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Abstract

Polymer-coated nanoparticles are widely studied in the context of nanomedicine
and it is therefore of utmost importance to understand not only how their struc-
ture but also how their colloidal dynamics are affected by physiologically relevant
conditions. A characteristic feature of the cytosol of cells is the very high concen-
tration of proteins among other matrix components, often termed macromolecular
crowding. Here, the structure and colloidal dynamics of poly(ethylene glycol)
(PEG)-coated gold nanoparticles in the presence of bovine serum albumin (BSA)
concentrations ranging from 0 to 265 mg/mL are studied with X-ray photon correla-
tion spectroscopy. For protein—nanoparticle mixtures with high BSA concentrations,
comparable to intracellular levels, a significant deviation of the apparent viscosity
from expectations for pure BSA solutions is found. The findings strongly indicate
that the nanoscopic viscous properties of the dense protein solutions are significantly
affected by the nanoparticles. At these high concentrations, the colloidal stability of
the samples depends on the molecular weight of the coating PEG—ligand, whereas
at lower concentrations no differences are observed.
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established.!®!1-16] The relevance of macromolecular crowd-
ing for dynamics and binding properties in cells has received

One major field envisioned for nanoparticle (NP)-based
applications is medicine and in this context the behavior of
NPs in biological media is the subject of intense research
efforts.! =71

When NPs are introduced into the body, they encounter
various physiological environments with different physico-
chemical conditions, including pH, ionic strength, and local
molecular composition, but also viscosity. Of particular sig-
nificance is crowded and protein-rich fluids, such as blood,
interstitial fluids, and intracellular fluids, which are present
in the cytosol (though NPs most of the time will not be
free in the cytosol but rather are trapped in endosomal vesi-
cles) (Figure 1A).18-101 The protein concentration in the
cytosol can reach values of up to 400 mg/mL, and for
this condition, the term macromolecular crowding has been

increasing attention within the last two decades. Macro-
molecular crowding affects the diffusive properties, stability,
and folding of proteins. While many attempts to understand
the impact of crowding have been of theoretical nature due
to the cellular complexity,!'”'8] among the experimental
studies, fluorescence correlation spectroscopy (FCS),!!%-2!]
nuclear magnetic resonance spectroscopy,!>> 2! and neu-
tron scattering!>’! have been used to study protein dynamics
and protein—protein interactions in crowded environments.
In particular, in situ FCS and single-particle tracking
studies in living cells revealed anomalous and spatially
heterogeneous dynamics with indications of different sub-
diffusive mechanisms.!?*-?%2°1 More recently, X-ray photon
correlation spectroscopy (XPCS) has emerged as a pow-
erful technique to study complex dynamics of soft matter
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FIGURE 1
spectroscopy setup.

systems.[*’l In XPCS experiments, (partially) coherent X-
rays generated by a synchrotron radiation source create
fluctuating speckle patterns on an area detector upon inter-
acting with a dynamic sample, which are then correlated
over time. A schematic of an XPCS measurement is visu-
alized in Figure 1B. Recently, XPCS has proven to be a
powerful tool for studies of protein dynamics.[*!~3>" For
instance, Reiser et al. monitored antibody protein dynam-
ics at sub-us temporal resolution on molecular length scales
using megahertz XPCS measurements at the European X-ray
free-electron laser (XFEL).[3?] Typically, NPs can be used
as tracers in XPCS studies or be the subject under study
itself.1? %1 In contrast to FCS studies, fluorescence prop-
erties are not required in XPCS experiments and via their
surface chemistry the interactions of NPs with their envi-
ronment can be tuned to achieve, for instance, minimized
protein adsorption or specific targeting.!®*!=*1 In XPCS
experiments, the sample dynamics are measured over a range
of scattering vectors g, corresponding to a range of length
scales, and also a very broad window of experimental charac-
teristic times can be covered.’*#°l As an X-ray technique,
it allows for probing sample dynamics in native environ-
ments without modifications of sample properties. Because
gold nanoparticle (AuNP) are strong scatterers due to their
electron density, they are excellent tracer particles for X-ray-
based experiments in general. In XPCS experiments, their
strong scattering intensity enables to measure dynamics of
comparably low concentrations with high temporal resolu-
tion. In contrast to dynamic light scattering (DLS), XPCS
is not affected by multiple scattering and thus allows prob-
ing the single-particle dynamics. Addressing the dynamics of
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(A) Schematic representation of protein concentrations in different physiological fluids. (B) Scheme of the X-ray photon correlation

NPs in biological fluids, Unni et al. investigated the rotational
and translational diffusion of poly(ethylene glycol) (PEG)-
coated cobalt ferrite NPs in synovial fluid and hyaluronic
acid.l*’l An XPCS study of the agglomeration behavior of
AuNPs and their colloidal dynamics in human whole blood
was presented recently.*®! An experimental challenge in
such studies can be the colloidal stability of the NPs. Protein
abundances have a crucial influence in this context.[**"1 NPs
exposed to low protein concentrations can already aggregate,
for instance, driven by unfolding of adsorbed proteins.!>!]
Even when the NPs are stable at moderate protein concen-
trations, the situation can completely change in dense protein
solutions.>?3! Agglomeration or aggregation of the NPs can
then impede a meaningful analysis of colloidal structure and
dynamics. In this study, we therefore probed AuNPs with
a tailored PEG coating with high grafting density, that is
known to exhibit excellent colloidal and chemical stability as
well as minimum protein adsorption.>*7) The structure and
dynamics of these AuNP@PEG were measured in a range
of bovine serum albumin (BSA) concentrations up to 4000
uM (~265 mg/mL). Albumin is the most abundant serum
protein and therefore well suited to mimic physiological con-
ditions, which we confirm by comparing to measurements
in human serum. It is also commonly used as a model for
macromolecular crowding.!?”2%5°] We observed an excellent
stability of AuNP@PEG with different PEG-shell thickness
up to BSA concentrations of ~100 mg/mL. At higher con-
centrations, entering the range of intracellular levels and thus
the regime of macromolecular crowding, the stability depends
on the PEG-shell thickness. The particle dynamics stay dif-
fusive, but significantly deviate from expectations based on
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FIGURE 2 X-ray photon correlation spectroscopy (XPCS) measurements of aqueous gold nanoparticles (AuNPs). (A) Averaged autocorrelation func-
tions of 10 individual XPCS runs as a function of the lag time 7 for 10 binned g-values ranging from 0.006 to 0.032 nm~!. (B) Relaxation rates I" of the
averaged autocorrelation functions as a function of squared momentum transfer ¢?. Displayed solid lines represent fits to the data.

established viscosity models. The particle diffusion is faster
than expected, which cannot be explained with structural
changes (such as a collapse of the PEG shells). Our obser-
vations therefore point at a NP-specific contribution to the
viscous properties of the dense protein solutions, namely a
significantly decreased nanoscopic viscosity experienced by
the PEG-coated NPs. These findings are in particular relevant
in the context of nanomedicine, where polymer-coated NPs
are commonly employed. Understanding that and how local
properties can be affected by such nanomaterials is not only
crucial to avoid misinterpretations in studies of dynamics in
complex environments but also in analyzing and predicting
biodistribution, pharmacokinetic properties, clearance, and
local doses.

2 | RESULTS AND DISCUSSION

2.1 | Preparation, characterization, and
XPCS measurements of PEG-coated AuNP

The physicochemical properties of NPs in physiological envi-
ronments can be strongly affected by protein adsorption,
resulting in altered pharmacokinetic properties.[®-4-00-62]
PEG-based coatings, among others, have been demonstrated
to minimize unwanted protein adsorption and are there-
fore often referred to as “stealth” or antifouling coatings
for NPs.[*>#] In this study, AuNPs (core diameter d,
~ 50 nm) were conjugated with a-methoxypoly(ethylene
glycol)-w-(11-mercaptoundecanoate) (PEGMUA), a PEG
ligand with a hydrophobic 11-mercaptoundecanoic acid
(MUA)-based spacer. This spacer enables a high grafting
density of PEG polymers on the NPs and provides very
high colloidal and chemical stabilization as well as mini-
mized protein adsorption.l’*3>-3/] PEGMUA with molecular
weights (M) ~2 kDa (PEGMUA2k) and ~5 kDa (PEG-
MUAS5Kk) were used, corresponding to shell thicknesses of ~8

and ~12 nm and grafting densities of ~3 and ~1.7 nm~2,

respectively.°°! At such high grafting densities, >1 nm™2,
the conformation of the ligand layer is usually described
as a dense brush that is considered ideal in terms of

minimized protein adsorption.[®*] The ¢-potential of these

RIGHTS L1 N Hig

methoxy-terminated PEG coatings with no formal charge is
slightly negative (—11.7 + 0.6 mV).[5/] The characteriza-
tion of the PEGMUA-coated AuNP by transmission electron
microscopy, ultraviolet/visible spectroscopy and DLS is
summarized in Figure S1.

Exemplary autocorrelation functions in the g-range
of 0.006 and 0.032 nm~' as obtained by XPCS are
shown in Figure 2A for AuNPs coated with PEGMUASk
(AuNP@PEGMUASK) in water. To provide statistical sig-
nificance and to detect potential outlier measurements, each
displayed g,-function is the result of 10 individual XPCS
measurements on different positions of the same sample. An
example for this procedure is provided as Figure S3. By
applying an exponential fit to the autocorrelation functions
(Methods, Equation 6) and fitting the so-obtained relaxation
rates I', a diffusion coefficient Dy = 5.92 X 10712 m/s
is determined. Here, the linear dependence I' ¢ is char-
acteristic for free diffusion. Comparing XPCS and DLS
results, the hydrodynamic diameters dy obtained with the
Stokes—Einstein equation (Equation 7) are in good agree-
ment (dy xpcs = 72.8 £ 1.7 nm; dyprs = 68.1 + 2.3 nm).
The hydrodynamic diameters of the other samples were in a
similar range as presented in Supporting Note S2 and Table
S1. The initial discussion focuses on AuNPs conjugated with
the longer ligand PEGMUASK, unless specified otherwise.
In all measurements, it was ensured that radiation damage
does not affect the sample dynamics (for details, we refer to
Supporting Note S5 and Figures S4—-S7).

Optical methods such as DLS, FCS, and nanoparticle
tracking analysis (NTA) are commonly used to study the size
and diffusive properties of NPs and their interactions with
proteins. 434562641

Due to the significant scattering of proteins, DLS and NTA
are restricted in terms of accessible protein concentrations.
This is exemplified in Figure 3A for DLS by comparing mea-
surements of AuNP@PEGMUA S5k in water, in BSA solutions
at high concentrations (¢poein = 100 mg/mL), and in bovine
serum (Cproein = 45 mg/mL), where the two latter ones are
impeded in accurate size determination. Scattering contri-
butions of proteins result in a size broadening and a split
of the size distributions. AuNP in BSA even present a size
shift due to multiple scattering, highlighting the concentration
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Limitations of dynamic light scattering (DLS) in dense biological fluids. (A) Intensity-weighted distributions of hydrodynamic diameters

obtained by DLS: a-methoxypoly(ethylene glycol)-w-(11-mercaptoundecanoate) (PEGMUA )-coated gold nanoparticles (AuNPs) in water, bovine serum albu-
min (BSA) solution (¢prorein = 100 mg/mL), and bovine serum (Cpyoein = 45 mg/mL), respectively. (B) Corresponding normalized ultraviolet/visible (UV/vis)
spectra. The pronounced peak in serum at 4 = 410 nm corresponds to hemoglobin.

limitations of DLS.[°] Absorption spectra of the same
samples (Figure 3B) underline that the AuNPs are not aggre-
gated; aggregation would lead to a broadening and shift
of the plasmon resonance band at ~535 nm due to plas-
monic coupling.!®'! The spectra of the protein solutions are
the sum of characteristic AuNP and protein contributions
to the absorbance without any indications of agglomera-
tion or aggregation. The DLS measurements of AuNPs in
protein solutions, however, do not provide reliable hydrody-
namic diameters, because of the background noise caused by
the large amounts of scattering proteins and thus multiple
scattering processes. FCS and fluorescence cross-correlation
spectroscopy circumvent some of these issues by utilizing
fluorescence instead of light scattering. These methods have
been used to study intracellular dynamics and protein—-NP
interactions.[20-28-61.66]

2.2 | The role of viscosity in analyzing
dynamics

The dynamics of AuNP@PEGMUA conjugates were mea-
sured with XPCS in solutions with different BSA and bovine
serum concentrations. The NP concentrations were kept con-
stant in each set of experiments and the pH was buffered
(phosphate buffered saline, PBS) at 7.4. A BSA concentra-
tion range of 0-265 mg/mL was investigated in order to
represent different physiologically relevant conditions (cf.
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Figure 1). As potential protein-induced aggregation and pro-
tein corona formation are dynamic processes, all NP samples
were incubated for the same time (2 h) in the according pro-
tein solutions before XPCS measurements were recorded.
Diffusivities of AuUNP@PEGMUA as a function of increasing
BSA concentrations are shown in Figure 4A. For BSA con-
centrations larger than 10 mg/mL, the diffusivities decrease
because of the increasing viscosity of the solution. Various
models have been developed in order to describe the viscosity
in dense protein solutions. ®”~7!] The viscosity model by Ross
and Minton was developed for concentrated protein solutions
and has been confirmed experimentally.'*®7°1 The modeled
viscosity 7y, is described by

Tin Cprotein
Nih =NoeXp| ——F————— ey

1- ; 77incpr0tein

Here, 7, denotes the viscosity of the initial medium
(PBS), i, is the intrinsic viscosity of the protein (3;, psa =
4.13 x 10~ mL/mg for pH 7, value from supplier), Cprotein 18
the protein concentration, k is a crowding factor, and v is a
shape factor for non-spherical particles. The model accounts
for excluded volume effects and their influence on the solu-
tion viscosity. The accuracy of this approximation varies,
depending on the specific protein and experimental condi-
tions, for example, the pH value.’®! Yadav et al. determined
a reasonable value of k/v = 0.45 for BSAIP®! based on prior
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FIGURE 4 Evolution of nanoparticle (NP) dynamics and hydrodynamic diameter with increasing bovine serum albumin (BSA) (teal) and bovine serum

(orange) concentration. (A) Diffusion coefficients of AuUNP@PEGMUASK as a function of protein concentration. (B) Calculated hydrodynamic diameters dy
as a function of protein concentration. Empty data points represent dy values calculated with constant viscosity and filled dots with modeled viscosity obtained
by the Ross and Minton equation. The protein concentration range, where the viscosity model does not agree with the data anymore is highlighted in gray. The
dashed lines mark the NP sizes in aqueous condition. The top part of (B) shows a tighter y-axis scaling of the range of ¢pgein = 0~100 mg/mL for a better
visualization of the size fluctuations. AuNP, gold nanoparticles; PEGMUA, a-methoxypoly(ethylene glycol)-w-(11-mercaptoundecanoate).

studies on hemoglobin! "’ and IgG,,!”'! which was used in
the following.

The effective hydrodynamic diameters dy were calcu-
lated with the Stokes—FEinstein equation (Equation 7) using
the diffusion coeffcients D, determined from the XPCS
measurements and the viscosities from the Ross—Minton
model (Equation 1). In the BSA concentration range up
to 100 mg/mL, we find no indications of protein-induced
aggregation or agglomeration but good agreement of the
hydrodynamic diameters with the corresponding values in
water as shown in Figure 4B. Exact values are listed in
Supporting Note S3 and Table S2. Only a slight size fluc-
tuation (Ady gyerage & 2.4 nm) was observed. This accuracy
is not sufficient to confidently rule out any BSA adsorp-
tion, for example, in sub-monolayer coverages, but we find
no trends that suggest an adsorption isotherm as would be
characteristic for protein adsorption.[®!] Taken together, we
conclude that protein-induced aggregation of NPs is unlikely
to play a major role and that no indications of significant pro-
tein adsorption to the AuNP@PEGMUA were observed in
the BSA concentration range up to 100 mg/mL. These find-
ings underline the excellent stabilization and bio-repulsive
properties provided by the PEGMUA coatings.

For NPs exposed to bovine serum, obtained diffusion
coefficients and hydrodynamic diameters are in excellent
agreement with the BSA measurements, including their
dependence on protein concentration. This underlines once
more the stabilization of the samples and robust surface
chemistry (two different batches of AuUNP@PEGMUA are
compared), but also shows that the viscosity model can be
generalized to some extent to more complex protein mix-
tures. Only when comparing the deviation of measurements
in serum and in water it seems that the viscosity correction is
slightly better in the BSA case compared to the measurements
in serum. To illustrate the increasing effect of viscosity on
size determination at high protein concentrations, Figure 4B
(bottom) shows the calculated hydrodynamic diameters when
assuming a constant viscosity.
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We conclude that the AUNP@PEGMUA conjugates are
well stabilized and that their dynamics in protein solutions
up to ~100 mg/mL can be well described by free diffusion
according to the Stokes—Einstein model when accounting
carefully for the changing viscosity at higher protein concen-
trations. This protein concentration (~100 mg/mL) is well
above the total protein concentration in serum, however, in
the cytosol of cells protein concentrations can be signifi-
cantly higher and the regime of macromolecular crowding is
reached.!'”7?] In the data presented in Figure 4B (bottom),
it can be appreciated clearly, that in the regime of high BSA
concentrations (>100 mg/mL), the calculated hydrodynamic
diameters strongly deviate from the expectation, even with
the viscosity correction. The sample dynamics at high BSA
concentrations are therefore analyzed in more detail in the
following section.

2.3 | Dynamics in the regime of
macromolecular crowding

Hydrodynamic diameters differ strongly from the expected
size for the three highest BSA concentrations that have
been measured. The smaller dy values suggest significant
faster dynamics than expected in this crowded environ-
ment. In contrast to reports on intracellular dynamics of
proteins and particles with superdiffusive behavior due to
active intracellular transport,!”>~7%1 we find no indications
of anomalous dynamics. All investigated AuNP@PEGMUA
samples in BSA and bovine serum undergo free diffusion
even at the highest BSA concentration. This is expectable,
as for active intracellular transport motor proteins and cor-
responding “tracks”, such as the kinesin—microtubule system
are needed. A comprehensive analysis of the diffusive behav-
ior can be found in Supporting Note S7. A more likely
explanation lies in the applied viscosity model by Ross and
Minton. Figure 5 illustrates the deviations of viscosities expe-
rienced by the NPs from the Ross and Minton model for both
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(red) and the values predicted by the applied viscosity model (black line). The effect of varying k/v by +0.05 is indicated by the gray shading. (B) Same data
but with the relative viscosity 7/ny,. PEGMUA, a-methoxypoly(ethylene glycol)-w-(11-mercaptoundecanoate).

PEGMUAZ2k and PEGMUASk. Nanoscale viscosities 7 were
calculated by assuming a constant particle size dy and using
the diffusion coefficient D, as determined from the XPCS
measurements. For concentrations exceeding 100 mg/mL,
nanoscopic viscosities are notably lower as predicted, even
though the model is generally suitable for protein densities
in that range and was experimentally confirmed.!>%:67.70.71]
As a semi-empirical model, the viscosity determination relies
on the experimentally determined crowding and shape factor
k/v. To investigate the potential influence of k/v on the theo-
retical predictions, its value was varied by +0.05. The impact
of k/v on the model accuracy is presented in Figure 5B by the
gray shading. To illustrate the margin due to the variation of
k/v more clearly, normalized viscosity values 7 /7, are used.
Despite the wide range covered by the variation of /v and its
increasing relevance at high BSA concentrations, the faster
NP dynamics still do not align with the model’s predictions.
In complementary microrheology experiments, we tested the
macroscopic viscosity of BSA solutions with and without
AuNP@PEGMUA. The results were in agreement with the
model and notably we observed no significant difference of
the viscosities in the presence of AuNP@PEGMUA in these
experiments (Supporting Note S6 and Figure S8).

As discussed by Yadav et al., when analyzing the vis-
cosity behavior of BSA solutions at high concentrations,
intermolecular forces cannot be neglected.[sg] Hence, one
explanation for the reduced nanoscopic viscosity might be the
repulsive properties of the NP’s PEG coating leading to a dis-
ruption of transient networks formed by the BSA molecules.
These transient networks increase the diffusive resistance
and accordingly the local viscosity decreases when they
are disrupted.[”>”7] Unni et al. observed a similar discrep-
ancy in the viscosity of NPs dispersed in synovial fluid and
hyaluronic acid.[*’] In their study, macroscopic shear viscos-
ity of synovial fluid determined by rheology strongly deviated
from the nanoscopic viscosity experienced by PEG-coated
cobalt ferrite NPs. Thus, we can confirm their important
findings for the most abundant serum protein BSA, where
the effect is much weaker compared to hyaluronic acid—the
major component of synovial fluid that determines its viscous
properties—but still significant. For the strongly network-
forming glycosaminoglycan hyaluronic acid, the nanoscale
viscosities in the presence of PEG-coated NPs were sev-
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eral orders of magnitude smaller than expected for solutions
above 1 mg/mL. For the BSA solutions at high concentrations
(>100 mg/mL) studied herein, we find a factor in the range
1-3. Even though this effect is much more subtle, it is still sig-
nificant and has to be considered in analyses of intracellular
dynamics and transport of NPs.

In the final section, the role of PEG-coating thickness in
terms of colloidal stability will be discussed.

2.4 | The role of PEGMUA-coating thickness
The influence of PEG-coating thickness on the colloidal
stability was investigated by comparing the dynamics of
AuNPs coated with different PEGMUA ligand lengths. PEG-
MUA2k (M, ~ 2000 g/mol) and PEGMUAS5k (M, ~ 5000
g/mol) coatings were studied, corresponding to shell thick-
nesses s in the range 6-9 nm (2k) and 12-14 nm (5k)
according to previous studies.*°! AuNP@PEGMUA2k
exhibited some indications of structural changes at high pro-
tein concentrations, whereas AuUNP@PEGMUASk seemed
to be colloidally stable in the whole measured BSA con-
centration range. Figure 6 summarizes the measurements,
with the g-dependence of t representing the dynamics and
the I(q) representing the structure of the samples. For
AuNP@PEGMUAZ2k at high BSA concentrations, the upturn
of the I(gq) at low g (Figure 6D) and the non-linear g-
dependence of 7 (Figure 6C) indicate structural changes of
the samples, such as agglomeration or aggregation, leading
to changed dynamics. A closer look at the g-dependency of
the relaxation times 7 for the investigated g-range reveals
length-scale dependent behavior deviating from homoge-
neous dynamics in the system (Figures 6C, S9, and S10). The
calculated hydrodynamic diameters for AuNP@PEGMUAZ2k
in comparison to AuNP@PEGMUASk are shown in Figure
S2. In contrast, NPs that are conjugated with PEGMUASk
exhibit a consistent and homogeneous diffusion behavior,
indicating excellent colloidal stability across the entire range
of protein concentrations studied. This underlines the impor-
tance of thorough experimental testing of colloidal stability in
this context. Even when the colloidal stability is immaculate
at comparably high protein concentrations up to 100 mg/mL,
it might still be reduced at protein concentrations which are
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FIGURE 6 Colloidal stability of nanoparticles (NPs) with different a-methoxypoly(ethylene glycol)-w-(11-mercaptoundecanoate) (PEGMUA) ligand

lengths for varying bovine serum albumin (BSA) concentrations. g-dependency of the relaxation time 7 and small-angle X-ray scattering (SAXS) scattering
intensity as a function of the scattering vector g of NPs coated with PEGMUASk (A and B) and PEGMUAZ2k (C and D) for a BSA concentration range of

0.07-265 mg/mL.

even higher (>100 mg/mL), but nonetheless physiologically
very relevant, because they represent intracellular levels.

3 | CONCLUSIONS

In conclusion, we find an excellent colloidal stabil-
ity for AuNP@PEGMUASk in physiologically relevant
high protein concentrations representing intracellular levels.
AuNP@PEGMUAZ2k also exhibit good colloidal stability,
which is, however, slightly impaired at BSA concentra-
tions >100 mg/mL. Studying the colloidal dynamics of
AuNP@PEGMUASkK over a large range of BSA concen-
trations with XPCS, we find viscosities at high BSA con-
centrations that significantly differ from expectations based
on well-established models and complementary rheology
experiments. This might be explained with the bio-repulsive
properties of the PEG coatings leading to a nanoscopic vis-
cosity that differs from the macroscopic viscosity of BSA
solutions. Our findings are relevant for nanomedicine and
NP-based in vitro studies, where PEG coatings, and other
polymer coatings in general, are commonly employed. Bio-
logical systems are very complex, not only in terms of
structure but also in terms of dynamics, and a thorough
understanding of the diffusive properties of nanomaterials is
crucial for their safe and successful application. XPCS stud-
ies can make valuable contributions in this respect, because

RIGHTSE LI MN iy

they allow to correlate structure and dynamics over large and
relevant spatial and temporal ranges.

4 | EXPERIMENTAL

4.1 | Materials

BSA (296%), tetrachloroauric(Ill) acid trihydrate (>99.9%
trace metal basis) and sodium citrate dihydrate (>99.0%)
were purchased from Sigma Aldrich. PBS (w/o Mg, Ca)
was purchased from Cytiva. Bovine serum (lyophilized pow-
der) was purchased from United States Biological. For
bovine serum, the total protein concentration was deter-
mined by the commercial supplier by a Bradford assay
with an IgG standard curve to be 60 mg/mL. PEGMUA
(2 and 5 kDa) was synthesized and characterized as described
previously.[5*]

4.2 |
AuNPs

Synthesis and characterization of

AuNPs were synthesized according to a seeded-growth
method presented by Bastis et al.[’®] Details of the syn-
thesis, functionalization and characterization are provided as
Supporting Note S1.
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4.3 | Sample preparation

In situ coherent X-ray scattering measurements were per-
formed in quartz capillaries ((J = 1 mm, wall thickness =
0.01 mm). BSA stock solutions were prepared using PBS.
To assure equivalent conditions, NP concentrations were kept
constant (cyp = 10 nM) and NPs exposed to BSA and bovine
serum were incubated for 2 h before the respective mea-
surements. Control experiments with identical measurement
conditions were carried out for each investigated BSA and
bovine serum concentrations without the addition of NPs.

4.4 | Scattering experiments at ID02
beamline

XPCS experiments were performed at ID02 at the Euro-
pean Synchrotron Radiation Facility, Grenoble, France. An
ultra-small-angle X-ray scattering geometry was used with
a sample-to-detector distance of 30.7 m allowing access to
a g-range of 0.0038-0.11 nm~!. The X-ray photon energy
was set to 12.2 keV. The partially coherent X-ray beam
was focused by compound refractive lenses to a beam size
of 40 x 25 um?. Two-dimensional scattering patterns were
recorded with an Eiger2x4M (pixel size 75 X 75 um?) and
speckle patterns were obtained with an Eiger500k detector
(pixel size 75 X 75 um?) at a maximum framing rate of
23 kHz. Preliminary exposures were performed to determine
the ideal measurement conditions. Measurements followed
a strict procedure to exclude radiation-induced alteration of
the sample. Initially, five single shot exposures with vary-
ing durations (0.002, 0.01, 0.05, 0.1, and 0.25 s) were carried
out, followed by 10 individual series of 2000 diffraction pat-
terns with a single exposure time of 0.02 ms and a detector
deadtime of 0.03 ms after exposures. In between measure-
ments, the sample was spatially displaced to prevent repeated
exposures at the same capillary position. Each sample was
investigated at different photon flux by implementing Zr- or
Mo-based beam attenuators.

4.5 | X-ray photon correlation spectroscopy
analysis

In XPCS experiments, the dynamics of the sample are
obtained via the intensity—intensity correlation function

<1(¢]»t) 'I(Q,f‘l‘ T))

. @
(I(g, 1)

g(q, ) =

with the intensity /(g,f) measured typically by a 2D detector
at time ¢ and wave vector transfer g. The average is taken for
pixels within the same ¢ bin of modulus

4 . 20
q=—sin=, (3)

where 26 denotes the scattering angle and 4 denotes the
wavelength. Via the Siegert relation, the correlation func-
tion g, is connected to the intermediate scattering function

RIGHTS LI L)

81(g,7) via

(g, ) =1+ B@)lgi (g, DI (4)

Here, (8 is the so-called speckle contrast that depends on
the coherence properties of the radiation and the experimental
geometry. For many systems, it is expressed by a Kohlrausch—
Williams—Watts (KWW) function as

g1(g, 7) = exp [~(T(g) - 7] Q)

and thus
82(q, T) =1+ Bexp [-2T-7)]. ©6)

The KWW exponent y is a measure of the distribution
of relaxation times in the studied sample volume. Diffusion
processes are characterized by y = 1. Furthermore, the relax-
ation rate I or the relaxation time 7y = 1/T shows a particular
g-dependence that is usually given by a power law I' « ¢”.
A square dependence (p = 2) is found for diffusive dynam-
ics, while sub- and super-diffusion are expressed by p > 2
and p < 2, respectively. In case of free self-diffusion, XPCS
allows measuring the Stokes—Einstein diffusion constant

kT
- 371'77(11.1

(N

Dy

directly via T' = Dyq>. Moreover, as a real-time probe the
access to heterogeneous dynamics is possible by XPCS.
Further information is given in Supporting Notes S4 and S5.
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