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In-situ Investigations on Gold Nanoparticles Stabilization
Mechanisms in Biological Environments Containing HSA

Neda Iranpour Anaraki, Marianne Liebi, Quy Ong, Clément Blanchet, Anjani K. Maurya,
Francesco Stellacci, Stefan Salentinig, Peter Wick, and Antonia Neels*

Nanoparticles (NPs) developments advance innovative biomedical applications.
However, complex interactions and the low colloidal stability of NPs in biolog-
ical media restrict their widespread utilization. The influence of NPs properties
on the colloidal stability for gold NPs with 5 and 40 nm in diameter with two
surface modifications, methoxy-polyethylene glycol-sulfhydryl (PEG) and citrate,
in NaCl and human serum albumin (HSA) protein solution, is investigated. This
study is based on small-angle X-ray scattering (SAXS) methods allowing the
in-situ monitoring of interactions in physiological conditions. The PEG coating
provides high colloidal stability for NPs of both sizes. For 5 nm NPs in NaCl
solution, a stable 3D self-assembled body-centered cubic (BCC) arrangement

is detected with an interparticle distance of 20.7 = 0.1 nm. In protein solu-

tion, this distance increases to 21.9 £ 0.1 nm by protein penetration inside the
ordered structure. For citrate-capped NPs, a different mechanism is observed.
The protein particles attach to the NPs surfaces, and an appropriate concentra-
tion of proteins results in a stable suspension. Cryogenic transmission electron
microscopy (Cryo-TEM), UV-visible spectroscopy, and dynamic light scattering
(DLS) support the SAXS results. The findings will pave the way to design and
synthesize NPs with controlled behaviors in biomedical applications.

evolution in biological and biomedical
applications. Transferring NPs to a com-
plex biological media may result in NPs
aggregation, NPs dissolution, or layer (pro-
tein, NPs oxidation) formation on NPs sur-
faces. These changes drastically affect NPs
functionality and behavior in biological
media such as cellular uptake.

Broad knowledge about NPs design,
stabilization, interactions, and underlying
models is developed in the last decades.”]
However, the information about dynamic
mechanisms governing NPs interac-
tions with other molecules, their probable
behavior, and structural changes in different
physicochemical and biological conditions
is still limited.®] Furthermore, NPs size
and surface properties, such as charge and
polarity play a crucial role in these processes,
particularly for very small NPs within the
size range of proteins. Therefore, accu-
rate in-situ characterizations on realistic
time scales and initial environments will
provide essential data for understanding the

1. Introduction

The application of NPs expand in various domains of human life
including energy, electronics, and medicine due to their remark-
able properties owing to their large surface area. However, their
unpredictable behavior in biological environments restricts their

early stage of NPs interactions with competing particles and iden-
tifying the driving forces in NPs aggregation and corona forma-
tion. This information helps to predetermine NPs behaviors and
resultantly to steer their behavior in the biological environment.?!
Gold NPs are important in various imaging methods and
medical therapies because of their unique electrical, optical,
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thermal, and chemical properties and their biocompatibility
with human cells. Therefore, gold NPs present an excellent
opportunity to serve as a model system. Protein adsorption and
NPs aggregation are two main processes that gold NPs face in
biological media. The available strategies to achieve more stable
NPs in complex biological environments are electrostatic repul-
sion or steric stabilisation by adding a physical barrier on the
NPs surface such as attaching polyethylene glycol (PEG).[

Higher ionic strength (IS) in biological media compare
to the initial IS of NPs suspensions screens the NPs surface
charge and results in aggregation of charge stabilized systems.
The Derjaguin-Landau—Verwey—Overbeek (DLVO) theory
assumes that repulsive Van-der-Waals forces and attractive elec-
trostatic double-layer forces are independent and therefore can
be superimposed or added at each interacting distance for two
particles. The total interaction potential has a maximum, rep-
resenting the aggregation energy barrier, determining the col-
loidal stability of the particles. This maximum is the energy that
two NPs must overcome during the collision to stick to each
other and get aggregated. By increasing the IS, this energy bar-
rier decreases, and NPs aggregate faster.”) Therefore, the elec-
trostatic stabilization method is mostly compromised in NPs
biomedical and biological applications due to the higher IS in
biological environments than the initial IS of NPs suspensions.
NPs functionalization with various polymers provides not only
a physical barrier to prevent NPs collisions, but also due to
the hydrophilic nature of polymers, the short-range repulsive
hydration forces induce an extra stabilization.*"

Due to their composition with hydrophobic and hydrophilic
amino acids, proteins are mostly amphipathic, i.e., they have
both polar and nonpolar parts, and can interact with almost any
surface, including NPs.®! Proteins adsorb on the NPs surface via
several forces, namely electrostatic, Van-der-Waals, and hydro-
phobic forces, and form the protein corona (PC) around NPs upon
entering biological media. Different theories regarding the for-
mation of PC have been reported. The Vroman effect states that
in a system with various proteins, first the proteins with higher
mobility adsorb on the NPs surface, and with time, more stable
and less mobile proteins replace them.*! Another theory by
Hirish et al. considers a transient complex that is a multilayered
protein aggregate on the NPs surface, and the dynamic exchange
occurs via this layer”) The dynamic density functional theory
(DDFT) combines steric and electrostatic interactions. This theory
considers adsorption energy, bulk density, and protein charge in
addition to the classical diffusion-based Vroman effect.!”)

NPs composition, size, shape, crystallinity, surface properties,
and physicochemical properties of the respective media play a role
in PC composition.**!! The PC formation causes two main issues:
the possible change in NPs colloidal stability and creating a new
biological identity for the NPs. Both of these phenomena drasti-
cally affect the NPs functionality and their useful lifetime.?"!

The PC can be investigated directly by analyzing the adsorbed
proteins on the NPs surface with, for instance, mass spectrom-
etry and circular dichroism methods, or indirectly, by measuring
the changes in NPs properties due to the PC, such as their size.
Only a few techniques are label-free in both cases and allow in-
situ studies on the PC without removing unbound proteins from
the probed volume before the measurements to keep the equilib-
rium state, which is essential for biomedical applications.!!#12!
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However, if the NPs reach the same size as the interacting
proteins, the current models estimating the NPs colloidal
behavior are insufficient and have to be refined. Therefore,
we performed real-time experiments in realistic NPs environ-
ments to study the influence of gold NPs size, their surface
modifications, and protein concentration on NPs-Protein inter-
actions and how these complex interactions affect the NPs col-
loidal stability. SAXS is used as the primary characterization
method. SAXS allows determining NPs size, size distribution,
shape, and probable interactions. It provides the statistical
information averaged over a macroscopic sample volume.["’!
The unique strength of SAXS, which is vital for NPs research,
is to study colloidal systems in real-time, label-free, and under
their realistic, native environments.' Before, this method has
been used to study NP-NP™! interactions or NPs-Protein!!®!
interactions to describe the adsorption of protein molecules
on NP surface. In this study, we describe and focus on NP-NP
interactions and the changes in their colloidal stability in bio-
logical media.

UV-visible spectroscopy, cryo-TEM, DLS, and zeta poten-
tial measurements are applied as complementary methods for
studying our NPs systems.

2. Experimental Section
2.1. Gold NPs

BioPure gold Nanospheres, monodispersed and unaggregated
colloids, were purchased from nanoComposix (San Diego, CA,
USA) and used without further purification. The initial concen-
tration was 1 mg mL ™.

Spherical NPs with two sizes, 5 and 40 nm in diameter, with
two different surface modifications, citrate, and PEG 5 kDa,
were used to study the effect of NPs size and surface modi-
fication on NPs behavior in the biological environment. The
NPs with 5 nm in diameter had a comparable diameter with
HSA particles.l”] The NPs samples were diluted to desired
concentrations just before each experiment with deionized
(DI) water, and measurements were done 10 min after sample
preparation.

2.2. Human Serum Albumin

HSA is the most abundant protein in human blood plasma,
with a concentration of 35-50 mg mL™.. HSA is robust con-
cerning pH and temperature changes.”'®! The HSA solution
from CSL Behring (Pennsylvania, USA), 20% w/v, was used. It
is a medical product, and the protein is highly stable in this
solution and does not show any aggregation. The protein con-
centration was adjusted with a NaCl solution of 0.9% w/v and
prepared freshly for each experiment.

HSA protein solutions were prepared based on the number
of NPs in the sample. Despite the mass concentration being
equal for all NPs samples (0.033 mg mL™), their particle con-
centrations were significantly different due to the different
sizes. Two different protein numbers per NP (Pr/NP) were
considered: 100, 1000, and a solution with a high protein

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. HSA concentration for each NPs sample in Pr/NP ratio: 100 and 1000 and Pr/NP ratio for the sample in 4 mg mL™' HSA protein solution.

Samples Number of NPs per mL in Protein concentration for Protein concentration for Pr/NP ratio in samples with
concentration 0.033 mg mL™ Pr/NP:100 mg mL™ Pr/NP:1000 mg mL™ 4 mg mL™" HSA concentration

40 nm PEG 5x 10" 0.00056 0.00566 706 614

40 nm citrate 5x 10" 0.00054 0.00544 734 056

5 nm PEG 3.4x10" 0.337 3.374 1078

5 nm citrate 2.6 %10 0.285 2.853 1402

concentration, 4 mg mL7), as used in biological solutions corre-
sponding to >700 000 Pr/NP for the 40 nm NPs, and >1000 Pr/NP
for the 5 nm NPs.l!% Table 1 shows the protein concentration
and the Pr/NP ratio for each sample. The number of NPs/mL
was calculated based on the information provided by the com-
pany for NPs number concentration.

2.3. NaCl Solution

Sodium chloride (=99.5%) (NaCl) was purchased from Sigma
Aldrich and used without further purification. NaCl solution
of 0.9% w/v was used to dilute the initial HSA solutions. All
experiments were carried out at room temperature.

2.4. Small-Angle X-Ray Scattering

SAXS data were collected on the P12 beamline of EMBL at the
PETRA III storage ring (DESY, Hamburg).2” The X-ray wave-
length of 0.124 nm (photon energy E = 10 keV) was used for the
measurement. An EIGER 4M detector (Dectris) and a sample to
detector distance of 3 m (calibrated using AgBeh) were used to
collect photons scattered between magnitudes of the scattering
vector, g, of 0.025 and 2.9 nm™, (q = 4(n/A)(sin /2)), where 0 1is
the scattering angle and A is X-ray wavelength. In the discus-
sion section, this g-range was selected based on the NP sizes for
further analysis. (a smaller g-range was selected for large NP
whose SAXS signal was mainly in the very small angle region).

The NPs sample solutions were loaded into quartz capillaries
with a diameter of 1.5 mm (Hilgenberg GmbH, Germany) in a
sample holder in front of the incident X-ray beam (Figure S1,
Supporting Information). Three different points from up to
the bottom of the capillary were selected for measurements.
For each measurement, 40 successive frames of 100 ms were
collected to check the radiation damage for NPs and protein
samples. The damage sample data were excluded from the data
directly, and afterward, the 2D SAXS images were radially aver-
aged and normalized to the transmitted beam intensity using
the beamline data pipeline.l?!l The scattering of water and NaCl
solution was subtracted from the sample scattering for back-
ground correction.

2.5. SAXS Data Analysis

The SASfit software was used for data analysis and fitting the
SAXS data.l??
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The applied model for scattering of spherical particles was

sin gqr —qr cosqr
3
(a)
where r is the sphere radius and A7 is the scattering length
density difference between particle and matrix.
The distribution can be considered for different parameters
that we used Gaussian distribution for particle radius.

N [

Gaussian(x)=—¢e
c

I(q,r,An)= gmmns 1

(2)

where N is the concentration parameter, s, width parameter,
and x, is the mean radius parameter.

For particles interactions together, two structure factor
models were considered. The aggregated samples were fitted
with the sticky-hard sphere model that is Baxter’s model of the
adhesive hard sphere. The interaction potential U(r) is

=3 for 0<r<R,
u(r) =<{ In 1274 for Ry<r<Ry+A 3)
ksT o+A

0 for r>Ry+A

where Ry is the particle radius, A is the interparticle distance,
and 7 is the stickiness parameter. If 7 > 0, the potential is
attractive, and if 7< 0, the potential is repulsive.

The structure factor is
1

Rys)=————
S(q, HS) 1—C(q,RHS)

(4)

where C(q, Ry;)= % sin(k) - 2(7716_/1) (1-cos(k)) — {ok* (sin(k)

—kcos(k)) + Bk (2k sin(k) — (k* —2) cosk —2) + "70‘((418 — 24k)sin(k)
—(k* — 12k +24) cos(k) + 24)}

Here k = 2qRys and

(1+2n-u)

_drn-n) 5

’ (1-n) ©)

3n(2+n) —2u(1+7n+0%)+ 1 (2+n)
2(1-n)"

ﬂz_
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1+n/z

2R A
where 7= fp( 2‘;+ ] e=74+_1 fp
HS

1-n’
lzg(e—\lez —y)and g = An(l - 7). In the hard sphere
n
model Ry is hard sphere repulsion radius, 7is stickiness para-
meter, and f, is the particle volume fraction.

For large structures going beyond the resolution limit of the
SAXS experiment setup, a power-law scattering was added sim-
ilar to the Porod scattering of big particles to account for the
low-q upturn. The final can be described as

I(q)=

C, and p describes the prefactor and exponent of the power-law,
respectively.

Another structure factor model, the BCC-iso-Gaussian was
used for ordered PEGylated NPs. The structure factor for ran-
domly oriented domains of the ordered particle can be written
as

S(q)=(2o(q)-

Zy(q) is the lattice factor get an ideal undistorted lattice and g(q)
is the Debye-Waller factor. The lattice factor expressed with
Miller indices is as

I(q,r,An)S(q,RHS,fp,T)+Cp/qP )

1)g(q)+1 (8)

(27r
ndedq

Z, (q) =i zmhklfhlehkl qhkl) (9)

{hki}

where n is the number of particles per unit cell, fy, is the
symmetry factor taking into account extinction rules, v, is the
volume, Q is the d-dimensional solid angle, Lyy(q — gu) is a
normalized peak-shape function, and my,, is the multiplicity. If
the sum was done over all reflections {hkl}, one automatically
accounted for multiplicity but one the costs for summing over
all combinations of {hkl}. For the normalized peak shape func-
tion Lyy(x) the Gaussian peak shape was chosen.

Ly (x)= iexp( x ) (10)

) o

It should be noted that the reported uncertainties for different
parameters are only the uncertainty contributions from the fit-
ting. These uncertainties were used for determination of the
combined standard uncertainties from all input quantities.!?!

All the peak positions were calculated using the peak ana-
lyzer tool or the Gaussian peak fitting function of the Origin
2020b (OriginLab Corporation, Northampton, MA, USA).

For the indexing of the data and visualizing the diffraction
peaks, the HighScorePlus softwarel?’l was used. The molecular
BCC drawing, including the respective diffraction planes, was
created using Mercury.?

2.6. UV-Visible Spectroscopy

UV-visible absorption spectroscopy with a simple experimental
setup is a standard and one of the most widespread analyses
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for gold NPs characterization. Based on the Mie theory, the
surface plasmon resonance (SPR) band’s intensity and wave-
length were related to the size, shape, composition, colloidal
stability, and dielectric constant of the surrounding media.l3&2°!
In addition, the concentration and the dispersity of the gold
NPs can be determined by the peak intensity and the FWHM
(Full-Width at Half Maximum), respectively. UV-vis spectra
were collected on a Laurier Cary-50 UV—-vis spectrophotometer
with the wavelength range from 400 to 850 nm using a 96 well
plate.

2.7. Dynamic Light Scattering

The fresh NPs suspensions with desired concentration were pre-
pared directly before the measurements. A Zetasizer Nano ZS90
Malvern instrument operating with a He—Ne laser at a wave-
length of 633 nm was used to measure the NPs zeta potential and
the apparent hydrodynamic diameter (dy,) at 25 °C and pH 7 The
salt molarity in water solution is zero since DI water is used for
all sample preparations, and it is 0.15 mol L™ in NaCl solution.
The scattering angle is 90°. The water refractive index for these
measurements was considered with 1.33.2% The Smoluchowski
approximation was applied in the zeta potential determination.
Measurements were done in triplicates and the average results
were used.

2.8. Cryogenic Transmission Electron Microscopy

2D and tilt-series cryo-TEM images were recorded in a Tecnai
F20 microscope (Thermofisher), operated at 200 kV, and
equipped with a cryo holder Gatan 626 (Gatan Inc.). The drift-
corrected tilt series were acquired automatically from —60° to
+60° with an angular increment of 2° at an electron dose of
~40 e /A’ by a Falcon III camera (Thermofisher) with
4096 x 4096 pixels. NPs colloid samples were applied onto
a holey-film grid. Excess dispersion was blotted away from
one side of the grid using a Whatman ashless grade-41 filter
paper. The vitrification was done by liquid ethane in a home-
made plunge freezer. Quantifoil R1.3/1.2 (EMS) grids were
mainly used, in addition to larceny carbon films (200 mesh,
EMS) and gold quantifoils (R2/2, 200 mesh, EMS). The
imaging was performed at the magnification of 50 000x, with
a defocus range from -3 to —5 pm. The tilt series were binned
(2x) and aligned using cross-correlations by Inspect 3D (Ther-
mofisher). Tomograms were reconstructed by SIRT from
Inspect 3D using 24 iterations. The tomograms were analyzed
with Image] (NIH).

3. Results and Discussions

The effect of gold NPs size and surface modification on their
colloidal stability in various IS and protein concentrations are
investigated. The initial size of the NPs in the stock solution
(Figure S2, Supporting Information) was measured by SAXS,
and the results are compliant with the information giving by
the company providing the NPs for our study.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Experimental SAXS patterns and corresponding model-based fits for citrate-capped NPs in different environments: a) 40 nm citrate NPs,
b) 5 nm citrate NPs. Below the graphs, the capillaries which were used in the experiments are shown. The pink color indicates stable gold NPs and
colorless solutions contain aggregated and precipitated NPs. c) Cryo-TEM image of aggregated 5 nm citrate NPs in NaCl solution.

The high electron density of gold NPs provides an enormous
scattering contrast compared to PEG and HSA; therefore, in
SAXS experimental patterns, the direct contribution of PEG is
neglected. The protein contribution for 40 nm NPs is considered
in the sample with 4 mg mL™ protein and for 5 nm NPs in sam-
ples with Pr/NP = 1000 and 4 mg mL™ of protein.

In the experimental SAXS patterns, the upturn in the low
g-range (q < 0.1 nm™! for 40 nm NPs, and q < 0.4 nm™! for 5 nm
NPs) indicates the attractive interactions among the particles
(aggregation).

3.1. Citrate-Capped Nanoparticles

Figure 1 shows the experimental SAXS patterns and the cor-
responding model-based fits for citrate-capped NPs in different
environmental conditions. The SAXS patterns for samples
with high colloidal stability, which are not aggregated, show a
plateau in the low g-range. Stable NPs samples SAXS patterns
are approximated using a form factor, P(q), of polydisperse
spherical particles model with the Gaussian size distribution
on the NPs radius (see Equations (1)—(3)) using the SASfit!??!
software.

In contrast, the aggregated samples with lower colloidal
stability show an increase in forward-scattering (low g-range).
To fit the SAXS curves of aggregated NPs samples, besides
the form factor, the sticky-hard sphere model is considered as
structure factor, S(q) (see Equations (3)—(7)). The “stickiness”,
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7, is a parameter in this model that describes the strength of
the attractive forces, and from Equations (3)—(7), it is clear that
smaller 7 means stronger attraction forces between NPs. In
addition to this, since the SAXS resolution in our experimental
setup is 210 nm, for larger aggregated NPs with radius beyond
the resolution limit, a simple power-law is added similar to the
Porod scattering of big particles to account for the low-q upturn
(see Equation (8)).%] All the fitting parameters are available in
detail in the supporting information (Tables S1-S4, Supporting
Information).

The citrate-capped sample with 40 nm in diameter, 40 nm
citrate, in DI water does not show aggregation and data is fitted
only with the form factor model for polydisperse spherical par-
ticles. The X-ray scattering length density difference between
gold NPs and water, 1.13 x 10" cm™2,?2 is considered as the
constant parameter in all fittings since there is no change
during the experiments and the mean radius parameter in
the Gaussian size distribution model is selected to vary to have
the best fit. Based on the final fit parameters, the mean radius
is obtained with 18.7 + 0.1 nm. The DLS measurement for this
sample results in dy, = 42.9 + 0.1 nm with a polydispersity index
(PDI) = 0.11 (Figure S3, Supporting Information), and is in a
good agreement with our finding from SAXS data fitting.

In contrast, the citrate-capped sample with 5 nm in diam-
eter in DI water shows aggregation; therefore, the sticky-hard
sphere model, besides the form factor, is considered as the
structure factor in the fitting equation. As discussed above, the
mean radius parameter in the Gaussian size distribution model

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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is selected to vary and is obtained with 2.6 £ 0.1 nm. The sticki-
ness parameter in the structure factor is selected to vary for a
better fitting, and is 0.117 £ 0.001. The DLS measurement gives
1, = dp/2 =45 £ 0.1 nm with a PDI = 0.39 (Figure S3, Sup-
porting Information). The ry,, 4.1 £ 0.1 nm, in comparison with
the mean radius from the SAXS analysis, 2.6 £ 0.1 nm, shows
the sensitivity and precision of the SAXS method in character-
izing small gold NPs, specifically in low concentrations.

Both sizes of the citrate-capped NPs samples in NaCl solu-
tion show a considerable upturn in the low g-range of the scat-
tering pattern; the samples exhibit precipitation, and black clots
appear in the solutions.

In the SAXS data analysis, the sphere model as form factor
and the sticky-hard sphere model as structure factor are con-
sidered, and a simple power-law is added to the background. In
the structure factor model, for the 40 nm citrate NPs in NaCl
solution, the stickiness parameter is 0.0973 + 0.0002, which
shows strong attractive forces. For the 5 nm citrate NPs sample,
this parameter decreases from 0.117 £ 0.001 in DI water to
0.0862 £ 0.0001 in NaCl solution, indicating stronger attraction
between NPs in NaCl solution.

In the cryo-TEM images, NPs coalescence is observed when
5 nm citrate NPs are placed in NaCl solution (Figure 1c), indi-
cating a porous network structure.?! The formation of such
aggregates under cryogenic conditions confirms the visual
observations and the results of our SAXS study.

In DLS measurements (Figure S3, Supporting Infor-
mation) for 40 nm citrate NPs, the d;, in DI water,
42.9 £ 0.1 nm, increases enormously to 333.9 £ 0.1 nm in NaCl
solution, and for 5 nm citrate from 8.1 = 0.1 nm in DI water to
426.8 £ 0.1 nm in NaCl solution, showing the immense aggre-
gation. This significant aggregation is related to higher IS in
the NaCl solution compared to DI water. As discussed before,
higher IS screens the NPs surface charge and, based on the
DLVO theory, decreases the electrostatic repulsion between the
NPs. Zeta potential and d}, measurements support these find-
ings. Figure S3a,b (Supporting Information), shows the DLS
autocorrelation function and size distribution by intensity for
40 and 5 nm citrate-capped NPs in DI water and NaCl solu-
tion. From the Stokes—Einstein equation, larger particles dif-
fuse slower than smaller particles, and the related correlation
function decays slower.??! For both sizes of NPs, the correlation
coefficient take a longer time to decay in NaCl solution com-
pared to DI water, indicating the presence of larger particles in
the sample and aggregation. Figure S3c (Supporting Informa-
tion), shows the initial NPs mean zeta potential in DI water
and its increment when NPs mix with NaCl solution. Table 2
shows the DLS results for NPs samples in DI water and NaCl

Table 2. DLS results for NPs samples in DI water and NaCl solution.

solution. For NPs samples in protein solutions, DLS measure-
ments are not conducted as the NPs and protein signals cannot
be differentiated.l%

Another method to investigate the colloidal stability of gold
NPs is UV-visible spectroscopy. For gold NPs, the SPR wave-
length is around 520 nm and depends on the NPs size. The
absorbance peak position directly relates to the NPs size.
Respectively, redshift and blueshift of the absorbance peak
position explain the changes to larger and smaller NPs sizes.
In addition, peak broadening indicates the increase in the NPs
polydispersity, proofing less colloidal stability."

As Figure 2 shows, for both sizes of citrate-capped NPs
after mixing with NaCl solution, the resonance peak moves to
higher wavelengths (redshift) and gets broader, indicating the
aggregation.

Mixing citrate-capped NPs with NaCl solution containing
HSA particles results in different behavior for 5 and 40 nm
NPs. The minimum number of HSA particles covering the
NPs surface entirely at a so-called “equilibrium” condition,3%
that is, after a particular time incubation of NPs with pro-
teins, can be calculated from the division of the surface area
of an individual NP by the contact area of one HSA particle.
Here, the HSA particle is considered as a triangular prism and
assumed to bind in a face-on configuration to the NP surface.
Its contact surface is about 32 nm? This approach is widely
used; however, it could underestimate the number of adsorbed
proteins.[’2331 According to this method, and disregarding the
NPs size distribution, for 5 nm NPs, 3, and for 40 nm NPs,
157 HSA protein particles are needed for a full coverage at
equilibrium state.

40 nm citrate NPs, after mixing with NaCl solution
containing 100 or 1000 protein per NP (Pr/NP ratio), aggregate
and mostly precipitate immediately. The significant upturn
in the SAXS patterns at low grange (Figure 1a) confirms
the aggregation. However, for the NaCl solution containing
4 mg mL™! HSA providing a significant excess of proteins with
a ratio Pr/NP >700 000, the SAXS pattern shows a plateau with
no enhancement in the forward scattering. This means that
most of the NPs are covered by proteins and stable.

In solutions with Pr/NP ratios of 1000, based on our theo-
retical consideration discussed above, enough protein particles
are available to cover the NPs surfaces entirely. Nevertheless,
since the IS of the NPs colloid is changing by NaCl, while
the protein is added, due to strong electrostatic attractive
forces after NPs charge screening, the probability of NP-NP
interactions is much higher than NP-Pr interactions, which
results finally in NPs aggregation. However, in the solution
with a large excess of protein particles (Pr/NP >700 000), the

Samples dy, in DI water Polydispersity Zeta potential in dy, in NaCl Polydispersity Zeta potential in
[nm] index [PDI] DI water £ SD (mV) [nm] index [PDI] NaCl + SD [mV]

40 nm PEG 64.4+0.1 0.09 —44+1 65.1£0.1 0.1 -3+1

40 nm citrate 42.9+0.1 0.11 -53+1 333.9+0.1 0.25 =301

5nm PEG 21.5+0.1 0.32 —27+4 23.1+0.1 0.42 -15+3

5 nm citrate 81+0.1 0.39 —34+2 426.8 £0.1 0.23 221

Adv. Funct. Mater. 2021, 2110253 2110253 (6 of"|4)
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Figure 2. UV-visible spectra for citrate-capped NPs in different environments: a) 40 nm citrate, b) 5 nm citrate.

NP-Protein interactions are favored due to the very high pro-
tein concentration and can overcome the NP-NP interactions;
consequently, the PC forms that stabilizes the NPs in the solu-
tion. Figure 1a,b shows the capillaries containing the NPs col-
loids in NaCl and protein solutions. The pink color indicates
stable NPs or minor aggregation, and the colorless solutions
show aggregated and precipitated samples. For the 40 nm cit-
rate samples, only the capillary with the highest HSA concen-
tration (4 mg mL™) shows the pink color indicating a stable
NPs colloid.

In the SAXS data fitting for the gold NPs samples in the
presence of protein, the same polydisperse spherical model
with Gaussian size distribution is considered as form factor,
the sticky-hard sphere model as structure factor, and power-
law scattering is added. In addition, for 5 nm NPs samples in
media containing Pr/NP = 1000, or 4 mg mL™! protein and for
40 nm NPs in media containing 4 mg mL™! protein, another
contribution, a polydisperse spherical model with Gaussian size
distribution, is considered as a form factor for protein particles.
The X-ray scattering length density difference between protein
and water is 2.25 x 10 cm™2 B4 and is considered as constant
parameter in the fitting procedure.

Therefore, the final intensity equation in the fitting process
for citrate-capped NPs samples containing protein is:

Ilotal (q) = [P (q) S (q)]aggregated gold NPs * [P (q)]prolein

11
+ background power law term ()

As already referred, the stickiness parameter in struc-
ture factor for the 40 nm citrate sample in NaCl solution is
0.0973 £ 0.0002 that by adding protein to the sample increases to
0.1002 £ 0.0002 and 0.1055 * 0.0002 for Pr/NP = 100, 1000, respec-
tively. This increment signifies weaker attractive forces between
the NPs due to the protein binding; however, the NPs are aggre-
gated and participated. Finally, for 4 mg mL™ protein, no structure
factor is needed in fitting since the particles stabilizes ultimately.

Adv. Funct. Mater. 2021, 2110253 2110253 (7 0f'|4)

For 5 nm citrate NPs, the colloidal stability significantly
increases after mixing with NaCl solution containing HSA.
The SAXS pattern upturn in the low g-range for NaCl solution
changes to a plateau, as shown in Figure 1b. The pink color of
the capillaries in Figure 1b directly displays the NPs colloidal
stability in protein solutions.

The stickiness parameter in the structure factor increases
from 0.0862 + 0.0001 in NaCl solution to 0.1128 * 0.0001 at Pr/
NP =100, to the environment revealing the less strong attractive
forces between NPs. By adding more protein to the system, this
parameter decreases to 0.0973 £ 0.0002 and 0.0897 £ 0.0005 for
Pr/NP = 1000 and 4 mg mL™' protein concentration, respec-
tively. These changes indicate stronger attractive forces between
NPs in the presence of higher number of proteins that result
in NPs aggregation but no precipitation due to the PC around
the NPs.

Studies are reporting that the presence of protein molecules
in the NPs environment could have a reverse effect on NPs col-
loidal stability and cause NPs aggregation.’®] Several parame-
ters have direct and indirect effects on NPs and proteins inter-
actions, namely the protein concentration in the media. For the
5 nm citrate sample, the NPs stabilize in the presence of the
protein compared to NaCl solution. Nevertheless, by increasing
the Pr/NP ratio, the attractive forces between NPs get stronger,
and finally, in the solution with 4 mg mL™ protein (>1400 pro-
tein particles per NP), they start to aggregate again, as indi-
cated by an upturn in SAXS pattern in the lower g-range. This
behavior shows that a large excess of proteins in the environ-
ment after a complete coverage on the NPs surface can induce
aggregation, as previously reported in other investigations.¢!

These results show the effect of NPs size and protein con-
centration on the colloidal behavior of NPs in a biological
environment. Low protein concentration can stabilize NPs
with a size similar to the protein particle size, while for bigger
NPs, a higher excess of protein particles is needed for NPs
stabilization.
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Figure 3. Experimental SAXS patterns and the corresponding model-based fits for PEGylated NPs in different environments: a) 40 nm PEG, b) 5 nm PEG.
Below the graphs, the capillaries which were used in the experiments are shown. The pink color indicates stable gold NPs or NPs with minor aggregation.

The stabilization of citrate-capped NPs in NaCl solution
containing protein particles with appropriate concentrations is
also shown by the blueshift of the SPR peak in the UV-visible
spectra, as shown in Figure 2. Both sizes of citrate-capped NPs
in NaCl solution show tremendous aggregation, and by adding
protein, NPs stabilize. However, in the case of 5 nm NPs, the
excess protein can cause aggregation, which is shown by a
slight increase in the SPR peak position.

3.2. PEGylated Nanoparticles

The 40 nm PEG sample shows the most stable NPs in DI water,
NacCl solution, and media containing different protein concen-
trations. As it is shown in Table 2 and Figure S4a (Supporting
Information), the dj, for this sample is 64.4 + 0.1 nm in DI water
with PDI = 0.09, and it changes to 65.1+ 0.1 nm with PDI =0.11
for NPs in NaCl solution that is not a notable change; however,
the mean zeta potential (Figure S4c, Supporting Information)
decreases in NaCl solution compare to DI water. High colloidal
stability of samples with PEG surface modifications indicates
that this polymer coating plays a notable role in gold NPs col-
loidal stability. The PEG brushes on NPs surfaces provide a
steric stabilization and a short-range repulsive hydration layer
around the NPs, creating excellent long-term stability in high IS
and extreme pH.’l In addition, PEG provides resistance to pro-
tein adsorption and is known as a biologically inert material.[3l

The dy, for the PEGylated NPs is larger than their initial size
measured by SAXS due to the strong hydration of the polymer
brushes on the NPs surface. The PEG coating dramatically
influences the NPs Brownian motion by introducing additional
frictional drags, which reduce the NPs diffusivity. Accordingly,
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the correlation signal decays slowly in time, and the reported
NPs sizes are larger.[2-30:3]

In Figure 3a, the experimental SAXS patterns and the cor-
responding model-based fits are shown. The SAXS patterns
show a plateau in the low g-range. The same fitting strategies
as for the citrate-capped NPs are used for PEGylated NPs. The
mean radius parameter in the Gaussian size distribution model
is selected to vary to have the best fit, and it is 18.7 = 0.1 nm for
40 nm PEG sample in DI water, and it stays similar for NPs in
other environments. By comparing this value with n, = 32.2
0.1, it is understood that the PEG shell in the presence of the
gold core does not significantly contribute to the SAXS signal.
However, for DLS measurements, their effect, together with
their hydration, appears in d}, measurements.

In Figure 4, all SPR peak maxima occur at the same wave-
length for the respective NPs samples in different media,
demonstrating high colloidal stability. Compared to the citrate-
capped samples, the SPR peak positions for the PEGylated sam-
ples are shifted by 2 nm, related to different dielectric constants
of the NPs surrounding.

The PEGylate sample with 5 nm in diameter, 5 nm PEG,
shows stability in DI water, and by applying the same model for
the form factor, it is fitted with a mean radius of 2.6 £ 0.1 nm.

Surprisingly, the 5 nm PEG sample shows a unique behavior
in NaCl solution (Figure 5a). In the SAXS pattern, we observe
two peaks, the first is well distinct, and the second appears as
a shoulder. By considering, I (q) = P(q)S(q), the S(q) can be cal-
culated by dividing the experimental data by the one obtained
from NPs in DI water as the form factor, P(g). The two peaks
(Figure 5b) are more evident in S(g).

This information indicates the presence of 3D ordering of
self-assembled particles. Several investigations for 2D and 3D

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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decrease in NPs colloidal stability.

self-assembling and crystallization of PEGylated gold NPs have
been reported.°>*] These ordered structures are called super-
lattices®®! and possess novel physical properties compared to
the individual NPs in solution due to the coupling between
the NPs. Designing superlattices with controlled structures
and suitable sizes is a significant challenge.>"! One way is
adding salt to stable PEG grafted gold NP colloids; the salt ions
deplete into polymer brushes on the NP surface and generate
an osmotic pressure gradient between the polymer shell and
the salt solution. The self-assembly into the ordered crystal-like
structure is ensured by partnering nearest neighbors to mini-
mize the surface tension gradient at the interface between the
polymer shell, and the high IS environment.#¢#l The strate-
gies for developing these superlattices are based on controlling
NPs size, shape, volume fraction, kind and size of the func-
tional groups on NP surfaces, the interparticle interactions, and
the assembly environment.[*0¢]

It has been found that the ratio of the ligand chain size, L,
to r, the NPs radius, y = L/r has a significant influence on the
final ordered superlattice structure. If this ratio is y < 0.72, the
superlattice presents a face-centered cubic (FCC) structure,
while a BCC structure is found for y > 0.75.5% In our system,
the BCC structure is expected because the size of the PEG
brush with 5 kDa molecular weight is 6 nm,*l and y = 6/2.5
= 2420.75.

To describe this BCC ordered structure, the two peaks in the
SAXS pattern (Figure 5b) are fitted by a Gaussian peak func-
tion, giving a maxima at q = 0.37 + 0.01 nm™! corresponding to
a d-spacing = 27/qg = 170 + 0.1 nm and at g = 0.68 £ 0.01 nm™!
corresponding to a d-spacing = 9.2 £ 0.1 nm that are (011) and
(112) reflections in the BCC structure, respectively."*"l

The NPs are stable in the NaCl solution, and no precipitation
is observed. The corresponding ordering (diffraction) peaks
for the 3D-ordered BCC arrangement are not very pronounced
in the SAXS patterns. Hence, the co-existence between the
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disordered NPs suspension and domains of ordered NPs is sug-
gested. Only a part of NPs is localized in 3D-ordered domains
but distributed in the entire sample volume.

In addition, besides the ordering (diffraction) peaks, the
SAXS pattern shows an upturn in the low grange, indi-
cating NPs aggregation. Considering that SAXS data provide
the average information of all particles and structures in the
sample, the assumption for the co-existence of singlet NPs,
aggregated NPs, and 3D-ordered NPs structures in the disper-
sion is valid.

To fit this data, as discussed above, we assume that there are
attractive and repulsive forces available at the same time in the
sample. Attractive forces result in aggregation and, in combina-
tion with repulsive forces, produce ordered domains. Therefore,
for data fitting, two different contributions are considered.’””] One
contribution includes the polydispersed spherical particles model
as form factor and the BCC-iso-Gaussian (Figure S5, Supporting
Information) model (see Equations (8)—(10)) as structure factor;
the latter fits the ordering (diffraction) peaks perfectly. Another
contribution includes the polydispersed spherical particles model
as form factor and the sticky-hard sphere model as structure
factor; the latter fits the upturn in the low g-range. Therefore, the
final equation for fitting the SAXS curve of this sample is:

Lo (q) = [P (q) S (q)]aggregated gold NPs + [P (q) S (q)]ordered gold NPs

12
+ background power law term (2

This ordering behavior is not observed for the 40 nm PEG
NPs samples which could be related to the low NPs or salt con-
centrations or the different PEG density on the NPs surface.

Based on the crystallographic analysis of the 5 nm PEG
sample in NaCl solution, the size of the smallest ordered units,
the unit cell, is derived with a = 23.9 £ 0.1 nm®"! for the BCC
cell setting, which is in good agreement with the lattice con-
stant = 22.9 £ 0.1 nm obtained from the SAXS data fitting.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Experimental SAXS pattern for the 5 nm PEG sample in NaCl solution and corresponding co-fitting of the BCC structure model and the
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(diffraction) peak indexing for the BCC structure for the 5 nm PEG sample in NaCl. d) Schematic view on the 3D NPs assembly visualizing the diffrac-

tion planes (011), (002), (112) of the applied BCC structural model.

An important parameter, which can be calculated through
the assumption of the BCC structure, is the closest interpar-
ticle distance. The interparticle distance is the distance from
one NP center to the nearest neighbor NP center (Figure 6).
For the 5 nm PEG sample in NaCl solution, the interparticle
distance in NaCl solution is 20.7 £ 0.1 nm and comparable with
dp, = 21.5 £ 0.1 nm, measured by DLS (Figure S4b, Supporting
Information).

The 5 nm PEG NPs system keeps its ordered structure even
in the presence of proteins (Figure 3b). All data have been fitted
using the same strategy as discussed above. For the samples with
a ratio Pr/NP = 1000 and protein concentration of 4 mg mL~},
a third contribution is considered in the scattering curve:
a form factor for polydisperse spherical particles for protein
particles.

The final equation for fitting these samples is:

Itotal (q) = [P (q) S (q)]aggregated gold NPs + [P ( q) S (q)]ordered gold NPs

(13)

+ [P(q)]pmteins + background power law term

Table 3 shows the first peak (011) information from the SAXS
patterns for different protein concentrations.

The corresponding peak position in the SAXS patterns

for the sample in NaCl solution moves from g = 0.37 nm™!

’
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Figure 6. Scheme of 5 nm PEG NPs and their hydrodynamic radius, d,,, in
a BCC structure. The interparticle distance (center-to-center distance) is
calculated by (+/3a)/2 and is comparable with the hydrodynamic diameter
measured by DLS.
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Table 3. 3D-assembly parameters obtained from ordering (diffraction) peak analysis and SAXS pattern fitting for 5 nm PEG NPs in different media.

Analysis type

(011) peak fitting and BCC calculations

SAXS pattern model-based

fitting
Samples Peak position q d-spacing Interparticle Lattice parameter a [nm]  Lattice parameter a [nm]
[nm™] [nm] distances [nm] for BCC setting for BCC setting
NacCl 0.37 £0.01 16.9+0.1 20.7+0.1 23.9+0.1 229+0.1
Pr/NP:100 0.36 £0.01 17.5+0.1 21.5+0.1 24.8+0.1 23.4+0.1
Pr/NP:1000 0.38£0.01 16.5+0.1 20.2+0.1 23.3+0.1 221+0.1
Protein: 4 mg mL™ 0.35+0.01 17.9+0.1 21.9+0.1 25.3+0.1 24.5+0.1

d-spacing=16.9 £ 0.1nm, to a smaller g=0.35 nm ™}, d-spacing =
179 £ 0.1 nm, for the solution containing 4 mg mL™ protein.
Accordingly, the BCC lattice constant obtained from SAXS data
model-based fitting increases from a = 22.9 £ 0.1 nm to a =
245+ 0.1 nm.

The lattice constants, d-spacings, and interparticle distances
are slightly larger in the presence of HSA (Pr/NP ratio of 100
and large excess protein concentration of 4 mg mL™) com-
pared to the sample with NaCl solution. This observation sug-
gests that protein molecules penetrate inside the ordered 3D
assembly of NPs and create a defect-like structure by replacing
subsequently gold NPs. The similar size of gold NPs and pro-
tein molecules creates a competing environment that facilicates
substitution of gold NPs by proteins in the periodic cubic BCC
arrangement. An increasing protein concentration allows more
protein molecules to penetrate the ordered structure (Table 3).
The more flexible shape of the protein molecules compared to
the relatively rigid shape of gold NPs could explain the enlarge-
ment of the 3D-ordered self-assembled structure with respect to
the pure gold NPs arrangement.

The stickiness parameter for the 5 nm PEG NPs in NaCl
solution and the samples containing protein is 0.1 suggesting
no changes in the aggregation state of the NPs.

This ordering behavior is also confirmed by cryo-TEM. Cryo-
TEM involves the vitrification of dispersions of NPs. Therefore,
this approach allowed us to directly visualize and describe the
aggregated states of NPs under different mixing conditions.

a

(@

Normalized G(r)

Mixing 5 nm PEG NPs in NaCl solution led to extended self-
assemblies (Figure 7a). The images show monolayers of NPs
with a conserved distance of =16.5 nm extracted from the pair
correlation calculation (Figure 7b). We could not confirm that
the observed ordered 2D layers were in the solution or at the air-
water interface; the cryo-TEM imaging technique captures only
the positions of the NPs. However, based on previous findings by
GI-SAXS,*d together with the tendency of particles to migrate to
the air-water interface of the thin cryo-TEM samples, 3l we assume
that the assembling could occur at the air-water interface. This
compares to the interparticle distance of 20.7 + 0.1 nm obtained
from the SAXS pattern and the following crystallographic anal-
ysis for the ordered 3D arrangement. The smaller interparticle
distance in the cryo-TEM method is most probably due to the
NPs migration from the droplet volume to the air-water inter-
face. It should be noted that in the blotting process, additional
lateral forces might move the NPs more closely to each other and
reduce the distances. PEGylated NPs tend to move to the air-water
interface and get ordered. The monolayers of PEGylated NPs are
also observed when back blotting is applied for the preparation of
cryo-TEM samples or when a gold grid (Quantifoil company) is
used. Several studies investigated this behavior,*0>d

Likewise, the NPs maintained the ordered assembly when
dispersed in NaCl solution containing HSA. The interpar-
ticle distance extracted from the pair-distance correlation dia-
gram increased to 19.5 nm, supporting the intercalation of
HSA between the gold NPs in their respective environments

19.5 nm Pr: 4 mg mL?
11 NaCl

0,5+

Y,

0 20 40 60 80
Distance (nm)

T
100

Figure 7. a) Cryo-TEM image of 5 nm PEG NPs in NaCl solution. Extended ordered assemblies of NPs are observed. b) Radial distribution function
(RDF) from the cryogenic image of 5 nm PEG NPs in NaCl solution and protein solution with 4 mg mL™ HSA, respectively. RDF calculation is performed
on the positions of the monolayer of gold particles extracted from the tomogram.
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Figure 8. Two different stabilization mechanisms for gold NPs in biological environments containing HSA.

(Figure 7b). The shift of the interparticle distance to a higher
value substantiated the finding by SAXS.

4, Conclusions

This study investigates the effects of NPs size, NP surface
modification, and protein concentration on gold NPs colloidal
stability. In-situ SAXS is a non-destructive technique enabling
to study different NPs systems in their initial media, excluding
any system perturbation through sample preparation. This is
an advantage in biological studies, as it allows mimicking the
biological environment as close as possible to the that found
in the human body. The chosen model system of gold NPs in
the HSA protein environment allowed us to study the influence
of NPs size and surface modifications in different IS and pro-
tein concentrations. Interestingly, different mechanisms of NP
colloidal stabilization with HSA protein have been identified
and characterized in detail. 5 nm NPs with two different sur-
face modifications, such as methoxy polyethylene glycol sulfhy-
dryl (PEG) and citrate, exhibit two different pathways of NPs
stabilization, as it is shown in Figure 8.

For PEGylated NPs, a stable 3D self-assembled ordered
structure revealing an interparticle distance of 20.7 + 0.1 nm in
higher IS is observed. The NPs keep their ordering even in
solutions with the highest protein concentrations of 4 mg mL™.
However, the corresponding distance increases to 21.9 +
0.1 nm related to the penetration of protein particles inside the
ordered 3D structure. After adding the protein, this distance
increment also is observed with cryo-TEM; however, the dis-
tances are smaller in cryo-TEM, most probably influenced by
the sample preparation. The presence of two ordering (diffrac-
tion) peaks in the SAXS pattern suggests a BCC arrangement
built up from gold NPs in an ionic environment for the ordered
self-assemblies. The similar size of NPs and protein molecules
creates a competing environment: increasing the protein con-
centration results in substituting gold NPs by proteins in the
ordered NPs arrangement. The more flexible shape of the pro-
tein compared to the relatively rigid shape of gold NPs could
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explain the enlargement of the 3D-ordered arrangement com-
pared to the pure gold NPs ordering.

For the 40 nm PEG sample, the PEG surface coating stabilizes the
NPs perfectly in higher IS and protein solutions with different concen-
trations. However, for this system, no ordering behavior is observed.

Colloidal stability for citrate-capped NPs in NaCl solution
decreases drastically, and NPs precipitate immediately. For
citrate-capped NPs in the presence of protein, a different par-
ticle stabilization mechanism is observed. The protein particles
attach immediately to the NPs surface resulting in high col-
loidal stability with a random distribution of NPs. However,
based on the NPs size, a different protein concentration is
needed for providing the high colloidal stability.

NPs, bringing new opportunities and innovative applications
in the biomedical domain, require a safe and efficient usage.
The understanding of the NP-Protein system is the first step for-
ward to steer NPs properties for biomedical applications. SAXS
based analysis allows investigations under realistic physiological
conditions and provides qualitative and quantitative information
about complex NP-Protein interactions. This is essential to direct
the design and synthesis towards more stable and biocompatible
NPs for biomedical applications. Our study is an important step
forward in understanding NPs systems in biological media and
will be expanded to investigate NPs systems in more complex
environments such as human blood.
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