for PS NP−
SDS and a core−shell model for PS NP−LutAT50.
In both cases, the shell corresponding to the core−shell

model was likely constituted by the surfactant, SDS or
LutAT50 and HSA. However, it cannot be completely
excluded that surfactant molecules were replaced by proteins
during the adsorption process.
The SLD of the shell was imposed from the pure HSA since

the surfactant SLD is 1 order of magnitude lower, whereas for
the core, the value of the PS-d8 was selected. The inferred
values are reported in Table 2. The same radii of pure NPs
were retained for both NPs after the HSA incubation; that is,
the radius was 650 Å (65 nm) for PS NP−SDS, whereas for PS
NP−LutAT50, it was 693 Å (69 nm). Related to the shell
thickness, the values obtained from the fit were 14 Å for PS
NP−SDS and 18 Å for PS−NP−LutAT50. Thus, both shell
thickness values are significantly lower than the thickness of
native HSA in its smallest dimension (20 Å polar radius, see
Figure S4 and Table S2), which hints at the fact that the HSA
was not in its native state anymore. A total protein
denaturation on PS NP−SDS may justify a shell thickness
that is on average slightly thinner than for PS NP−LutAT50,
where it could reveal partially native HSA.
The SANS experiments have highlighted the influence of the

surfactants on the HSA adsorption. The results agree with a
different protein conformation for both surfactants. The
thickness for PS NP−SDS could fit with complete protein
denaturation, whereas PS−NP−LutAT50 confers a lower
impact on the adsorbed protein. It seems that the HSA
configuration is retained slightly better after interaction with
PS−NP−LutAT50, which might be due to the PEG chains on
the NP surface. Therefore, the effect of the applied NP surface
functionalization on protein adsorption requires a rigorous
investigation, especially related to the native and denatured
state of the proteins. To this aim, nanoDSF measurements
were performed to determine the HSA conformation state after
adsorption.
Nano Differential Scanning Fluorimetry. To further

analyze the protein structure upon adsorption on the
PEGylated and non-PEGylated surfaces, HSA was analyzed
in detail by nanoDSF to observe the thermal unfolding of the
protein. This method is based on the autofluorescence of
tryptophan, which is a residue present in most proteins.
Monitoring the heating of the protein, it is possible to detect
the intrinsic fluorescence changes, which is influenced by its
chemical environment. The changes are produced by the
unfolding of the protein chain, thus allowing the determination
of the melting temperature. The samples were heated (1 °C
min−1) from 20 to 95 °C, and the intrinsic fluorescence
intensity at 330 and 350 nm was recorded. Figure 4 shows the
respective unfolding curve (a) and the associated first
derivative at 330 nm (b). The native HSA (brown line)
sample shows a considerable transition around 65.0 ± 1.3 °C,

Table 2. SANS Parameters of Radius and Shell Thickness of
NPs before and after Incubation with HSA

NPs radius (Å) shell thickness (Å)

PS NP−SDS 650 ± 0.12 2
PS NP−LutAT50 693 ± 0.15 3
PS NP−SDS + HSA 650 ± 0.10 14
PS NP−LutAT50 + HSA 693 ± 0.10 18
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corresponding to the minimum in the first derivative.
Additionally, a smaller second peak at 80 ± 1.5 °C is visible
in the first derivative, which might be associated with a second
domain. These structural transitions indicate unfolding or
melting temperatures Tm.
After incubation with HSA, the NP−protein complexes were

also studied by nanoDSF. Here, as well, the free protein was
removed by centrifugation. PS NP−SDS (orange curve) with
HSA and PS NP−LutAT50 (green curve) with HSA display a
significantly less pronounced transition than the native protein
(see Figure S6 for more detailed information). However, it is
worth mentioning that a very weak melting peak is always
detected for HSA adsorbed on PS NP−LutAT50, but not on
PS NP−SDS. These results are in line with the previous
assumption: the HSA adsorbed was completely denatured on
PS NP−SDS, whereas on the PS NP−LutAT50 surfaces,
denaturation occurred as well but to a potentially lesser extent.
This is in accordance with a larger shell thickness found in the
SANS experiments.
Protein Quantification. The total protein mass adsorbed

on both NP surfaces was detected via a Pierce 660 nm
quantification assay to further characterize the protein−surface
interaction. Samples were prepared as explained in the
Materials and Methods section and analyzed photometrically.

The amount of protein obtained was normalized to the NP
surface area and is shown in Figure 5.

It was estimated that the experimentally obtained surface
coverage by HSA was roughly double for PS NP−LutAT50
compared to that for PS NP−SDS with values of 5.1 × 1016
and 2.8 × 1016 HSA molecules/m2, respectively. Then, the
experimental values were compared to the theoretical
maximum coverage based on the dimensions of the native
HSA determined by SANS (40 × 20 Å), assuming a
completely dense packing. The amount of HSA on the NP
surface was 4.4 times lower than the theoretical value for PS
NP−SDS, whereas for PS NP−LutAT50, it was only 2.5 times
lower.
The fact that the experimental values for the protein amount

are well below the theoretical maximum coverage agrees with
the finding that HSA molecules on the NP surfaces are partially
or fully denatured. In that case, they need a larger area to
spread out on the surface and, therefore, lead to fewer
molecules per square meter. Again, we can confirm the trend
that HSA on the PEGylated surface seems to be less denatured
as more HSA molecules can be packed in the adsorbed layer.
Furthermore, opposite to the general thoughts about PEG
decreasing unspecific protein adsorption, the amount of HSA

Figure 3. SANS experimental data with the corresponding best fitting curves superimposed to the experimental points for PS NP−SDS (a) and PS
NP−LutAT50 (b).

Figure 4. nanoDSF measurements of native HSA (red) and HSA after
incubation with PS NP−SDS (orange) and PS NP−LutAT50 (green)
in D2O showing the protein unfolding: (a) 330 nm fluorescence with
the corresponding first derivative (b).

Figure 5. Adsorbed protein amount on NP surfaces experimental
observed via a Pierce 660 nm assay and the theoretical value for
maximum coverage calculated from HSA dimensions obtained in
SANS experiments.
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adsorbed was double for PS NP−LutAT50 than for PS NP−
SDS. In this context, it is essential to highlight that the protein
adsorption and the correlated stealth effect are determined by
the interaction with other proteins. However, in this case, the
study of the single protein HSA implies that there was no
competition with other proteins for the surface interaction.
Elastic Neutron Scattering. Finally, ENS experiments

were carried out to confirm our findings regarding the protein
conformation. From these experiments, it is possible to obtain
information about the protein dynamics on the NP surface that
can be related to the protein conformational state.
Figure 6a shows the integrated elastically scattered intensity

versus temperature plot where the orange line corresponds to
the PS NP−SDS and the green one corresponds to PS NP−
LutAT50 after incubation with HSA. The decrease in
temperature of the elastic intensity, generally observed,24,25 is
governed by the thermal activation of movements in the time
domain above 80 ps. The temperature dependence is more
pronounced in the presence of SDS. The lower the elastic
intensity, the more pronounced the active dynamics, pictured
in terms of flexibility. The results suggest that the HSA
molecules on the NPs stabilized with SDS are more flexible
than those stabilized with LutAT50.
Figure 6b shows the mean square displacement (MSD)

inferred from the data. The MSD temperature dependence
(slope) can be associated to the flexibility of the system, while
the amplitude of the fluctuations is related to the explored
space by the atoms. Since the MSD inferred for the HSA
protein on PS NP−LutAT50 is lower than on PS NP−SDS, it
is tempting to affirm that the adsorbed HSA is more confined
in the presence of LutAT50 rather than SDS. More
pronounced flexibility and lower confinement of the HSA in
the presence of SDS support the previous speculation of a
partially or fully denatured protein. A denatured protein
presents higher mobility than its native counterpart because of
the loss of the secondary structure.26,27 Our results suggest that
the surface functionalization of PS NPs with PEG-based
surfactants influences the nature of the adsorbed protein layer.
Although individual experiments cannot state this conclusively,
these results are consistent and provide enough evidence to
support our hypothesis. The latter suggests that the HSA
structure changes after its adsorption on the NP surface with a
lower impact for PS NP−LutAT50, probably due to the
presence of PEG groups. The secondary structure of HSA was
shown to control the cell surface receptors used when it is
adsorbed on NPs.28 Therefore, it is crucial to investigate the
role of the native structure of proteins on biomedical

application. In general, surface functionalization with PEG�
or proposedly similarly hydrophilic biocompatible polymers�
seems beneficial for preventing the induction of the immune
system response due to protein denaturation.

■ CONCLUSIONS
This work demonstrates the influence of PEG chains on
protein adsorption on NP surfaces. PEG chains were
introduced using the PEG-based surfactant LutAT50. Its effect
was compared with that of NPs stabilized with the anionic
surfactant SDS.
The use of neutron scattering techniques allowed obtaining

structural information about the formed protein layer. It
appears to be less flexible on the PEGylated surface. Likewise,
through nanoDSF measurements, it was confirmed that HSA
completely lost the native structure after adsorption on SDS-
stabilized surfaces. On the LutAT50-stabilized surface, this
effect was slightly less pronounced because of the PEG chains
on the NP surface.
The combination of the results reported here indicates that

the loss of protein conformation is lower on PEGylation
surfaces. This effect is expected to be even stronger at higher
PEG densities due to a thicker hydrophilic barrier to hinder the
protein interaction with the surface.
Understanding the relationship between the protein

structure and function is critical to the design and success of
biomedical applications. However, it remains one of the central
aims still under discussion. Therefore, this work contributes to
improving the knowledge about the way PEGylated surfaces
influence the protein adsorption to develop new systems based
on the native structure of the proteins.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744.

DLS data for NP dispersions, SANS parameter definition
and values, SANS experimental data of samples without
centrifugation, and experimental data of nanoDSF
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
Svenja Morsbach − Max Planck Institute for Polymer
Research, 55128 Mainz, Germany; orcid.org/0000-0001-
9662-8190; Email: morsbachs@mpip-mainz.mpg.de

Figure 6. ENS results. (a) Integrated intensity vs temperature and (b) MSD vs temperature for PS NP−SDS (orange squares) and PS NP−
LutAT50 (green squares).

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.2c00744
Biomacromolecules 2022, 23, 4282−4288

4287

https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c00744/suppl_file/bm2c00744_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svenja+Morsbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9662-8190
https://orcid.org/0000-0001-9662-8190
mailto:morsbachs@mpip-mainz.mpg.de
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Authors
María Martínez-Negro − Max Planck Institute for Polymer
Research, 55128 Mainz, Germany

Daniela Russo − Consiglio Nazionale delle Ricerche (Instituto
Officina dei Materiali) and INSIDE@ILL c/o Institut Laue-
Langevin, 38042 Grenoble, France

Sylvain Prévost − Institut Laue-Langevin, 38042 Grenoble,
France

José Teixeira − Université Paris-Saclay, Laboratoire Léon-
Brillouin, UMR12 CEA-CNRS, CEA-Saclay, F-91191 Gif-
sur-Yvette CEDEX, France

Katharina Landfester − Max Planck Institute for Polymer
Research, 55128 Mainz, Germany; orcid.org/0000-0001-
9591-4638

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.2c00744

Funding
Open access funded by Max Planck Society.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge Katja Klein for NP synthesis and
Stefan Schuhmacher for scheme drawing.

■ ABBREVIATIONS
DSF, differential scanning fluorimetry; ENS, elastic neutron
scattering; HSA, human serum albumin; LutAT50, Lutensol
AT50; NP, nanoparticle; PEG, poly(ethylene glycol); SANS,
small-angle neutron scattering; SDS, sodium dodecyl sulfate

■ REFERENCES
(1) Lundqvist, M.; Augustsson, C.; Lilja, M.; Lundkvist, K.;
Dahlbäck, B.; Linse, S.; Cedervall, T. The nanoparticle protein
corona formed in human blood or human blood fractions. PLoS One
2017, 12, No. e0175871.
(2) Cai, R.; Chen, C. The crown and the scepter: roles of the protein
corona in nanomedicine. Adv. Mater. 2019, 31, 1805740.
(3) Martínez-Negro, M.; González-Rubio, G.; Aicart, E.; Landfester,
K.; Guerrero-Martínez, A.; Junquera, E. Insights into colloidal
nanoparticle-protein corona interactions for nanomedicine applica-
tions. Adv. Colloid Interface Sci. 2021, 289, 102366.
(4) Butcher, N. J.; Mortimer, G. M.; Minchin, R. F. Unravelling the
stealth effect. Nat. Nanotechnol. 2016, 11, 310−311.
(5) Hu, C.-M. J.; Fang, R. H.; Luk, B. T.; Zhang, L. Polymeric
nanotherapeutics: clinical development and advances in stealth
functionalization strategies. Nanoscale 2014, 6, 65−75.
(6) Cedervall, T.; Lynch, I.; Foy, M.; Berggar̊d, T.; Donnelly, S. C.;
Cagney, G.; Linse, S.; Dawson, K. A. Detailed identification of plasma
proteins adsorbed on copolymer nanoparticles. Angew. Chem., Int. Ed.
2007, 46, 5754−5756.
(7) Schöttler, S.; Becker, G.; Winzen, S.; Steinbach, T.; Mohr, K.;
Landfester, K.; Mailänder, V.; Wurm, F. R. Protein adsorption is
required for stealth effect of poly (ethylene glycol)-and poly
(phosphoester)-coated nanocarriers. Nat. Nanotechnol. 2016, 11,
372−377.
(8) Russo, D.; Garvey, C. J.; Wurm, F. R.; Teixeira, J. Conformation
of Myoglobin-Poly (Ethyl Ethylene Phosphate) Conjugates Probed
by SANS: Correlation with Polymer Grafting Density and Interaction.
Macromol. Biosci. 2021, 21, 2000356.
(9) Pelosi, C.; Duce, C.; Russo, D.; Tiné, M. R.; Wurm, F. R.
PPEylation of proteins: Synthesis, activity, and stability of myoglobin-
polyphosphoester conjugates. Eur. Polym. J. 2018, 108, 357−363.

(10) Simon, J.; Wolf, T.; Klein, K.; Landfester, K.; Wurm, F. R.;
Mailänder, V. Hydrophilicity Regulates the Stealth Properties of
Polyphosphoester-Coated Nanocarriers. Angew. Chem., Int. Ed. 2018,
57, 5548−5553.
(11) Hörtz, C.; Birke, A.; Kaps, L.; Decker, S.; Wächtersbach, E.;
Fischer, K.; Schuppan, D.; Barz, M.; Schmidt, M. Cylindrical brush
polymers with polysarcosine side chains: a novel biocompatible carrier
for biomedical applications. Macromolecules 2015, 48, 2074−2086.
(12) Bühler, J.; Gietzen, S.; Reuter, A.; Kappel, C.; Fischer, K.;
Decker, S.; Schäffel, D.; Koynov, K.; Bros, M.; Tubbe, I. Selective
Uptake of Cylindrical Poly (2-Oxazoline) Brush-AntiDEC205 Anti-
body-OVA Antigen Conjugates into DEC-Positive Dendritic Cells
and Subsequent T-Cell Activation. Chem.�Eur. J. 2014, 20, 12405−
12410.
(13) Norde, W.; Giacomelli, C. E. BSA structural changes during
homomolecular exchange between the adsorbed and the dissolved
states. J. Biotechnol. 2000, 79, 259−268.
(14) Pelton, J. T.; McLean, L. R. Spectroscopic methods for analysis
of protein secondary structure. Anal. Biochem. 2000, 277, 167−176.
(15) Yadav, I.; Aswal, V.; Kohlbrecher, J. SANS study of interaction
of silica nanoparticles with BSA protein and their resultant structure.
In AIP Conference Proceedings; American Institute of Physics, 2014;
Vol. 1591, pp 216−218.
(16) Spinozzi, F.; Ceccone, G.; Moretti, P.; Campanella, G.; Ferrero,
C.; Combet, S.; Ojea-Jimenez, I.; Ghigna, P. Structural and
Thermodynamic Properties of Nanoparticle−Protein Complexes: A
Combined SAXS and SANS Study. Langmuir 2017, 33, 2248−2256.
(17) Giehm, L.; Oliveira, C. L. P.; Christiansen, G.; Pedersen, J. S.;
Otzen, D. E. SDS-induced fibrillation of α-synuclein: an alternative
fibrillation pathway. J. Mol. Biol. 2010, 401, 115−133.
(18) Kumar, S.; Aswal, V. Tuning of nanoparticle−surfactant
interactions in aqueous system. J. Phys.: Condens. Matter 2010, 23,
035101.
(19) Holzapfel, V.; Musyanovych, A.; Landfester, K.; Lorenz, M. R.;
Mailänder, V. Preparation of fluorescent carboxyl and amino
functionalized polystyrene particles by miniemulsion polymerization
as markers for cells. Macromol. Chem. Phys. 2005, 206, 2440−2449.
(20) Rusconi, F.; Valton, É.; Nguyen, R.; Dufourc, E. Quantification
of sodium dodecyl sulfate in microliter-volume biochemical samples
by visible light spectroscopy. Anal. Biochem. 2001, 295, 31−37.
(21) Guinier, A.; Fournet, G. Small-Angle Scattering of X-Rays. John
Wiley and Sons: New York, 1955, https://www.sasview.org/docs/
user/models/core_shell_sphere.html (accessed September 6, 2022).
(22) Teixeira, J. Small-angle scattering by fractal systems. J. Appl.

Crystallogr. 1988, 21, 781−785.
(23) Schärtl, W. Light Scattering from Polymer Solutions and

Nanoparticle Dispersions; Springer Science & Business Media, 2007.
(24) Russo, D.; Plazanet, M.; Teixeira, J.; Moulin, M.; Härtlein, M.;
Wurm, F. R.; Steinbach, T. Investigation into the relaxation dynamics
of polymer−protein conjugates reveals surprising role of polymer
solvation on inherent protein flexibility. Biomacromolecules 2016, 17,
141−147.
(25) Russo, D.; De Angelis, A.; Paciaroni, A.; Frick, B.; de Sousa, N.;
Wurm, F. R.; Teixeira, J. Protein−Polymer Dynamics as Affected by
Polymer Coating and Interactions. Langmuir 2019, 35, 2674−2679.
(26) Russo, D.; Pérez, J.; Zanotti, J.-M.; Desmadril, M.; Durand, D.
Dynamic transition associated with the thermal denaturation of a
small beta protein. Biophys. J. 2002, 83, 2792−2800.
(27) Russo, D.; Copley, J. R.; Ollivier, J.; Teixeira, J. On the
behaviour of water hydrogen bonds at biomolecular sites: Depend-
ences on temperature and on network dimensionality. J. Mol. Struct.
2010, 972, 81−86.
(28) Fleischer, C. C.; Payne, C. K. Secondary structure of corona
proteins determines the cell surface receptors used by nanoparticles. J.
Phys. Chem. B 2014, 118, 14017−14026.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.2c00744
Biomacromolecules 2022, 23, 4282−4288

4288

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Marti%CC%81nez-Negro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniela+Russo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sylvain+Pre%CC%81vost"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Teixeira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katharina+Landfester"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9591-4638
https://orcid.org/0000-0001-9591-4638
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00744?ref=pdf
https://doi.org/10.1371/journal.pone.0175871
https://doi.org/10.1371/journal.pone.0175871
https://doi.org/10.1002/adma.201805740
https://doi.org/10.1002/adma.201805740
https://doi.org/10.1016/j.cis.2021.102366
https://doi.org/10.1016/j.cis.2021.102366
https://doi.org/10.1016/j.cis.2021.102366
https://doi.org/10.1038/nnano.2016.6
https://doi.org/10.1038/nnano.2016.6
https://doi.org/10.1039/c3nr05444f
https://doi.org/10.1039/c3nr05444f
https://doi.org/10.1039/c3nr05444f
https://doi.org/10.1002/anie.200700465
https://doi.org/10.1002/anie.200700465
https://doi.org/10.1038/nnano.2015.330
https://doi.org/10.1038/nnano.2015.330
https://doi.org/10.1038/nnano.2015.330
https://doi.org/10.1002/mabi.202000356
https://doi.org/10.1002/mabi.202000356
https://doi.org/10.1002/mabi.202000356
https://doi.org/10.1016/j.eurpolymj.2018.09.019
https://doi.org/10.1016/j.eurpolymj.2018.09.019
https://doi.org/10.1002/anie.201800272
https://doi.org/10.1002/anie.201800272
https://doi.org/10.1021/ma502497x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma502497x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma502497x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201403942
https://doi.org/10.1002/chem.201403942
https://doi.org/10.1002/chem.201403942
https://doi.org/10.1002/chem.201403942
https://doi.org/10.1016/s0168-1656(00)00242-x
https://doi.org/10.1016/s0168-1656(00)00242-x
https://doi.org/10.1016/s0168-1656(00)00242-x
https://doi.org/10.1006/abio.1999.4320
https://doi.org/10.1006/abio.1999.4320
https://doi.org/10.1021/acs.langmuir.6b04072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmb.2010.05.060
https://doi.org/10.1016/j.jmb.2010.05.060
https://doi.org/10.1088/0953-8984/23/3/035101
https://doi.org/10.1088/0953-8984/23/3/035101
https://doi.org/10.1002/macp.200500372
https://doi.org/10.1002/macp.200500372
https://doi.org/10.1002/macp.200500372
https://doi.org/10.1006/abio.2001.5164
https://doi.org/10.1006/abio.2001.5164
https://doi.org/10.1006/abio.2001.5164
https://www.sasview.org/docs/user/models/core_shell_sphere.html
https://www.sasview.org/docs/user/models/core_shell_sphere.html
https://doi.org/10.1107/s0021889888000263
https://doi.org/10.1021/acs.biomac.5b01269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b01269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b01269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0006-3495(02)75288-0
https://doi.org/10.1016/s0006-3495(02)75288-0
https://doi.org/10.1016/j.molstruc.2009.12.020
https://doi.org/10.1016/j.molstruc.2009.12.020
https://doi.org/10.1016/j.molstruc.2009.12.020
https://doi.org/10.1021/jp502624n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp502624n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

