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X-Ray Photon Correlation Spectroscopy Towards Measuring
Nanoparticle Diameters in Biological Environments
Allowing for the In Situ Analysis of their Bio-Nano Interface

Ferdinand Otto, Xing Sun, Florian Schulz, Carlos Sanchez-Cano, Neus Feliu,

e
”

Fabian Westermeier, and Wolfgang J. Parak

X-ray photon correlation spectroscopy (XPCS), a synchrotron source-based
technique to measure sample dynamics, is used to determine hydrodynamic
diameters of gold nanoparticles (Au NPs) of different sizes in biological envi-
ronments. In situ determined hydrodynamic diameters are benchmarked with
values obtained by dynamic light scattering. The technique is then applied

to analyze the behavior of the Au NPs in a biological environment. First, a
concentration-dependent agglomeration in the presence of NaCl is deter-
mined. Second, concentration-dependent increase in hydrodynamic diameter
of the Au NPs upon the presence of proteins is determined. As X-rays in the
used energy range are barely scattered by biological matter, dynamics of the
Au NPs can be also detected in situ in complex biological environments,

1. Introduction

Colloidal NPs are recognized for their
many potential applications in medi-
cine, for example, for improved diag-
nosis, drug delivery, and therapy.'3l An
excellent established toolbox is available
to characterize the properties of NPs
in standardized environments (such as
buffer solutions), but the characteriza-
tion of the NPs in complex biological
environments still remains challenging.
So far, only a few techniques exist which
allow for in situ characterization of NPs

such as blood. These measurements demonstrate the possibility of XPCS
for in situ analytics of nanoparticles (NPs) in biological environments where
similar detection techniques based on visible light would severely suffer from

scattering, absorption, and reflection effects.
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in tissue and in vivo. In practice, NPs
can be extracted from tissue and then
characterized ex vivo,>® but such charac-
terization may not be representative of the
situation in situ. Upon in vivo application,
NPs undergo various interactions with
the complex and often crowded environ-
ment, which may result in altered functionality, degradation, or
agglomeration.”l Consequently, the desired biological function
can be significantly inhibited. Characterization techniques to
study such interactions in situ are therefore highly desirable.
However, because the tissue is not transparent to visible light,
many classical characterization techniques which work very
well in buffer solutions cannot be applied for NPs embedded
in tissue.®l

An important parameter of NPs in this context is their effec-
tive hydrodynamic diameter. Measurements of hydrodynamic
diameters allow for monitoring of NP agglomeration[’] (as man-
ifested by a massive size increase), NP degradation/decomposi-
tion (as observed as size reduction), or protein adsorption (as
detected by a small increase in size).l%! Thus, monitoring the
hydrodynamic diameter is a possibility for in situ characteriza-
tion of the colloidal properties of NPs. An established technique
to obtain effective hydrodynamic diameters from the diffusion
coefficients of NPs via the Stokes—Einstein equation is dynamic
light scattering (DLS). However, because nanoparticles are often
in the size range of proteins, light-scattering from unbound
proteins complicates the quantification of protein adsorption
by DLS measurements of hydrodynamic diameters. To circum-
vent this, NPs with a fluorescent label can be used to measure
fluctuations in fluorescence intensity instead of scattering fluc-
tuations, and accordingly the technique is termed fluorescence
correlation spectroscopy (FCS). As fluorescence just originates

© 2022 The Authors. Small published by Wiley-VCH GmbH
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from the NPs, there is no interference in the signal due to free,
unbound proteins. However, both DLS and FCS are optical
techniques based on visible light, and due to strong background
scattering, these techniques are not optimal for probing NP
samples inside tissue. Diffusion coefficients can also be deter-
mined non-optically, for example by nuclear magnetic resonance
spectroscopy (NMR).12 With this technique it was possible
to determine hydrodynamic diameters of NPs in blood.’ As
magnetic fields are barely absorbed by tissue, this technique
is potentially suited for determining hydrodynamic diameters
of NPs inside tissue. In order to achieve this, however, signal
intensity-related issues need to be solved.®l In the context of
magnetic NPs, another technique to study in situ dynamics in
complex biological environments is based on dynamic magnetic
susceptibility (DMS) measurements.'>1¢] By applying external
magnetic fields, DMS measurements enable access to the rota-
tional diffusive properties of the tracers. Hence, studying the
stability and mobility of magnetic NPs in blood and tissue was
demonstrated with this methodology.["

In the present work, we introduce XPCS as an alternative
approach, which is similar to DLS, though not based on the
scattering of visible light, but on the scattering of X-rays by
NPs. The dynamics on distinctive length-scales can be meas-
ured by exposing a system of scatterers (which here are the
NPs) to coherent X-rays, resulting in an interference pattern,
which reflects the spatial arrangement of the scatterers. If the
spatial arrangement of these scatterers changes, for example,
in the case of colloidal NPs by Brownian motion, this so-called
speckle pattern alters correspondingly to these dynamics.!'81
By calculating the intensity autocorrelation function and by
using a diffusion model the diffusion coefficient of the scat-
terers, that is, the NPs, and thus their hydrodynamic diameter
can be determined. In fact, XPCS has become a reliable tech-
nique to study dynamics over a wide range of time- and length-
scales primarily focused on dynamics on length scales in the
sub-micron range and in viscous systems such as nanogels,?%
glasses,?!l and polymers.?2l With regard to accurate quantifi-
cation of hydrodynamic radii of colloidal particles in aqueous
media, the majority of XPCS studies have been performed
on NPs with diameters above 100 nm.[?>%%l Pioneering XPCS
measurements of polymer-coated NPs in synovial fluids have
been already reported.'! In the present study, XPCS is applied
to observe the dynamics of small NPs in biological environ-
ments, with the goal of further expanding this technique
towards medical-relevant nano-based systems.

With XPCS, the scatterers (in the present case NPs dispersed
in aqueous media) are irradiated with coherent X-rays. The
measured scattering intensity I(gq) is detected as a function of
g, the momentum transfer of the elastically scattered photons,
which is given by

_Am . (20
q—TSIH 7 (1)

where A is the wavelength of the X-ray photons and 20 is the
scattering angle.®l In case of an ergodic system, the dynamics
of the scatterers can be quantified by calculating the normalized
second-order intensity autocorrelation function g,(g, 7) as a func-
tion of the momentum transfer q and the lag time 7 given by
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(@) 1(g,t+ 7))

I(a.1)")
where (...) denotes the temporal average over all times ¢t and 7
the lag time. The second-order autocorrelation function g,(g,7)
can be connected to the first-order correlation function, which
is referred to as the intermediate scattering function f{g, 7),’*’]
by the Siegert relation as displayed in the right-hand part of
Equation (2). Therein, f(g) is the speckle contrast, that depends
on the coherence properties of the X-ray beam and setup para-
meters. This demonstrates that XPCS can only be performed
with (partially) coherent X-rays and thus > 0. The speckle con-
trast corresponds to the accessible maximum of the intensity
autocorrelation functions for 7 — 0. For Brownian NPs, the
intermediate scattering function can be expressed by an expo-
nential function

8:(4,7) =1+ B9 f(a.7) 2)

f(g,7)=exp[-T'(q)7] (3)

with the relaxation rate I'(q). The decay of the intermediate scat-
tering function yields the effective diffusion coefficient D(g) by

I(q)=D(q)- 4’ @)

In the simple case of non-interacting Brownian particles,
D(q) = Dy on all length scales. Thus, the time-resolved scat-
tering correlates to the free diffusion coefficient D,, enabling
access to the dynamic properties of the NPs. For more complex
sample systems, like dense biological materials, this simplifica-
tion might not hold. Here, the possibility to probe the dynamics
at different g and thus length-scales offers the possibility to
gain deeper knowledge about the sample system, for example,
distinguishing diffusive, ballistic, or direction-dependent NP
motions.

With access to the free diffusion coefficient D,, the hydro-
dynamic diameter d, = 2 - r, can be obtained by applying the
Stokes—Einstein equation,?®!

ks T

D, =
6rn,

®)

where kj is the Boltzmann constant, T the absolute tempera-
ture and 7 the viscosity of the solvent in which the NPs are
dispersed. Contrary to DLS, XPCS is not limited by multiple
scattering in dense systems[?” and is not restricted by solutions
of an optically opaque nature. Hence, XPCS in principle should
enable monitoring of NP dynamics in complex biological
environments by providing the required selectivity/sensitivity,
which in this study is experimentally assessed.

2. Results and Discussion

2.1. Measuring the Hydrodynamic Diameter of Au NPs with
XCPS and Comparison with Other Methods

The in situ static and dynamic properties of poly-(isobutylene-
alt-maleic anhydride) (PMA) coated Au NPsB3% were studied in
different environments by small-angle X-ray scattering (SAXS)

© 2022 The Authors. Small published by Wiley-VCH GmbH
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and XPCS. The NPs were exposed to varying concentrations
of NaCl, to a differing abundance of bovine serum albumin
(BSA), and to complex biological media, that is, human blood.
Au NPs with sizes of approximately 13 and 50 nm were pre-
pared by a modified synthesis protocol of Bastis et al.l3! Sub-
sequently, the NPs were overcoated by PMA.BY Details are
provided in Sections S1 and S2, Supporting Information. The
physicochemical properties of the Au NPs were characterized
by UV-vis absorption spectroscopy, DLS, and zeta-potential
measurements (see Section S3, Supporting Information).3
The core diameter d. of the NPs was determined by trans-
mission electron microscopy (TEM). For the smaller species,
evaluation of at least 200 NPs resulted in a core diameter of
deremy = 13.5 £ 0.9 nm. The static behavior of the colloids
was investigated by measuring the scattering intensity I(q) in
SAXS geometry. In order to determine the core size of the NPs,
scattering patterns were fitted with a model for polydisperse
spheres by Aragén and Pecora.?”l The single-particle form
factor P(q) applied to the SAXS data yields a core diameter of
desaxsy = 12.5 nm (Figure 1a), which is in good agreement
with the TEM results.

The upturn of the intensity I(g) at low g indicates slight
agglomeration of the Au NPs in aqueous media. When using
X-ray techniques at high-intensity synchrotron sources, it is
important to consider potential radiation damage, especially
when applied to organic/soft biological matter,®l such as here
the polymeric surface coating of the NPs, which provides col-
loidal stability. The high energy density of a focused X-ray beam
might affect and alter the surface chemistry of the colloidal
NPs. Radiation damage was probed by investigating the scat-
tering profiles at different photon fluxes.

To further quantify changes, the Guinier approximation was
applied, which allows for assessing the radius of gyration via
the intensity at low g, without assuming any particular model
for the scatterers. In the case of agglomeration, the intensity
signal in the so-called Guinier region (i.e., the low g region with
q-rc < 1.3 in the case of globular aggregates®)) is dominated
by the scattering of larger structures, inhibiting the accurate
quantification of rg and limiting its validity to certain aver-
ages. For instance, in Figure 1b it can be observed that the rg
values (in the present case r¢ is displayed as d./2) are consider-

a) 1o . . . .
— data
1013 —P(q) |
3
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G
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ably higher than one would expect for Au NPs with a diameter
of desaxs) = 12.5 nm, due to the contribution of agglomerates
that is also appreciable by the upturn of intensity in Figure 1a.
Because the radius of gyration determined by the Guinier
approximation depends sensitively on the presence of agglom-
erates, it has been chosen as a parameter to probe changes in
the low g region. In order to test for beam-induced agglom-
eration, scattering experiments were carried out at varying
photon flux by adding different sets of silicon absorbers to
the setup. Figure 1b shows the fitted radius of gyration as con-
verted into NP diameter d saxs) = 2-7¢ as a function of radia-
tion dose per second. No significant changes were observed for
the fitted rg values and the scattering curves at varying beam
intensities, indicating negligible beam-induced agglomeration.
Scattering experiments were performed at high NP concen-
trations to enable sufficient signal intensity for the following
time-dependent fluctuation studies and to grant high contrast
in non-monomodal biological environments. The absence of
beam-induced changes in the low g scattering and the high ini-
tial NP concentrations are indicative of preliminary concentra-
tion-induced agglomeration. A similar concentration-dependent
agglomeration behavior has been observed for the second inves-
tigated Au NP species with a diameter of 50 nm. Samples with
larger Au NPs (dcrpvy = 52.5 £ 4.8 nm) have been measured
in an ultra-small angle X-ray scattering (USAXS) setup. Form
factor fitting of the scattering data resulted in a core diameter
of dsaxs) = 51.5 nm, matching the diameter obtained by TEM
(see Section S5, Supporting Information).

In situ investigation of the colloidal dynamics was car-
ried out by recording time-dependent intensity pattern I(q,
t) with a coherent X-ray beam. Temporal fluctuations of the
acquired interference speckle patterns give insights into the
dynamics of the inorganic NPs. Figure 2a presents according
to Equation (2) the intensity autocorrelation function g,(q, 7) of
13 nm Au NPs in an aqueous medium plotted as a function of
the lag time 7 for g =0.019-0.036 nm™. In order to highlight the
very fast dynamics revealed by this plot, g, functions were nor-
malized to the speckle contrast 3. The rapid dynamics and lim-
iting framing rate of the used 2D detector allow only for a par-
tial acquisition of the autocorrelation function. Thus, fitting the
relaxation rates of the g,(g, 7) functions is restricted to a small

b) 8o — . . ——

75 |

3 70
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— 65|

60 |- .
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50 1 1 1 1 ,I,I 1
0 50 100 150 300 350
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Figure 1. a) Azimuthally integrated SAXS intensity profile for 13 nm Au NPs (mass concentration ca, np = 20 mg mL™") were fitted with a form factor
model for polydisperse spherical particles.’? The core radius obtained by fitting the shown SAXS data is d.saxs) = 12.5 nm. b) Radiation damage was
excluded by investigating the scattering profiles at different photon fluxes. The fitted radius of gyration r is plotted as the core diameter d. =rs-2 as a
function of the radiation dose per second (exact values are listed in Supporting Information).
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Figure 2. a) Intensity autocorrelation functions g, plotted as a function of the lag time 7 at different q values for 13 nm Au NPs in the aqueous phase.
g, functions were normalized to the speckle contrast (= 0.083). Rapid dynamics of the colloids limit the accessible g range. b) Relaxation rate " of
g, functions versus g2. The linear fit has been forced through the origin. The solid lines represent fits.

number of data points, and only the first g values are accessible,
which are dominated by agglomerates. Consequently, a confi-
dent determination of the hydrodynamic diameter is not pos-
sible with this sample. Nevertheless, investigation of changes
in the dynamics of the sample still provides insights into struc-
tural changes and agglomeration behavior as will be discussed
in the following section regarding salt-induced agglomeration.

Despite the shortage of data points, the diffusion coef-
ficient and the hydrodynamic diameter dyxpcs) of the
NPs were obtained from the autocorrelation function
according to Equations (3)—(5). A free diffusion coefficient of
Dy =768-10"12 £ 1.28-1072 m?s~! and a hydrodynamic diameter
dyxpcsy = 59.9 £10.0 nm were determined. As evident by the
large value for dy, precise quantification is inhibited by insuf-
ficient data points due to the rapid dynamics of such exemplary
small colloids. The results were compared to the corresponding
DLS values dj,prs)- A summary of the diameters obtained with
the different methods is shown in Table 1. The organic surface
coating of the NPs has been quantified previously to be on the
order of a few nm.*¥ The situation d;, >> d, here indicates the
onset of some agglomeration.

2.2. Salt-Induced Agglomeration of Au NPs

As a next step, the XPCS methodology as shown in Figure 2
was applied to probe for salt-induced agglomeration of the Au
NPs. Ion-mediated agglomeration is a well-known phenom-
enon for NPs that are stabilized by electrostatic repulsion.*’]
Here, the addition of NaCl was used to induce NP agglomera-
tion.*” With increasing ionic strength, the electrostatic repul-
sion decreases, until the attractive van der Waals interactions

Table 1. Comparison of Au NP diameters as obtained by static (dc(rem),
dc(saxs)) and by dynamic (dhpLs), dhxecs)) measurements for the smaller
NP specie.

dh(XPCS) [nm]

59.9£10.0

dh(DLS) [nm]

31.2+4.29

dc(TEM) [nm] dc(SAXS) [nm]

13.5+£0.9 12.5

AThe DLS results show a second population peak due to NP agglomerates (see
Section S3a, Supporting Information).
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dominate, leading to colloidal agglomeration according to the
Derjaguin-Landau-Verwey-Overbeek  (DLVO)  theory.36-3
As can be seen from the static SAXS data in Figure 3a, with
increasing ionic strength the initial decay of the scattering
curves at low g values becomes steeper and more pronounced,
indicating the formation of agglomerates.

The XCPS data of the Au NPs exposed to the different NaCl
solutions exhibit similar behavior. Figure 3b shows the respec-
tive autocorrelation functions of Au NPs at g = 0.019 nm™". The
slower NP diffusion dynamics due to the formation of agglom-
erates led to a slower decorrelation. Furthermore, at very high
ion concentrations, the ongoing formation of agglomerates and
thus a constant change of the scattering intensity during the
individual X-ray measurements leads to a second decorrelation
regime. The magnitude of this second slow decay is following
the scattering intensity changes of I(g) and is thus more pro-
nounced at low g and high salt concentration. However, the
typical timescale of this process is invariant of q and the salt
concentration and could be interpreted as a measure of the
kinetics of the agglomeration. A more detailed analysis is given
in Section S8, Supporting Information.

The hydrodynamic diameters, as calculated by the fitting
of the first fast relaxation process, are shown in Figure 3c as
a function of the ion concentration. The determined hydrody-
namic diameters are in good agreement with the static SAXS
results, evidencing salt-induced agglomeration at ion concen-
trations above ¢(yacy) = 300 mM.

In the following, we focus our discussion on the larger Au
NPs of 50 nm diameter. Due to their slower diffusion, XPCS
on larger NPs is feasible with the used setup without adjusting
the viscosity of the solvent, which is a common strategy to slow
down dynamics.*% Figure 4b shows the autocorrelation func-
tion of 50 nm Au NPs (¢a, npy = 175 mg mL™) in aqueous
media obtained in USAXS configuration. The slower diffusion
of the larger NP species significantly improves the statistics
of the dynamics. Fitting the relaxation rates I'(q) results in a
free diffusion coefficient of Dy = 4.62-107"2 + 0.23-107"2 m?s™.
Applying the Stokes-Einstein relation, Equation (5), a hydro-
dynamic diameter of dyxpcs) = 979 + 6.3 nm is obtained.
Preliminary intensity-weighted DLS measurements at lower
NP concentrations indicated a hydrodynamic diameter of

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) lon-induced agglomeration behavior as determined by SAXS for 13 nm diameter Au NPs upon exposure to NaCl concentrations ranging
from ¢(nacyy = 0.05-1000 mM. To emphasize intensity changes at low g, the x-axis is plotted in log-scale and the scattering intensities /(q) have been
normalized at their minimum to I,o,m(q)- b) g2 functions at g = 0.019 nm™' for different NaCl concentrations. For the sake of clarity, only a selection
of concentrations is shown. c) Calculated hydrodynamic diameters dy, as a function of the corresponding NaCl concentration ¢(ysc). The solid lines

represent a guide to the eyes.

dnpLs) = 86.7 £ 2.7 nm in the absence of agglomerates. The dis-
crepancy between the DLS and XPCS results for dy, originates
from the previously discussed slight agglomeration induced by
high concentrations (see Section S4, Supporting Information).

The background colors in the scattering profile in Figure 4a
represent the used g range for the analysis of the dynamics,
from which it is evident that the dynamics from agglomer-
ates also contribute to the intensity autocorrelation functions.
Moreover, the diffusion coefficient and hydrodynamic diameter
at higher concentration (¢, npy = 3.5 mg mL™) were deter-
mined. A larger number of scatterers in the system increases
the scattering intensity and thereby has a positive effect on
the signal quality of the g, functions, as visible in Figure 4c.
Fitting of the g, functions results in a larger hydrodynamic
diameter of dyxpcs) = 112.5 + 12.6 nm, which agrees with the
fact that higher concentrations favor NP agglomeration. The
determining core and hydrodynamic diameters for the 50 nm
Au NPs are listed in Table 2.

2.3. Protein-Adsorption Mediated Size Increase of NPs

Apart from abundant ions, biological media also generally con-
tain proteins, which can adsorb to the surface of NPs forming

the so-called protein corona.**l The formation of the protein
corona can be followed by an increase in the effective hydrody-
namic diameter of the NPs. We would like to point out that due
to the strong difference in electron density between the gold NP
cores and the solvent water, the signal of the colloidal Au cores
is easily detected, while both the polymer coating around the
Au cores and proteins in suspension have a comparably small
scattering length difference with water/buffer.¥ Thus, XPCS
should be an adequate methodology to analyze protein corona
formation. However, proteins are highly radiation-sensitive.
The aggregation process is primarily driven by the ionization
of the solvent and the subsequent interaction of the resulting
radicals with the proteins."®#! Therefore, the exposure of the
sample to the X-ray beam has to be optimized carefully. In
order to minimize the radiation dose, the beam size was set to
100 x 100 um? and a distance between sample and detector of
approximately 21 m was used. Protein adsorption was induced
by exposing the NPs to BSA solutions in phosphate-buffered
saline (PBS) at different concentrations ¢gsa)- The incubation
time before measurements was 2 h for all samples. The sam-
ples were placed in a sample chamber with temperature control
to achieve consistent conditions during the measurements. In
accordance with preliminary DLS measurements, a decrease in
the free diffusion coefficient of 50 nm Au NPs with increasing

a) 10" — b)
.;:. - 0.08
S, 101 ? 0.06}
E oo | & 004
10" o 0.02}
0.
10" : : : : -
0 005 01 015 0.2 025 10 10

q [nm™]

102 10" 10° 10* 10° 102 10" 10°

7[s] T[s]

Figure 4. a) Scattering profile of 50 nm Au NPs (c(anpy = 3.5 mg mL™) measured in USAXS geometry. The colored background at low g corresponds
to the color code for the fitted g, functions presented in (b,c) to emphasize the g range (0.005-0.038 nm™") used for the dynamic analysis. b) g, func-
tions for 50 nm Au NPs at ¢, npy = 1.75 mg mL™. ¢) g, functions for 50 nm Au NPs at Caunp = 3.5mg mL™". The solid lines represent fits.
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Table 2. Comparison of the NP diameters as obtained by static (dc(rem),
dc(saxs)) and by dynamic (dhoLs), dhxecs)) measurements for the larger
Au NP species.

de(rem) de(saxs) dnoLs) dhxpcs), 175 mg ml dh (XPCS), 3.5 mg/mL4
[nm] [nm] [nm] [nm] [nm]
52.5+438 51.5 86.7+2.7 97.9+6.3 1M2.5+12.6

BSA concentrations was observed (Figure 5a). Protein adsorp-
tion increases the hydrodynamic diameter of the NPs, thus
slowing down the free diffusion. The corresponding hydro-
dynamic diameters are shown in Figure 5b. The alteration of
dynamics with increasing protein concentrations observed
by XPCS is in agreement with the intensity-weighted results
of DLS measurements. Still, the dynamics obtained by XPCS
show a slightly higher hydrodynamic diameter due to the pres-
ence of agglomerates as discussed before.

However, when addressing dynamics, a crucial factor to con-
sider is the viscosity 77 of the investigated medium. In fact, 1
is a parameter in the Stokes-Einstein equation (Equation (5)).
For the data shown in Figure 5b, 1 was assumed to be the vis-
cosity of water at T = 21.85 °C of 1y = 0.957 mPa - s. However,
with an increased protein volume fraction, the viscosity of the
solution increases, which changes the calculated hydrodynamic
diameters. Precise quantification of viscosities of protein-NP
solutions is rather challenging due to limiting batch volumes
(due to cost reasons no large volumes are possible) or sedimen-
tation processes during measurements (which will happen due

to gravity for bigger Au NPs, even without agglomeration).l*?]
We thus applied the following approximation
1= (Nesa M (psa) Ciasa) + 1) Mo (6)

where 77 is the corrected viscosity, nys, is the intrinsic viscosity
3
of the protein (1psy =4.13 an Sigma-Aldrich), 7, is the vis-

cosity of the pure solvent (here PBS), My,gsa) is the molecular
weight of BSA, and ¢gsa) denotes the protein concentration.
Note that for the NaCl concentration series (Figure 3) the vis-
cosity changed less with the used NaCl concentration, and
thus the viscosity correction was neglected. In Figure 6 the

x 10712
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viscosity-corrected data for the BSA exposure of the NPs are
shown. It is apparent that the BSA-induced increase of the
hydrodynamic diameter for high BSA concentrations is no
longer pronounced in the case when the concentration-cor-
rected viscosity is used. In fact, complementary studies have
shown thicknesses of a human serum albumin (HSA) protein
corona around smaller NPs of around Adj, = 5-8.6 nm.0->3!
The size increase due to the formation of such a corona around
the 50 nm NPs will be thus within the range of the experi-
mental error.

Thus, due to the comparably large experimental error for the
50 nm NPs, the formation of the protein corona (which would
add up to the NP diameter only a small fraction) could not be
observed. However, the data is well suited to rule out protein-
induced agglomeration, as agglomerates much larger than
the size of the individual NPs are not found. For the smaller
13 nm, NPs protein adsorption results in a significantly larger
percentual change, but here a faster detector would be required
to resolve the diffusion dynamics. Still, with the existing metho-
dology biologically relevant in situ measurements could be
carried out. In general, salt and proteins may induce large
agglomerates. Here, agglomeration was shown for NaCl
(Figure 3), but not for exposure to BSA (Figure 6). The same
approach can be now used to probe agglomeration in blood.

2.4. Probing the Feasibility of XPCS Measurements of NPs
Dispersed in Human Blood

To test the applicability of XPCS in complex biological envi-
ronments, the 13 nm Au NPs were exposed to human blood.
Measurements on these blood samples were performed with
an attenuated photon flux (attenuation factor y= 8.5) in order
to minimize the radiation damage. The acquired g, functions
for a) the aqueous Au NPs, b) Au NPs exposed to blood, and
c) pure blood are shown in Figure 7.

As expected, a significant deceleration of the NPs occurs as
seen by the shift of the autocorrelation functions at the same
q to longer lag times 7, which allows capturing a larger frac-
tion of the exponential decay of the g, functions. The X-ray
correlation signal of pure human blood (Figure 7c) displays

b) 200 — : . :
—s— XPCS
180+ DLS
— 160 |
£
S 1401 N A
° / \/
120} R e
100}
80 L III/ L " L "
0 1 10 100 1000
Cgsa [MM]

Figure 5. a) Free diffusion coefficient Dy of PMA coated Au NPs of 50 nm core diameter as a function of the bovine serum albumin concentration
cssa)- Data as obtained with XPCS (red) and DLS (grey) are shown. b) Corresponding hydrodynamic diameters d, calculated by the Stokes-Einstein

law. The solid lines represent a guide to the eye.
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Figure 6. Hydrodynamic diameters calculated assuming a constant vis-
cosity 1o versus a concentration-corrected viscosity 17(cgsp). The solid
lines are a guide to the eye.

a strong increased noise level due to the decreased scattering
intensity of this control sample without NPs. At least for the
smallest accessible q value (3 = 0.019 nm™), an exponential
decay of the autocorrelation function is slightly indicated in
pure blood. Relaxation of the correlation data appears at two
orders of magnitude higher lag time and can thereby be asso-
ciated to slow dynamics in the systems. It becomes obvious
that analyzing colloidal dynamics in the blood becomes more
complex as all biological components (especially larger entities
like cells) contribute to a certain extent to the scattering signal.
Interpretation of the data can thus be challenging, however,
there are strategies to cope. For instance, scattering angle 26
dependent analysis can assist to rule out contributions caused
by direction-dependent dynamics, such as cell sedimentation,
which would be relevant for NPs which have been internalized
by cells. Furthermore, performing stretched exponential fits
(Kohlrausch-William—Watts function) allows for a more accu-
rate description of the dynamics in such complex systems as
demonstrated in Figure 7b by the dashed lines. Another option
to analyze the evolution of the probed dynamics and dynamical

www.small-journal.com

heterogeneities is the calculation of the two-time correlation
function, which allows access to the age-dependence of the
dynamics in the investigated real-time window.>*>!

A direct comparison of the blood exposure to the NaCl
study shows that severe agglomeration behavior during the NP
exposure to blood can be excluded. However, precise quantifi-
cation of the hydrodynamic diameter of the NPs in the blood
remains challenging, as the non-Newtonian character of blood
impedes viscosity determination. Still, for in vivo administra-
tion, it would already be helpful being able to in situ monitor
the absence of larger agglomerates, which could severely clog
the blood vessels.

One may also speculate about other applications of the here
described technique at its current state of performance. Some
studies have shown for example that the cellular distribution,
targeting, and delivery of NPs to cells can be highly affected
by the shear properties of biological fluid flow.’*=>1 As XPCS
experiments on colloid dynamics in shear flow have been
already reported,[® XPCS might contribute to obtaining deeper
insights into the impact of shear stress on the NP distribu-
tion and their colloidal stability in complex biological fluids.
Regarding the investigation of radiation-sensitive systems, X-ray
studies using micro-fluidics have become a reliable strategy
to mitigate radiation damage. Another promising application
might be a reversed engineering approach to measure the vis-
cosities of complex fluids by ensuring precise control over NP
stability and their non-interacting nature.

The performance assessment of XPCS for the in situ analysis
of NPs demonstrates the necessity of stable and well-detectable
tracer NPs for future experiments. The here presented exam-
ples have shown that precise control and balancing of radia-
tion damage, signal intensity, and sample-related experimental
limitations (concentration, agglomeration, etc.) are the keys for
XPCS studies of NPs in complex biological environments.

3. Conclusions and Outlook

In summary, an in situ analysis of the NP dynamics in bio-
logical environments using XPCS has been presented. Static

1L
0.8
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0.4
0.2

0

(9,09, 7)-1) I &

10 105 10* 10 102 10" 10°
7[s]

10 10 10 10 102 10" 10°
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10 105 10 10 102 10" 10°

Figure 7. a) Normalized intensity autocorrelation functions of aqueous 13 nm Au NPs. Data were obtained at the highest photon flux without attenua-
tion. b) Normalized g, functions of 13 nm Au NPs exposed to human blood. c) g, functions of pure blood as control. For the sake of clarity, the signal-
to-noise ratio has been improved by repeatedly binning two consecutive data points. Non-binned data is shown in Figure S12, Supporting Information.
The data shown in (b,c) were acquired at an attenuated photon flux using an attenuation factor of = 8.5. The solid lines represent single exponential

fits and the dashed lines stretched exponential fits.
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properties were obtained by analyzing the azimuthally averaged
scattering intensity I(g). Autocorrelation functions and hydrody-
namic radii of two sub-100 nm PMA coated Au NP species in
different environments were measured. Alteration of the static
and dynamic properties caused by ion-induced agglomeration
was investigated for the 13 nm Au NPs. The colloidal stability
and protein interaction of the 50 nm Au NPs were probed by
exposing them to varying BSA concentrations. Furthermore,
radiation damage management and the critical role of viscosity
concerning the dynamic properties were discussed. Finally, the
feasibility of XPCS measurements in crowded and dynamic
biological systems was demonstrated by exposing Au NPs to
human blood.

It is evident that XPCS as a technique for the investigation
of bio-nano interactions (e.g., agglomeration, degradation, and
protein corona formation) is still in its infancy. Nevertheless,
this work introduces new options and perspectives on how to
circumvent present experimental limitations regarding the
in situ monitoring of NPs in complex biological environments.

Probing the lower detection size limit has shown that there
are definitely still restrictions due to the current detector
state-of-the-art. Fortunately, with continuous development
and advances in detector technology, these restrictions can be
resolved in the future. Particularly noteworthy is the current
transition towards fourth-generation synchrotrons all around
the world. Methods like XPCS, which highly depend on the
coherence property of the X-ray beam, will greatly benefit
from the enhanced coherence of new generation sources.[6162
XPCS thus may potentially contribute considerably to novel
fundamental insights on protein-NP interaction, the fate of
NPs along with drug-delivery systems, and numerous other
dynamics in complex biological environments. At any rate, we
hope that this work highlights the potential of XPCS in the field
of bionanotechnology and may serve as guidance for future
XPCS experiments.

4. Experimental Section

Materials: Sodium chloride and bovine serum albumin (= 96%) were
purchased from Sigma Aldrich. HyClone phosphate-buffered saline
(w/o Mg, Ca) was purchased from Cytiva. Human blood for research
purposes was supplied by the Deutsches Rotes Kreuz. Quartz capillaries
were obtained by Hilgenberg.

Synthesis and Characterization of Au NPs: Citrate-capped spherical
gold NPs with diameters of 13 and 50 nm were synthesized in an
aqueous phase using previously published protocols. For each size, the
Au NP surface composition was then sequentially modified using first a
ligand exchange process for transferring the NPs to organic solvent, and
then overcoating with PMA for retransferring the NPs to the aqueous
solution. To achieve a highly concentrated stock solution, the final NPs
had been concentrated by extended centrifugation, which resulted in
slight agglomeration of the NPs prior to the X-ray experiments. For the
X-ray experiments, the individual samples had been diluted 1:1 from this
master dispersion. The detailed experimental procedure is described in
the Supporting information. The synthesized NPs were characterized
by UV-vis absorption spectroscopy, DLS, TEM, and Zeta potential
measurements.

Scattering Experiments: Scattering experiments were performed at
the Coherence Applications Beamline P10 at PETRA Ill, Deutsches
Elektronen-Synchrotron (DESY, in Hamburg, Germany).
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Sample Preparation: The synthesized PMA-coated AuNPs were
exposed to a wide range of NaCl and BSA concentrations and to the
blood of two individual donors. Before the measurements, all samples
were thoroughly mixed in Eppendorf tubes to ensure a homogeneous
distribution. Despite the controls and the pure NP dispersions, a strict
preparation protocol was followed, where the samples were incubated
for 2 h at room temperature to guarantee equivalent conditions.
Afterward, the samples were transferred to quartz capillaries (length
of 40 mm, outer diameter of 1.0 mm and wall thickness of 0.01 mm)
and were vacuum sealed. For all samples, control measurements for
background subtraction without Au NPs were carried out corresponding
to the investigated environment.

Coherent SAXS Setup: For SAXS experiments, X-rays were
monochromatized to a photon energy of 8 keV and a photon flux of
9.1 X 10'° photons s by a Si(111) channel cut monochromator. The
beam was focused to approximately 3 x 2 um? by using compound
refractive lenses. The detector distance was set to 5.05 m downstream
of the sample, including an evacuated flight tube between sample
and detector. The direct beam was blocked by a circular beamstop in
front of the detector. The scattering patterns were recorded using an
Eiger X4M direct-detection hybrid pixel detector with a pixel size of
75 x 75 um? and a maximum framing rate of 750 Hz, enabling access
to a maximum momentum transfer g range of 0.016 to 0.94 nm™". SAXS
measurements were performed with an integration time of 0.1 s over a
total time period of 60 s. Speckle patterns were acquired by an EIGER X
500k Hybrid Photon Counting detector with a pixel size of 75 X 75 um?
and a maximum framing rate of 9 kHz. Samples were exposed for 1.4 s
with a single exposure time of 0.14 ms. Measurements with the SAXS
setup were performed at room temperature. In order to investigate
sample alteration caused by radiation damage, measurements were
carried out at varying photon fluxes by adding different sets of 25 um
thin silicon absorbers to the setup (for precise attenuation factors
see Section S5, Supporting Information). With regard to photon flux
variation and detector type, each sample was measured in at least 12
distinct experimental configurations.

Coherent USAXS Setup: For USAXS experiments the sample-
detector distance was adjusted to 21.2 m and measurements were
carried out using a photon energy of 8.54 keV and a photon flux of
2.8 X 10'° photons s™'. The beam size was set to 100 x 100 um?. The
accessible g range was 0.005 to 0.23 nm™". The samples were placed in a
thermoregulated sample chamber, which has been evacuated afterward
to minimize air scattering. USAXS measurements were performed at
21.85 °C. The remaining experimental procedure was analogous to the
SAXS setup.

Statistical Analysis: The acquired scattering patterns were azimuthally
integrated and normalized to the ring current. For static SAXS analysis,
600 frames and for dynamic XPCS measurements 10 000 frames were
recorded. The data was binned in 250 (static analysis) and 18 (dynamic
analysis) regions of interest and assigned to the mean q value of this
bin. Static and dynamic analyses were carried out by the software
package XPCSGUI written in MATLAB®.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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