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Abstract:

In a biological milieu, nanoparticles (NPs) undergo alterations that go from aggregation or
degradation to the adsorption of a corona of proteins. Those changes influence significantly the
intrinsic properties and biological capacities of the engineered nanomaterials, and need to be
fully understood for successful biomedical use of NPs. We used synchrotron anomalous small-
angle X-ray scattering (ASAXS) to probe the individual SAXS contributions from the different
components of NPs (core, polymeric coating, and protein corona) on several in vitro systems.
By applying a model-based fitting approach combined with pair distance distribution analysis,
we were able to investigate whether and to what extent proteins formed a corona around
different nanoparticles. The results obtained agree with well-established dynamic light
scattering and transmission electron microscopy experiments, confirming the capacity of
ASAXS to obtain full information from complex NP samples, and opening for its use in more

realistic biological environments.
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Introduction:

Nanoparticles (NPs) are interesting tools towards the development of biomedical agents. Some
NP-based formulations have already been approved by regulatory agencies for use in drug
delivery or as contrast agents, allowing their introduction into clinical practice and the broader
context of daily life.['*1 However, several challenges still need to be addressed regarding in
vivo application, including those linked to biologically induced alterations to the structure or
stability of NPs.P®! In the case of inorganic NPs, the NPs are typically composed of an inorganic
core (metal, metal oxide, semiconductor, etc.) surrounded by a layer of organic ligands, usually
consisting of organic polymers. Size and shape of the NPs are fundamental parameters directly
influencing the biological response following the administration in vivo or in vitro of the
particles. Among others, the size and shape of NPs are closely related to in vivo clearance (e.g.
increased renal filtration for small NPs) and cellular uptake (e.g. by modulating interaction with
cell membranes).1% The ligand layer enhances the colloidal stability and solubility of NPs,
but also passivates their surface to reduce the reactivity. Those ligands direct the interaction
between the NPs and biomolecules, and can be engineered to enhance their biocompatibility.
As such, the nature of the polymers used can affect cell internalisation and tissue penetration,
achieve targeted delivery or reduce the immune response of the organism after administration
of the nanomaterial.[***31 Additionally, following the introduction of the NPs into a biological
fluid, their surface is coated by a variety of proteins, lipids, and/or other biological
macromolecules.’ This dynamic protein corona also influences drastically biodistribution,
cellular uptake, and biocompatibility.'>¥ In this way an inorganic NP in biological
environment can be conceptually segmented into its inorganic core, is ligand shell, and the
corona of adsorbed biological molecules.l?"

In view of this, it is clear that changes in any of those three components during in vivo use can
alter the nature of the interaction between a NP-based biomedical agent and the organism,
affecting its clinical efficiency. Therefore, it is essential to probe any change in core, ligand
layer and protein corona individually to fully understand the real pharmacological properties of
NPs after administration.[?°! Ideally, a single method capable of being applied both at the
cellular level and in whole animal models would be desired.

While a number of ex vivo techniques, including dynamic light scattering (DLS) or transmission
electron microscopy (TEM) can be used to characterise NP cores, ligand layers and protein
coronas, there is a need for the development of techniques that can probe those components in
vivo.[?2-231 Notably, chromatographic techniques cannot be utilised directly in vivo due to their
nature, and optical methods in the UV-visible range (e.g. DLS or fluorescence microscopy) are
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limited to surface areas of the organism because of tissue absorption. TEM only can be applied
to extracted samples. Nuclear magnetic resonance (NMR), and radioactive labelling techniques
like positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) are capable of tracking the fate of the core, ligands and the protein corona around
NPs, both in vitro and in vivo. ?*% However, PET and SPECT do not provide structural
information on each of the components, and NMR does it but only through long acquisitions
that make the technique unsuitable for in vivo applications.

Alternatively, X-ray-based techniques like X-ray fluorescence imaging (XFI) or wide/small
angle X-ray scattering (WAXS/SAXS) have also been used to study the different components
of NPs in biology.?"?8l Such techniques can be used for imaging at the cellular level and scaled
up for use in larger model systems.[?**% Moreover, they can be applied to optically opaque
samples like tissues or full organisms, and permit to achieve different penetration depending on
the energy of the X-rays used.3-33 Therefore, X-ray techniques are good candidates as single
methods to probe NPs both in vitro and in vivo. For instance, XFI can provide element-specific
maps with excellent spatial resolution.®#3! We have recently shown that introducing
exogenous labels enables us to track the intracellular fate of the protein corona around
AuNPs.?1 However, it does not provide any structural information on the alterations of the NPs
size and shape induced by biological aggregation or degradation. Equally, scattering techniques,
such as SAXS can provide valuable information about the overall shape, size, and homogeneity
of NPs.E%6:371 However, SAXS is unable to differentiate details from individual components, as
the technique averages the scattering contributions from the different layers of the sample and
obscures their specific characteristics.[%2

The objective of our study is to demonstrate the potential of anomalous small-angle X-ray
scattering (ASAXS) as a valid technique for differentiating between the individual components
of NPs. ASAXS exploits the variations in scattering that occur near the absorption edges of
specific elements, where the scattering factors change significantly due to resonant interactions
between the incident X-ray photons and the electrons in the sample.38#% This provides
element-specific contributions, which can enable the extraction of scattering information from
each layered segment of the NP system if they are significantly different in their elemental
composition. As such, ASAXS has been employed to assess the individual sizes of the different
components of the core of multimetallic NPs.*142 |nitial ASAXS studies also yielded
promising results to differentiate between the inorganic core and polymer ligands of NPs.[]

However, we demonstrate here an extension of this approach to the third layer, the protein



1
2
3

© 00 N o o1 b~

10
11

corona, that was made possible by the introduction of tags with high-Z elements onto the

different layers to enhance the accuracy of the method.

Schemel: Illustration showing the different formulations of AuNP studied in this
publication. A) AuNPs (gold) carrying Gd-labelled proteins (purple) covalently immobilised
onto their surface to form a continuous shell, were used as a positive control. B) In parallel, we
coated AuNPs with combinations of biomedically relevant organic surfactant (polyethylene
glycols - PEGs, shown in green) before introducing the Gd-labelled proteins. Bromine labelling
of the PEG allowed us to assess simultaneously the size of AuNP, PEG, and the surrounding

proteins.
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Results and Discussion

2.1. Nanoparticle synthesis and conventional characterisation

A small library of Au NPs sharing the same 12 nm Au core was generated. Particles were coated
with 3 kDa polyethylene glycol (PEG) carrying amino terminal groups (AUNP@PEG-NH2),
2 kDa PEG carrying bromine terminal groups (AUNP@PEG-Br) or a combination of both
(75% amino- and 25% bromine-terminated PEG respectively; AUNP@PEG-mix) to obtain
NPs with diverse surface properties. Finally, a NP carrying a stable protein corona was
generated by binding a recombinant designed consensus tetratricopeptide repeat (CTPR)
protein, 4471 labelled with Gd, to the Au core through an engineered unique C-terminal cysteine
(AUNP@CTPR-cys-Gd). This was created as a positive control for the formation of the protein
corona.

Particles were generated using two different batches of Au cores prepared following the same
protocol,*8l and presented minor discrepancies in their size and zeta potential. Therefore, results
presented herein discriminate between the two batches. Transmission electron microscopy
(TEM) analysis confirmed that both sets of NP cores exhibited a narrow size distribution, with
diameters dc of 12.0 £ 0.9 nm (number of investigated NPs: N = 634) for batch 1 and
12.6 £0.7 nm (N = 107) for batch 2 (Figure 1 A, B, D, E). Although the number of NPs
evaluated for batch 2 was lower, a resampling analysis of NPs in batch 1 (implementing a
random value picker to select 107 from the 643 NPs available, and performing 20 iterations)
confirmed that this sample size is sufficient to represent the size distribution (cf. SI chapter 1,
Figure S1 and Table S1). The successful functionalisation of AuNPs with the different ligand
layers was indicated by a slight shift in the localised surface plasmon resonance (LSPR) peak
following the replacement of the citrate capping agents with PEG or protein molecules (Figure
1 C, F). Furthermore, laser Doppler anemometry was employed to track alterations in (-
potential after surface modification. For batch 1, the initial citrate-capped AuNPs exhibited a
zeta-potential { of -185%0.6 mV, was unchanged (-18.9+2.8 mV) after covalent
functionalisation with CTPR-cys-Gd, and changed to +26.3 + 1.0 mV or -0.9 + 0.9 mV after
modification with PEG-NH> or PEG-Br (respectively). In the second batch, the (-potential
exhibited a shift from an initial value of -11.6 £ 2.4 mV (citrate-capped) to a final value of
+8.6 £ 0.6 mV following modification with the 75% amino- and 25% bromine-terminated PEG
mixture. This suggests the formation of a mixed ligand layer, as the zeta potential is placed

between that of fully amine- and fully bromine-terminated PEG coatings.
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Figure 1: Colloidal characterisation of the two NP batches used in this study. A, B, C) batch 1;
D, E, F) batch 2. A, D) Representative transmission electron microscopy (TEM) images of the
AUNPs, showing their narrow size distribution and spherical morphology. Scale bar: 50 nm. B,
E) Histograms showing the distribution frequency N(dc) of AuNPs core diameters (dc) as
determined from TEM images, N = 634 for B), N = 107 for E). C, F) Normalised UV-visible
absorption spectra A/Amax(L) of the AuNPs highlighting spectral shifts due to different surface

modifications.

2.2. Protein corona formation and characterisation

To investigate normal non-covalent adsorption of proteins around AuNPs, we also expressed a
variant of the CTPR-cys-Gd protein that lacked the terminal cysteine but maintained the same
Gd label (CTPR-Gd). This protein, with computed dimensions of approximately 9.9 nm
(length, Lprot) by 3.8 nm (width, dorer) (Figure S2),%° was used to form the corona around the
pegylated AuNPs studied in our experiments. The new CTPR-Gd protein could no longer bind
covalently to AuNPs via the terminal cysteine, but maintained an overall negatively charge.
Thus, it could be adsorbed electrostatically to the positively charged amino-terminated PEG,
mimicking a native-like protein corona that could be detected by X-rays techniques thanks to
the Gd labelling.1 Then, the hydrodynamic diameter dn of all NPs was evaluated in the
absence or presence of CTPR-Gd proteins using DLS. As is the case of TEM (similar d¢), also

the volume-weighted DLS measurements showed similar hydrodynamic diameters dn of
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12.9 + 0.2 nmand 13.1 + 0.7 nm for the Au cores of batch 1 and batch 2 (respectively; cf. Figure
2).

Direct covalent immobilisation of CTPR-cys-Gd proteins onto AuNPs via thiol-gold coupling
increased the hydrodynamic diameter of the particle to dh, core+prot =29.0 = 1.0 nm (Figure 2A).
Considering that the computed length of one stretched protein is ca. 9.9 nm, the increase in size
observed is in agreement with the formation of a monolayer of proteins axialy oriented around
the AuNPs. Further inductively-coupled-plasma mass-spectrometry (ICP-MS) analysis of
AUuNP@cys-CRPT-Gd determined that 70.7 + 2.0 CTPR proteins were bound per AuNP
(considering the size and lattice of the AuNPs and the labelling efficiency of Gd per protein).
Moreover, this allowed to extrapolate a theoretical 6.4 nm?footprint of CTPR-cys-Gd proteins
on the AuNPs surface, which is slightly smaller than one would expect for the 3.8 nm width of
the protein. Possibly because the protein is anchored solely through its terminal cysteine and
adopts a more stretched orientation on the curved nanoparticle surface, thus reducing the
effective footprint.”

Equally, DLS showed that the hydrodynamic diameter of AUNPS@PEG-NH2, AUNPs@PEG-
mix and AUNPsS@PEG-Br increased respectively to d, core+pec = 26.8 £ 0.3 nm, 28.5 + 1.0 nm
and 21.7 £ 0.6 nm (Figure 2B-D) after coupling of the PEGs to the AuNPs. The reduced size
of AUNPs@PEG-Br compared to the other NPs was expected, as PEG-Br (2 kDa) is smaller
than PEG-NH> (3 kDa). Incubation of the PEGylated AuNPs with CTPR-Gd proteins resulted
in increases Adh in the hydrodynamic diameter of AUNPs@PEG-NH:2 and AUNPs@PEG-mix
by 3.1 £ 0.9 nm and 3.9 £ 0.5 nm (respectively, Figure 2C-D). This indicated the formation of
a protein corona around the particles after the adsorption of a single layer of CTPR-Gd
proteins, equatorially oriented, as expected from the presence of PEG-NH: ligands in the
AUNPs. Instead, a small decrease in size was observed after incubation of AUNPS@PEG-Br
with CTPR-Gd (dh, core+peG+prot = 20.5 + 1.2 nm), indicating that PEG-Br prevents the formation
of a stable protein corona. This decrease might be due to the constant hydrodynamic diameter
of the NP and a slight increase in solution viscosity after protein addition, which is not

accounted for by the automatic fitting process of the software.[°l
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Figure 2: Volume-weighted V (dn) hydrodynamic diameter dn distribution of all gold
nanoparticle formulations during various surface modification steps, measured by dynamic
light scattering. A) covalently immobilised protein onto AuNP, and: B) amino pegylated AuNP
(AUNP@PEG-NH?2), C) PEGylated nanoparticle carrying 75% amino- and 25% bromine-
terminated PEG ligands (AUNP@PEG-mix) and D) bromine terminated PEGylated AuNP
(AUNPs@PEG-BFr), in the absence or presence of CTPR-Gd proteins. The shown curves are
averaged from three technical replicates. A consistent increase in hydrodynamic diameter is
observed following PEGylation (red dots in B, C, D), indicating the successful surface
modification. Further increases in the hydrodynamic diameter upon incubation with CTPR-
cys-Gd or CTPR-Gd, respectively, indicating the formation of a protein corona. In contrast,
no shift is observed for AUNP@PEG-Br@CTPR-Gd, suggesting the absence of a protein

corona formation.

2.3. ASAXS of NP systems

The potential of ASAXS as a valid tool to probe the individual components of NPs was assessed
using the systems previously described, which contained Au, Br or Gd respectively in their
metal core, ligand layer or protein corona. This provided distinct X-ray contrasts, as the overall

scattering from the sample (f) changed in proximity to the absorption edges of each of these
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elements due to their different scattering coefficients (Equation 1). Near the absorption edge of

an element, the energy (E)-dependent anomalous scattering correction (f*) must be considered
additionally to the energy-independent scattering (f°).[3%501

f=/rf+ f4 (Equation 1)

fAE)= f (E)+if (E) (Equation 2)

This correction term is composed of a real component (f'), which accounts for changes in the
phase velocity of the incident X-rays (Equation 2). This is known as the dispersion correction.
The imaginary component (") is associated with the reduction of the scattered waves amplitude
due to X-ray absorption. The scattering contributions in units of @ (relative number of electrons
per atom) were extracted from National Institute of Standards and Applications® and
illustrated for Au in Figure 3A, for Gd and Br in Figure S4 A, G.

As a result, it was possible to perform ASAXS from each sample (Figure 3 B, C, Figure S4) by
acquiring spectra at four different energies in the proximity of the Au-Lz edge (sensitive to Au
cores), Br-K edge (sensitive to brominated ligand layers) or Gd-L3 edge (sensitive to both types
of CTPR proteins). Three spectra were acquired at energies before (starting around 100 eV
before) the specific absorption edge and one around the edge studied (< 10 eV). While beam
damage controls confirmed sample stability at higher X-ray energies (Au edge, cf. SI chapter
12), no equivalent tests were performed at the Gd edge. Therefore, subtle beam-induced
alterations at lower energies, particularly affecting the low-q region (as seen in Figure 4C, Sl
Table S3), cannot be fully ruled out, and future ASAXS studies should include explicit beam
damage controls at all energies probed.

Initial fitting of the ASAXS data to a single hard-sphere model allowed to obtain the radius of
gyration (rg) for each sample at the different energies studied. As anticipated and consistent
with previous reports,*3 the rq calculated from spectra collected near Au-Ls edge increased due
to anomalous scattering contributions from the Au core, while those collected near Br-K or Gd-
Ls edges decreased due to the contributions from external ligand layer or proteins (Fig 3D-F
and Table S2). When the incident X-ray energy approaches the Au-Ls edge, the contrast
between the Au core and the ligands decreases, causing a portion of the ligand to become
discernible as part of the sphere in the fitting procedure. This leads to an apparent increase in
the particle size. Conversely, the decrease in scattering intensity near the absorption edge of the
shell material, Br and Gd, results in a reduction in the contributions of the shell and eventually,
the particle size. These results confirmed the structural conformation of our NP systems, and

validated our experimental acquisition protocols. Then, the resonant scattering contributions



1  (Ir) of individual elements within the NPs were extracted using the Stuhrmann equation as
2 previously described,®? obtaining specific scattering patterns to characterise each of the

3 components of NPs.
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Figure 3: A) Real (red) and imaginary (blue) components of the atomic scattering coefficient
of Au depending on the energy of the incident X-ray energy, showing the characteristic probed
resonance at the Au-Lz absorption edge (~11.919 keV). B) Measured scattering curves 1(q) of
Au@PEG-mix@CTPR-Gd acquired near the Au-Ls edge, illustrating subtle changed in the

scattering profile due to anomalous dispersion. C) Discrimination between resonant (Ir), non-
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10  resonant (lo) and mixed (lor) scattering contributions from scattering curves in B) obtained by
11 Stuhrmann equation. The radius of gyration rq for AU@QPEG-Br@CTPR-Gd was determined
12 atincident energies near the Au-Ls (11.919 keV - D), Br-K (13.474 keV - E) or Gd-Lz3 (7.243
13 keV - F) edges. The energy dependent variation in rg reflects the contribution of the respective
14 element to the overall electron density distribution. The error bars represent the uncertainty
15  derived from a single dataset and indicate the mathematical error in the calculation.

16

17 2.3.1. Analysis by model based fitting

18  Thedifferent Ir curves obtained were evaluated based on a core-shell model (Figure 4 and Table
19  S3), which was expected for the immobilisation of PEG polymers or CTPR-cys-Gd on an Au
20  core and subsequent adsorption or not of a corona of proteins. As the model based fitting
21  procedure provides a radius of gyration of the gold nanoparticle core (rg.core), We subsequently

22 converted to a physical diameter (dcore = 2 X Fgcore x V(5/3)) throughout this section for better
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comparison to diameters obtained by TEM and DLS. This conversion holds for a homogenous
mass distribution of a sphere, which can be reliably assumed in the case of AUNPs. Moreover,
the fitting provides a shell thickness. When probed at the Gd edge this shell is assigned to a
layer of proteins (Arshen(prot), and while analysing data sensitive to Br this shell thickness
corresponds to the PEG layer (Arsneiipec)). TO 0obtain the overall diameter of the system, and to
compare it to the results obtained by DLS, we added twice the shell thickness to the NP core
diameter (dcore+prot = dcore + 2 X Atsheliprot)), (Qeore+PEG = deore + 2 % Arsheli(PEG)), respectively, or in
case of the triple segmented particle (dcore+PEG+prot = Aeore + 2 X Arsheli(PEG) + 2 X ATsheli(prot)).
Fitting of the data from AUNP@CTPR-cys-Gd sample to this model indicated an Au core
diameter of dcore = 12.0 £ 0.2 nm (obtained from data sensitive to Au-Ls) and an overall
diameter of the NP system of dcore+prot = 28.4 £ 0.6 nm (obtained from data sensitive to Gd-Lz3).
These values are in agreement with those obtained by DLS and TEM, and validate the use of
ASAXS at the Gd-Ls edge to study Gd labelled CTPR proteins. Similar results were obtained
when using the same model to fit the resonant scattering curves obtained from AUNP@PEG-
NH2@CTPR-Gd, which yielded an Au core size of dcore = 12.8 + 0.06 nm, and a protein corona
thickness of Arsheliproyy = 4.0 £ 2.1 nm. Once more, values were equivalent to results obtained
from DLS and TEM, but the lack of contrast in the ligand layer did not allow to characterise
the full system. The use of NPs carrying PEG-Br solved this issue, and allowed us to
characterise the ligand layer around the particles (Figure 4 and Table S3). Fitting of ASAXS
data from AUNP@PEG-Br@CTPR-Gd and AUNP@PEG-mix@CTPR-Gd to the core-shell
model gave Au core sizes of deore = 12.6 £ 0.1 nm and 12.0 £ 0.1 nm (respectively). The
corresponding diameters covering both, the core and ligand were determined to be dcore+sheli(PEG)
=21.6 +0.2nm and 28.0 £ 1.4 nm (respectively; obtained from data sensitive to Br-K). This
showed good agreement with previous analysis by DLS and TEM, and confirmed further the
convenience of using heavy element tags as ASAXS labels. Still, the fitting of ASAXS spectra
from the same samples at the Gd-Ls edge (which probe CTPR-Gd proteins) revealed a radius
increase of Arsheliproty = 3.9 £ 0.4 nm for AUNP@PEG-mix@CTPR-Gd and 2.0 + 0.3 nm for
AuNP@PEG-Br@CTPR-Gd.
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Figure 4: Resonant SAXS curves and core-shell model-based fits for AUNP@PEG-
mix@CTPR-Gd at the absorption edges Au-Ls (A), Br-K (B), and Gd-Lz (C). Experimental
scattering data (black dots) and corresponding core-shell model fits (red lines) are shown for
each energy. The model provides a good fit at the Au-Ls and Br-K edges, whereas at the Gd-Ls
edge, deviations occur at lower g-values. These deviations likely arise from minimal beam-
induced alterations, leading to an increase in intensity at low g, as well as the presence of free
CTPR-Gd in solution, which is not fully captured by the core-shell model. The chosen g-range
(0.015 - 0.11 A-") for all fits excludes possible alterations in the low-q region and reduces noise
contributions at high g, ensuring a more robust comparison between different energies and

samples.

This was unexpected, as DLS data suggested the formation of a protein corona of CTPR-Gd
around AUNP@PEG-mix, but not AuUNP@PEG-Br. Therefore, such finding may suggest two
possible scenarios: 1) for AUNP@PEG-Br@CTPR-Gd ASAXS at the Gd-Lsz edge might be
dominated by background noise from free CTPR-Gd proteins in solution; or 2) the proteins
might be intercalated within the PEG layer of AUNP@PEG-Br, without altering the overall
hydrodynamic diameter of the particles. It is worth mentioning that proteins with strong
interaction potential, can embed themselves within the PEG coatings around NPs.[l
Additionally, lower PEG densities can increase interchain spacing, which can facilitate
penetration®® and intercalation (due to hydrophobic interactions)®>%¢1 of proteins.
Nevertheless, this is not the case in the samples analysed, so the result obtained brings doubt
over the capacity of ASAXS to characterise a dynamic protein corona.

As such, we used a binary hard-sphere model to fit resonant scattering curves obtained at the
Gd-Ls edge (Table S4), in an attempt to simulate a scenario where the protein corona was not
formed or did not alter significantly the hydrodynamic size of the NPs, and increase our
sensitivity to free proteins in solution (Figure S5, detailed explanation in Sl chapter 9). To

quantitatively assess the quality of the fits, the reduced chi-square (x?>/Npts) was calculated. In
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this calculation, 2 is used to quantify the deviation between the experimental data points and
the fit model, and (Npts) represents the total number of data points. This ensures a normalized
and comparable goodness-of-fit evaluation throughout all datasets. Interestingly, the quality of
the fit using this new model (shown as ¥*/Npss in Table S4) depended on the sample analysed.
Fitting based on a core-shell model was much better for AUNP@CTPR-cys-Gd and
AUNP@PEG-NH@CTPR-Gd than that achieved by a binary hard-sphere model, but just
marginally better for AUNP@PEG-mix@CTPR-Gd and equivalent for AUNP@PEG-
Br@CTPR-Gd. Moreover, the size (rgprotexp) Obtained for the small sphere in those two
samples (PEG-mix and PEG-Br) was 4.3 £ 2.0 nm and 4.8 + 0.5 nm (respectively), while it was
16.7 £ 1.1 nmand 8.0 £ 0.1 nm for AuUNP@CTPR-cys-Gd and AUNP@PEG-NH@CTPR-
Gd (respectively). This suggested the presence of significant populations of free proteins in
samples containing PEG-Br ligands, but not in those with static or strong dynamic protein
coronas around them. However, when the ratio between the two spheres (i.e. large = NPs, small
= free CTPR-Gd proteins) was calculated after fitting (see SI chapter 9 and Table S5), it
revealed a ratio of 125.0 or 572.5 CTPR-Gdsee/NP respectively for AuNP@PEG-
MiXx@CTPR-Gd and AUNP@PEG-Br@CTPR-Gd. As each sample contains ~ 500 CTPR-
Gdtot/NP, this confirms that a corona is formed around AUNP@PEG-mix (but a significant
fraction of CTPR-Gd is still free in solution) but not AUNP@PEG-Br. Applying this
calculation to AUNP@CTPR-cys-Gd and AUNP@PEG-NH2@CTPR-Gd, a ratio of 0.6 or
9.4 CTPR/NP is obtained (respectively), underlying the formation of a protein corona with
nearly all CTPR interacting with the AuNPs. Still, while the core-shell model initially applied
accounts explicitly for a protein layer surrounding the nanoparticles, it seems to be incapable
to discriminate reliably between the free CTPR-Gd and those forming a protein corona around
the AuNPs when there is a significant number of free proteins in the solution. The binary hard
sphere model, by contrast, offers a clear and robust interpretation when free proteins dominate
in solution, and even in the case of nearly exclusive corona formation, it still provides valuable

information by indicating the absence of free proteins in the solution.

2.3.2. Analysis by pair distance distribution function

By performing pair distance distribution function (PDF) calculations from a scattering plot it is
possible to obtain information about the size and structure of the species present in the sample.
As previously shown when studying NPs,“®l the peak in the PDF represents the most frequent

distance between the scatterers in the NP. Instead, the maximum x-value where the probability
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P(x) > 0 indicates the maximum extension of the scatterers, and can therefore be interpreted as
the effective size of the NP.

As such, PDFs were calculated for the different Ir obtained from ASAXS acquired at the Au-
Ls edge, Br-K edge or Gd-Lz edge from each of the four NP samples, with the intention of
validating the data obtained from the model-based fitting of the same resonant scattering curves
(Figure 5 and Table S6).

PDFs from the Ir at the Au-Ls edge revealed a maximum distance of scatterers between
deore =X = 12.5 t0 13.0 nm over all four formulations, which was in agreement with previous
TEM and DLS measurements and fitting based on core-shell models. For the other elements
present in the samples, it is reasonable to assume that PDFs are mostly dominated by the
structure of the AuNP core, while the contributions of the few scatterers in the surrounding PEG
or protein corona (carrying in comparison small amounts of Br or Gd labels) are minimal. PDF
from resonant scattering contributions obtained at the Br-K edge from NPs carrying PEG-Br
yielded sizes (core including the the PEG shell) of dcore+pec = 21.1 nm and 21.0 nm for the
ligand layers of AUNP@PEG-mix and AUNP@PEG-Br (respectively).

A B
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Figure 5: Normalised pair distance distribution functions (PDFs) as calculated from resonant
SAXS curves obtained at the Au-Lz (A), Br-K (B), and Gd-L3 (C) edges from A) AUNP@cys-
CTPR-Gd, B) AUNP@PEG-NH2@CTPR-Gd, C) AUNP@PEG-mix@CTPR-Gd and D)
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AUuNP@PEG-Br@CTPR-Gd. Note that x means radial distance in this context and is therefore
corresponding to a diameter (d) when assuming spherical geometry. Energy dependent changes
in the shape of the PDF curves provide element-specific structural information. The extension
of the PDF towards higher x values at 13 keV (near Br-K edge) reflects the contribution of the
bromine atoms from the PEG-Br ligand (C, D). Additionally, the broader tail at 7 keV is
attributed to the gadolinium signal from the CTPR-Gd protein, suggesting a size increasement
of the formulations by the formation of a protein corona. The error bars represent the uncertainty

derived from a single dataset and indicate the mathematical error in the calculation.

For AUNP@PEG-Br this was expected from previous DLS and ASAXS core-shell model
based fitting calculations. It was smaller (around 6 nm) than expected from DLS and core shell
fitting for AUNP@PEG-mix, as the PDF seemed to show the size of just the PEG-Br and not
the full ligand layer around the NPs. Instead, PDFs from the resonant scattering at the Gd-Ls
edge agreed well with the sizes obtained previously by DLS and most cases of the core shell
model fitting of the ASAXS data. This included diameters of dcore+pEG+prot = 30.5 nm, 30 nm
and 32.6 nm for AUNP@CTPR-cys-Gd, AUNP@PEG-NH2@CTPR-Gd and AUNP@PEG-
Mix@CTPR-Gd (respectively). However, the maximum distance at the PDF for the
AUNP@PEG-Br@CTPR-Gd formulation was determined to be x = 21.0 nm, which supports
the model of two independent solid spheres and the DLS in this system. Thus, from this
comprehensive analysis we conclude that no protein corona formation was present in this

sample, even though the core shell model suggested it.

2.4. Comparison of characterisation techniques and analysis methods

A systematic comparison of the different techniques and analysis methods employed herein it
is essential to gain a comprehensive understanding of the feasibility of using ASAXS to
characterise the different components of NPs. Table 1 summarises results from the four AUNP
systems tested with TEM, DLS, and ASAXS using core-shell and binary hard sphere fitting
models or PDF analysis. Observation of the data obtained confirms that ASAXS is capable of
characterising accurately the different components of AuNPs when they are made or labelled
with tags with high-Z elements. However, the method used to analyse the Ir data of the
individual samples must be approached with caution.

Model-based fitting can provide crucial information on the samples quickly, but the use of the
wrong fitting model can also lead to false interpretations. In our case, core-shell fitting models

are particularly powerful and accurate for the analysis of the core of AuNPs and any other
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component covalently bound directly to it. This made it possible to probe the ligand layers of
AUNP@PEG-mix and AUNP@PEG-Br and the CTPR-cys-Gd proteins bound covalently
around AUNP@CTPR-cys-Gd. Still, results obtained from core-shell fitting models when
probing the corona of CTPR-Gd proteins around AUNP@PEG systems with Gd-L3 ASAXS
are not always consistent with those obtained with other techniques. Remarkably, model based
fitting approaches seem only useful to probe molecules bound to AuNPs through non-covalent
interactions when they constitute the dominant fraction of the overall population of the species
in solution. This makes the results obtained for AUNP@PEGs unreliable and hampers the use
of this type of analysis when the formation of the protein corona cannot be confirmed using
other analytical methods.

Instead, the analysis of ASAXS data by PDF methods does not show any of these issues, as it
represents ratios of distances between scatterers and depends more on the aggrupation of
molecules than in the number of individual ones. Therefore, it is a much more reliable method
to characterise the different components of AuNPs (independently of the nature of their
interaction or the relative size of the population of the species studied) and should be preferred

to the use of model based fitting approaches.

Table 1: Summary of diameters obtained by different methods for all samples. Values are
expressed in nm. *Note: As AUNP@PEG-NH2@CTPR-Gd did not offer any Br label for the
PEG layer, the overall size obtained by ASAXS at Gd-Ls edge was extrapolated from DLS

result before protein introduction.

Method @CTPR-cys-Gd | @QPEG-NH2 | @QPEG-Mix | @QPEG-Br
TEM (dcore) 12.0+0.9 12.0+0.9 126 +0.7 12.0+0.9
DLS core (dh, core) 129+0.2 129+0.2 13.1+0.7 129+0.2
ASAXS core shell

12.0+0.2 12.8+0.1 12.0+0.1 126 +0.1
Au L3 edge (dcore)
PDF Au L3 edge (dcore) | 12.5 13.0 12.8 12.7
DLS AuNP@PEG

- 26.8+0.3 285+1.0 21.7+0.6
(dh, core+PEG)

ASAXS core shell
Br K edge (dcore+rEG)
PDF Br K edge

- - 28.0+1.4 21.6 +0.2

- - 21.0 21.0
(dcore+PEG)
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DLS AUNP@CTPR-
cys-Gd (h, core+prot) OF
AUNP@PEG@CTPR-
Gd (dn, core+PEG+prot)

29.0+1.0 29.9+0.9 320+0.3 205+1.2

ASAXS core shell
Gd L3 edge (dcore+prot OF | 28.4 £ 0.6 348+4.1* 318+2.1 25.6+0.8

dcore+PEG+pr0t)

PDF Gd Ls edge
30.5 35.0 32.6 21.0

(dcore+prot OF core+PEG+prot)

2-sphere
16.7+1.1 8.0+0.1 43120 48+05
Gd Lsedge: rg small

2.5. Benchmarking against conventional techniques and methodological considerations

Benchmarking was performed against established techniques such as transmission electron
microscopy and dynamic light scattering, which are routinely used to assess nanoparticle
morphology and size. The ASAXS results showed strong agreement with DLS and TEM
regarding core size and corona thickness, confirming its validity. However, ASAXS provides
several distinct advantages. DLS, while widely used to determine the size of nanoparticles in
solution, provides only ensemble-averaged hydrodynamic radii and is strongly biased toward
larger or aggregated species. More critically, it lacks spatial resolution and is not possible in
optically dense media due to its reliance on visible light scattering. This makes it an unsuitable
technique for the in situ nanoparticle characterization in complex biological fluids or directly
in tissue. TEM, on the other hand, enables direct visualization of nanoparticles but relies on
sample preparation steps such as drying, staining, or embedding, which can also alter the native
structures of the nanoparticle, ligand and/or protein corona. Furthermore, it is restricted to thin,
electron-transparent samples and cannot be applied in situ to opaque or hydrated media. These
limitations can be overcome with ASAXS, which enables label-specific, component-resolved
structural analysis in fully hydrated samples, without invasive preparation, and under near-
physiological conditions, as we have demonstrated here in a proof-of-principle study. Still,
some methodological limitations of ASAXS need to be considered. First, the whole technique
depends on the incorporation of high atomic number (Z) elements to generate the anomalous
contrast, which may not always be compatible with desired biological functions or might even
change the native state as well. Second, although no severe beam induced damage was observed

under our conditions, this risk remains for sensitive biomolecules under prolonged synchrotron



© 00 N O O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

exposure. Third, the requirement for synchrotron access currently limits its applicability to in
vitro settings. However, the ability of X-rays to penetrate complex fluids presents opportunities

for future implementations of the technique to more useful ex vivo setups.
3. Conclusions

Our study demonstrates that it is possible to evaluate different components of AuNPs, including
metal core, ligand layer, and protein corona, using ASAXS. This was possible by labelling each
of them with individual tags with different high-Z elements that provided X-ray contrast
allowing to obtain element specific SAXS patterns. Four NP systems with different surface
chemistry and diverse capacity to form a protein corona around them were analysed using
different methods, and the results obtained were validated using data obtained previously with
other techniques. Comparison of results from ASAXS with those from TEM, DLS and zeta-
potential suggests that PDF based analysis of the ASAXS data is preferred to model based
fitting in most cases, especially if no validating techniques are available. Nevertheless, ASAXS
is a valid tool to characterise the different structural properties of complex NP systems.
Moreover, the use of X-rays for acquisition might help to reduce background noise when
studying the nanomaterials in complex biological fluids, which encourage future translation of

ASAXS approaches for ex vivo or even in vivo studies.

4. Experimental

4.1. Materials

Sodium citrate (Sigma), Gold (111) chloride trihydrate (Sigma), Ethylenediaminetetraacetic acid
disodium salt (EDTA, Sigma), Citric Acid (Sigma), Bromine-PEG-thiol (2 kDa,
BiopharmaPEG), Amine-PEG-thiol (3 kDa, Rapp Polymere), Dithiothreitol (Sigma),
Phosphate buffered saline tablets (Fisher Bioproducts). Protein expression: pProEx-HTA vector
(Thermo Fisher), OverExpress™ C41(DE3) Chemically Competent Cells (Sigma), isopropyl
1-B-d-thiogalactoside (IPTG; 99%; Thermo Fisher), Ampicillin, sodium salt (99%; Sigma), LB
Lennox (99%; Sigma), DNase | (1 U pL-1; ThermoFisher), lysozyme (Thermo Fisher),
cOmplete™ Protease Inhibitor Cocktail (Roche), Tobacco Etch Virus (TEV) protease
(Expressed in the laboratory), glycerol (99%; Thermo Fisher), ethylenediaminetetraacetic acid
(EDTA,; 99%, Sigma), imidazole (99%; Thermo Fisher), sodium chloride (NaCl; 99%, Sigma),
and sodium phosphate monobasic (NaH2POa; 99%, Sigma), dithiothreitol (DTT; 97%; Sigma).
HisTrap FF Ni-NTA (Cytiva). Gd-labelled CTPR: Gadolinium?®* chloride hexahydrate (GdCls
- 6H20; Sigma Aldrich), PD-10 desalting columns packed with Sephadex G-25 resin (Cytiva).
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4.2. AuNP synthesis

Gold nanoparticles were synthesised following a protocol published previously by Schulz et.
al.[* Shortly, 533 mL of a citrate buffer solution was prepared by mixing 400 mL sodium
citrate (2.75 mM) with 133 mL 2.75 mM citric acid solution. The solution was boiled under
stirring for 15 minutes, followed by the addition of 266 pL of aqueous EDTA solution
(40 mM). After 5 minutes, 133 mL of a preheated (T = 90 °C) solution of gold chloride
(817.5 uM) was added. The new mixture resulting was stirred under boiling for 20 minutes
before letting it cool down to room temperature. For covalent immobilisation of the protein,
AuUNPs were concentrated and washed thrice by using Amicon® spin filter units (100 kDa
molecular weight cut-off (MWCO), 4,000 rcf, 60 s).

4.3. Protein expression, purification and characterisation

The consensus tetratricopeptide repeat (CTPR) proteinst® used in this work were engineered
through a cloning approach previously described™44¢1 and are made of 11 CTPR repeats. To
generate a metal binding protein, six of these CTPR repeats were designed to bear four histidine
residues at non-conserved positions (2, 5, 6, and 9).[581 The gene for the CTPR protein was
generated by block cloning using BamH1 and Bgl11 digestion.>® The gene for the CTPR protein
containing the C-terminal cysteine (CTPR-cys) was obtained by quick change site-directed
mutagenesis.l®! The different genes were inserted into a pProEx-HTA vector, which provides
an N-terminal Hise tag and ampicillin resistance. DNA sequencing (Stab Vida) confirmed the
engineered gene sequences. The resulting plasmids, containing either the CTPR or CTPR-cys
genes, were introduced into Escherichia coli C41 cells by heat-shock transformation.

Bacterial cultures were grown at 37°C until their optical density reached 0.6-0.8. At this stage,
protein expression was initiated by adding 0.6 mL of 1 mM IPTG, with subsequent overnight
incubation at 20°C. Bacterial cells were collected by centrifugation at 4500 rpm and 20°C for
15 min and then resuspended in a lysis buffer containing 500 mM sodium chloride, 500 mM
urea, and 50 mM Tris (pH 8.0). The cells were lysed using freeze-thaw cycles and sonication
and posteriorly centrifuged at 10,000 rpm and 4°C for 1 h. The soluble protein fraction was
purified using a HisTrap™ High-Performance affinity chromatography column (Cytiva).

The Hise tag was cleaved using TEV protease, and the resulting protein dialysed against a buffer
containing 500 mM sodium chloride, 50 mM Tris at pH 8.0 (cut-off of 6-8 kDa, SpectraPor®).
The Hises tag and TEV protease were removed via size-exclusion chromatography (HiLoad

16/600 Superdex 75 pg column, Cytiva). The protein was concentrated using centrifuge filters
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with 10 kDa cut-off (Amicon) and the final concentration was determined by the absorbance at
280 nm and the Beer-Lambert law (ectpr = 137980 M cm™ and ectrr-cys = 137980 Mt cm'L).
The expression and purification of the recombinant CTPR proteins was verified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Figure S3 A) and Matrix
Assisted Laser Desorption lonisation — Time of Flight (MALDI-ToF, Figure S3 B, and D) and
its secondary structure was analysed by circular dichroism (CD, Figure S3 C).

The mass spectra were acquired on a MALDI/TOF-TOF MS neofleX (Bruker) in positive
reflection mode. The sample was prepared by mixing 1 uL of sample with 4 uL of a saturated
solution of alpha-cyano-4-hydroxycinnamic acid solution (in 70/30 acetonitrile/water with
0.1% TFA). The mixture was then allowed to dry before measurement.

The CD spectra were acquired in a JASCO J-815 CD spectrometer using a quartz cuvette with
1 mm path length. The proteins were measured at a concentration of 5 uM.

Both proteins were labelled with Gd following a protocol previously described.l?"1 1 mL of
protein solution (20 uM) was mixed with a sixfold excess of GdCls solution. The protein and
gadolinium salt mixture were incubated at 37°C with shaking at 800 rpm for 30 min, after which
0.6 uL of NaOH (1 M) were added. The incubation was then continued overnight under the
same conditions. The labelled proteins were finally purified using a PD-10 desalting column.
The protein concentration was measured using the Bradford assay (Thermofisher), and the
presence of Gd was verified by ICP-MS.

4.4. Surface modifications of AUNPs

For the PEGylation of the citrate-capped AuNPs, first PEG stock solutions were prepared in
miliQ water (crec = 10 mg/mL). Then, the PEG-containing solution was added rapidly under
stirring to citrate stabilised AuNPs at a ratio of 10 PEG per nm? of Au surface. The gold surface
was calculated based on diameter dc of citrate AuNPs obtained from TEM and assuming the
NPs as solid spheres. The concentration of citrate AUNPs was determined by measuring Au
concentration by inductively coupled plasma—mass spectrometry (ICP-MS) and considering
cubic closest packing in spheres with a diameter based on TEM examination. The particles were
subsequently stirred overnight and cleaned by three rounds of centrifugation (20,000 g,
30 min), replacing the supernatant with fresh miliQ water. Covalent immobilisation of CTPR-
cys-Gd bearing a terminal cysteine residue was carried out via thiol-gold coupling (Au-S)
chemistry by adjusting previously published protocols.[®254 7.5 nmol of the protein was mixed
with 5 umol of dithiothreitol (DTT) in 500 uL phosphate-buffered saline (PBS) and incubated

for 5 minutes. The protein was cleaned by size exclusion chromatography, taken up in 1 mL of
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miliQ water, and 300 pL of citrate stabilised AUNPs (100 nM) was added. The mixture was left
at 4°C overnight, followed by three repetitions of a cleaning procedure via centrifugation
(25,000 rcf, 10 min) and replacing the supernatant with miliQ.

4.5. Characterisation

To assess the hydrodynamic diameter dn of the hybrid particles, dynamic light scattering (DLS)
was used. For this, nanoparticles were diluted in miliQ water to an absorbance of 0.2 at 450 nm
and measured in plastic UV cuvettes (Sarstedt) with a Zetasizer (Malvern Panalytical, UK)
using a 633 nm He-Ne laser. For zeta-potential determination of the particles by laser Doppler
anemometry (Zetasizer, Malvern Panalytical, UK), the samples were diluted in miliQ water.
The results of DLS and { -potential presented, are expressed as mean and standard deviation
from three individual runs. UV-vis absorbance spectrometry (Agilent Varian Cary 5000, Santa
Clara, USA) was conducted by diluting the samples in miliQ water until a maximum peak
absorbance between 0.2 and 1.0 was reached. Transmission electron microscopy (TEM) was
carried out at a JEOL JEM1011 (Akishima, Japan). TEM samples were prepared by dropping
10 puL of AuNPs solutions onto carbon-coated copper meshed grids that were then air-dried.
For ICP-MS, samples were digested overnight in three different dilutions in freshly prepared
aqua regia (HCI:HNQO3; vol:vol = 3:1). Subsequently, the sample was diluted in 2 vol.% HNO3
and injected in an Agilent 7700 series ICP-MS. The machine was calibrated for 197Au and
158Gd using a multi element standard (Carl Roth) with 9 known concentrations between 0-
2500 ppb. A linear regression of the obtained counts per second versus the known
concentrations was performed, and a regression coefficient > 0.999 was obtained for all

measurements.

4.6. ASAXS Experiments

X-ray scattering experiments were performed at the SAXSMAT beamline P62 at Petra Il at
DESY, Hamburg.l®! AUNP@CTPR-cys-Gd were placed immediately after cleaning filled
inside 1 mm diameter quartz capillaries, 0.01 mm wall thickness. The Au concentration was
determined by ICP-MS to be 196 pg/mL. The different PEG-bearing AUNPs were mixed with
an excess of 500 proteins per AuNP, and incubated at room temperature for at least 1 h, before
transferring them in identical quartz capillaries. The Au concentration in the capillaries,
determined by ICP-MS, was 446 pug/mL for AUNP@PEG-mix@CTPR-Gd, 150 pug/mL for
AuNP@PEG-Br@CTPR-Gd, and 150 pg/mL for AUNP@PEG-NH2@CTPR-Gd. SAXS

data were collected at room temperature and ambient pressure with a monochromatic beam
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focused to 300 x 300 pm? (Flux ~ 5 x 10* ph/s at sample) and using an Eiger2 X 9M detector
at a distance from the sample of 5.9778 m (for Au-Lz and Br-K measurements) or 2.8184 m
(for Gd-L3 measurements). Each sample was measured in five repetitions, with lateral offset to
avoid beam-induced alterations, for 0.5 s each at four energies before or at the Au-Lz edge
(11,815eV; 11,865 eV, 11,895 eV; 11,912 eV), Br-K edge (13,345 eV; 13,365 eV; 13,415 eV,
13,464 eV) and Gd-Ls edge (7,140eV; 7,190eV; 7,220eV; 7,237 eV) using a Si(111)
monochromator. Probing parameters (dwell time and flux) were initially probed to confirm no
beam induced alteration of the samples (Sl chapter 12). Azimuthal integration of the 2D
scattering patterns was performed in a Python environment based on the PyFAI library.[
Resonant scattering contributions were extracted following mathematical calculations,
introduced by Sturmann et al., and Goerigk et al. 526769 The resonant scattering curves were
consecutively evaluated in the g range from 0.015—0.11 A using a differential evolution
adaptive metropolis (DREAM) model-based fitting approach in SasView V5.0.6.1°072 Ag
goodness of fit parameter, a reduced chi-square statistics was employed (%/Npts).l"®!
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Notes

# Although 3.8 nm width (= dprot) would suggest an ~11 nm2 footprint on a flat surface, binding
solely via the terminal cysteine likely stretches the protein on the curved AuNP. Additionally,
a spherical shell model like the one used in this report, with 6 nm AuNP core and 9.9 nm protein
length as outer radius, provides ~15,932 nm3 available volume. Assuming each protein occupies
~112 nmé, up to ~142 proteins could pack in such shell. Thus, the observed ~71 proteins per

AUNP and ~6.4 nm2 footprint seems reasonable.
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