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Multi-functionalized nanoparticles are of great interest in biotechnology and biomedicine, especially for
diagnostic and therapeutic purposes. However, at the moment the characterization of complex, multi-
functional nanoparticles is still challenging and this hampers the development of advanced nanomaterials
for biological applications. In this work, we have designed a model system consisting of gold nano-
particles functionalized with two differentially-terminated poly(ethylene oxide) ligands, providing both
“stealth” properties and protein-binding capabilities to the nanoparticles. We use a combination of tech-
niques (Centrifugal Liquid Sedimentation, Dynamic Light Scattering, Flow Field Flow Fractionation,
Transmission Electron Microscopy, and Circular Dichroism) to: (i) monitor and quantify the ratios of ligand
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molecules per nanoparticle; (ii) determine the effect of coating density on non-specific protein adsorp-
tion; (iii) to assess the number and structure of the covalently-bound proteins. This article aims at com-
paring the complementary outcomes from typical and orthogonal techniques used in nanoparticle

Open Access Article. Published on 22 May 2018. Downloaded on 10/20/2025 8:47:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

rsc.li/nanoscale

1. Introduction

Diagnostic and therapeutic applications of functionalized
nanoparticles are highly attractive due to the inherent multi-
valent nature of their surfaces, since the binding affinity of a
nanoparticle (NP) conjugate is enhanced proportionally to the
density of its binding sites."” In this context a plethora of
nanoparticles have been formulated with multiple drugs and
targeting agents in order to simultaneously tackle several
points of the biological pathways.>® Within the past decades
researchers have therefore been struggling to create multifunc-
tional nanoparticles that may contain specific drugs together
with different compounds designed to guide the particles
towards specific targets for treatment and/or diagnosis. In
these multifunctional vectors each component should be
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characterization by employing a versatile nanoparticle-ligands-biomolecule model system.

present in the appropriate ratio to fulfill its function. This
requirement imposes a difficult challenge for the techniques
used to characterize these complex systems, but their avail-
ability is a pre-requisite for the optimization of the synthesis
of multifunctional NPs. Thus, the NP-platform should be able
to accommodate multiple binding chemistries sharing the
same surface. Besides, the design of the final NP conjugate
has important effects on pharmacokinetics, biodistribution
and toxicity.® In addition, small modifications of its physico-
chemical nature may have strong influences on the aggrega-
tion, degradation, biological interactions and evolution during
the full life-cycle.””®

In particular, gold nanoparticles (AuNPs) have been proven
to be excellent candidates for such biotechnological and bio-
medical breakthroughs.”*" Their tunable plasmonic pro-
perties, readily preparation in a wide range of sizes,"” relatively
high chemical stability and biocompatibility,"* and well estab-
lished protocols for the binding of various ligands'* qualify
AuNPs as an excellent system for both fundamental studies
and applied research. The most straightforward way to prepare
biomolecule-functionalized AuNPs is by direct immobilization
of thiol residues on the nanoparticle surface. However, in
order to ensure sufficient stabilization of the colloidal solution
and avoid undesired displacement in complex physiological
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milieus, a valuable approach consists in the deliberate sepa-
ration of the functionalization and passivation processes, in
which coupling of biomolecules is made to carboxyl-termi-
nated poly(ethylene glycol) (PEG)-coated AuNPs.'>'® The
most widely applied strategy is to coat first nanoparticles
with linear chains of PEG, which suppresses non-specific
protein absorption by blocking protein binding sites and by
creating a thermodynamic barrier to protein diffusion.’”™*°
In addition, PEGylation is also effective at slowing the rate
of uptake by the mononuclear phagocyte system and
prolonging the circulation in blood.?® In the literature the
use of PEGylated nanomaterials has led to varying perform-
ance between formulations with noticeable differences
in blood half-lives (from more than 24 hours to a few
minutes).?!

It seems that there is currently an incomplete understand-
ing and connection between the physico-chemical properties
of a nanomaterial and its real functionalization state, and as a
result it remains unclear how to optimize the synthesis of
functionalized nanomaterials for biological applications. Here,
we use a AuNPs model system to investigate first the effect of
coating density of a hydroxy-terminated poly(ethylene oxide)
(PEO-OH) ligand on non-specific protein adsorption and to
quantify the ratios of ligand molecules per NP (Fig. 1). Then,
we monitor the grafting density of covalently bound proteins
per nanoparticle by controlling the ratio between hydroxy and
carboxylic acid-terminated ligands (PEO-OH and PEO-COOH,
respectively) on the surface of AuNPs (Fig. 1). Proper character-
ization of NP functionalization is supported by a robust set of
complementary characterization techniques (Centrifugal
Liquid Sedimentation, CLS; Dynamic Light Scattering, DLS;
Asymmetric Flow Field Flow Fractionation, AF4; Transmission
Electron Microscopy, TEM; Z-potential; sodium dodecyl sulfate
polyacrylamide gel electrophoresis, SDS-PAGE; and Circular
Dichroism, CD) after systematic modification of the surface
characteristics via fine-tuning of the reaction conditions. By
understanding the influence of key parameters such as the
density of particles, grafting density and arrangement of PEO-
ligands as well as conformation of biomolecules, this study
establishes principles for the rational design of multi-functio-
nalized NPs with controlled biomolecule adsorption and/or
binding.
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Fig. 1 Schematic representation for the functionalization of AuNPs to
prepare AuNPs-PEO samples with different ratios of PEO-OH/
PEO-COOH ligands followed by covalent attachment of human serum
albumin proteins to obtain AuUNPs-PEO-HSA complexes.
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2. Results and discussion
A. Determination of the PEO-ligand coating density

We synthesized AuNPs using established protocols,” and
functionalized them with variable amounts of thiolated
PEO-OH ligands. We achieved various coverage densities of
PEO-OH functionalization by mixing pre-formed AuNPs with
variable concentrations of thiolated-PEO-OH, starting from
10% to 100% of the theoretical saturation density. Two
additional samples with an excess of ligand (10-fold and
50-fold the theoretical saturating density) were also prepared.
The theoretical saturation density was calculated based on
electron diffraction studies of monolayers of alkanethiolates
on Au(111) surface, which show a calculated area per molecule
of 21.4 A%.*® Based on a calculated surface area of 616 nm? for
14 nm AuNPs (see below for NP characterization), 100% of
ligand binding (or theoretical maximum saturation density)
would correspond to approximately 2800 ligand molecules per
AuNP.

We chose 14 nm as a typical nominal diameter of AuNPs
considering the compromise of accommodating a significant
biological load while still having a small size.>**> The choice
of thiol-PEO-ligand of approximately 1 kDa was based on: (i)
the thiol group at one terminus to provide a strong affinity for
gold, (ii) a non-polar alkyl chain to give to the structure the
ability to self-assemble into a dense layer that excludes water
due to the hydrophobic core, (iii) the polyethylene oxide
sequence to enhance colloidal stability in water, and (iv) the
ability of PEO ligands to reduce plasma protein binding and to
delay opsonization. Coating densities were controlled by
varying the PEO-to-NP starting stoichiometry in the reaction
mixture in order to obtain samples below saturation (10% sat-
uration, corresponding to 280 molecules per NP; 50% satur-
ation, corresponding to 1400 molecules per NP), at 100% sat-
uration (corresponding to 2800 molecules per NP) and with 10
and 50-fold excess of PEO-ligand above the saturating density
(28000 and 140000 PEO molecules per NP, respectively).”®
Specific details of the starting reaction mixtures are reported
in the materials and methods section.

After synthesis, the size, and morphology of pristine AuNPs
were analyzed by TEM (ESI, Fig. S1t) and the hydrodynamic
diameter by batch-mode DLS (ESI, Fig. S2t). The data indicate
well monodispersed sample of 13.9 + 1.1 nm by TEM (Fig. S1t)
and a hydrodynamic diameter of 16.1 nm by DLS. While it is
not possible to detect a change in size upon functionalization
by using TEM, DLS measurements in batch mode indicate an
increase in hydrodynamic diameter for the functionalized
AuNP (Fig. S2%), up to 22.6 nm for the AuNP-PEO at 100%
saturation.

Functionalization of the AuNP surface was additionally
proven by a red-shift of the Surface Plasmon Resonance (SPR)
band in the absorbance spectra (ESI, Fig. S3t) and a change in
surface charge by Z-potential from —36.5 mV (pristine AuNPs)
to —19.4 mV (100% of PEO-coverage). The Z-potential changes
of the different samples (Table 1) indicate that the increase in
the amount of PEO ligand on the AuNP cause a progressive
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Table 1 Data for AuNPs as a function of theoretical free PEO-OH/AuNPs ratios

Sample Starting ratio free PEO-OH/NP Diameter” (nm) Density” (g cm™) Z-potential (mV)
Pristine AUNP 0 18.5 10.9 —-36.5
AuNP-PEO-OH 10% 280 18.5 10.9 —27.9
AuNP-PEO-OH 50% 1400 21.5 7.4 —22.5
AuNP-PEO-OH 100% 2800 22.4 6.8 —19.4
AuNP-PEO-OH 10x excess 28000 23.3 6.2 -20.1
AuNP-PEO-OH 50x excess 140 000 22.7 6.5 —19.8

“ Hydrodynamic diameter measured by AF4-DLS online. ? Apparent density calculated from the AF4-DLS-CLS combined approach, considering

for pristine AuNPs a hydrodynamic diameter of 18.5 nm with a density of 10.9 g cm™.

change towards more neutral potential of the AuNPs. While
this reduction in Z-potential could lead to a lower colloidal
stability, the PEO-ligands provide steric stabilization to the
AuNPs.*®

To better understand the amount of PEO-coating in the
various AuNP-PEO samples, we used CLS and AF4 coupled to
DLS (AF4-DLS), two separative characterization techniques, to
determine the nanoparticle size distribution. Using CLS, the
time needed by each particle to reach the detector under the
centrifugal field is a function of the hydrodynamic diameter
and the density of the particle. Fig. S47 shows that the time to
reach the detector gradually increases for the various
AuNP-PEO complexes when the amount of PEO-ligand
increases. AUNP-PEO complexes with higher PEO-coating den-
sities have larger hydrodynamic size (see Table 1), thus the
increase in sedimentation time in CLS could only be explained
by a decrease in particle density. In previous studies, we have
used AF4-DLS to measure the accurate value of the hydro-
dynamic diameter of the various AuNPs complexes.>” The hydro-
dynamic values obtained with AF4-DLS are more accurate than
those obtained by DLS in batch-mode because the size-separ-
ation step performed by AF4 ensures that online DLS measures
a monodispersed sample. Fig. 2 shows the AF4-DLS results for
the various AuNP samples at increasing PEO coverage den-
sities. Results indicate that for the majority of samples an
increase in exit time from the AF4 channel corresponds to an
increase in size (from 18.0 nm for pristine AuNPs to 22.4 nm
at 100% PEO coverage). The samples with 10x and 50x PEO
excess have a size of 23.3 nm and 22.7 nm, respectively, but
give somewhat anomalous AF4 fractograms. Such anomalies
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Fig. 2 (A) Separation by AF4 and size measurement by DLS in flow
mode, selected part of the AF4 fractogram (UV-Vis traces), (B) hydro-
dynamic diameter and estimated average number of PEO-linker molecules
per AuNP as a function of PEO/NP ratios measured by AF4-DLS online.
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have been documented before by our (and others) previous
work,”” and it can be explained by the presence of the large
excess of ligand in the sample that could interact with the AF4
semipermeable membrane, changing its properties and
causing an anomalous AF4 separation process. These results
confirm our previous conclusions®” that sizing using AF4 exit
time alone should be used with extreme care and that the AF4-
DLS combination is a much more robust method for determi-
nation of particle size distributions.

We have previously shown that combining hydrodynamic
diameters obtained by AF4-DLS with the CLS data allows deter-
mining the density of AuNP-protein complexes.>” In this case
the same approach allowed us to determine the densities of
the AuNP-PEO complexes, which showed a consistent decrease
when the coverage of PEO-ligand on the surface of AuNPs
increased, starting from 10.9 g cm™> for pristine AuNPs and
lowering to 6.8 g cm™ for 100% coverage (Table 1). Using the
density of the AuNP-PEO complexes, together with their hydro-
dynamic diameter and the diameter of the AuNP core, it is
possible to determine the mass of the organic layer surround-
ing the metallic core of the complex and estimate the average
number of PEO-ligand molecules present in each NP (Fig. 2B),
corresponding to around 470, 2080, 2660, 3390 and 2930
PEO-OH molecules for the different AuNP-PEO samples.

As it can be seen in Table 1, the calculated number of PEO-
ligands per each NP correlates well with the theoretical values
and it indicates that at saturation there are approximately 3000
PEO-OH molecules on the surface of each NP. However, in
some cases such as for 10% PEO coverage, the experimental
error is high, probably due to the fact that there are still citrate
molecules present on the NP surface and thus they contribute
to overestimate the amount of PEO ligand bound to each NP.

B. Effect of PEO-OH ligand coating density on protein
adsorption

In order to directly study the effect of coating density on
protein adsorption, we incubated samples of pristine AuNPs
and AuNP-PEO-OH 100% with different amounts (400 and
1000 proteins per NP) of human serum albumin (HSA), then
separated and measured the size of the samples with AF4-DLS
(Fig. 3A). Non-coated AuNPs adsorb HSA proteins increasing
the size of the resulting nanoparticle-protein complex. On the
contrary, the AuNP-PEO-OH 100% does not show any size

Nanoscale, 2018, 10, 10173-10181 | 10175
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Fig. 3 (A) Hydrodynamic diameter measured by AF4-DLS online for
pristine AUNPs and AuNP-PEO-OH 100% samples in the absence of and
after incubation with HSA molecules at ratios of 400 and 1000 molecules
per NP. (B) SDS-PAGE of pristine AuNPs and AuNP-PEO-OH samples
with different surface coatings (10, 50, 75 and 100%) incubated with
human serum.

increase when incubated even with a large excess of HSA,
suggesting that protein does not bind to the functionalized
NPs.®

To assess the functional properties of AuUNP-PEO-OH con-
structs, we incubated the different samples with human serum
plasma and analysed the formation of the protein corona on
the AuUNP-PEO-OH construct using SDS-PAGE. Fig. 3B indicates
that pristine AuNPs adsorbed quite a large amount of proteins
of different molecular weight, with human serum albumin,
not surprisingly, being the most abundant. The data shows
that increasing the density of the PEO-functionalization (10,
50, 75 and 100%) consistently reduces the amount of protein
absorbed on the NPs. At 100% functionalization, only a very
weak band (probably due to HSA, as it fits with its molecular
weight) is barely visible, thus indicating that the
AuNP-PEO-OH 100% sample is almost completely shielded
from protein binding in plasma serum.

C. Bi-functionalization of AuNPs surfaces with PEO-ligands

The development of next generation of targeted AuNP-based
drug delivery systems requires nanoparticles with multifunc-
tionalization and thus the availability of at least two different
functional groups on the surface of AuNPs. To assess the syn-
thetic route and requirements of bi-functionalized AuNPs we
introduced a terminal PEO-COOH functionalization in combi-
nation with the PEO-OH ligand previously described. In par-
ticular, citrate-stabilized AuNPs reaction was carried out with
different ratios of PEO-OH and PEO-COOH ligands at 100%
total PEO theoretical coverage (Fig. 1).

Starting with PEO-OH 100% ligand we systematically intro-
duced increasing amounts of PEO-COOH (1, 5, 10, 20, 30, 50,
75 and 100%), thus leading to a variety of mixed monolayers.
Although all the AuNP-PEO samples were prepared at the
theoretical saturating density (100% PEO-coverage), AuNP-PEO
complexes were separated from the free, unreacted PEO
ligands by AF4 (Fig. S5AT). Fig. 4A (blue data plot) shows the
Z-potential of the different bi-functional AuNPs. Starting from
a value of around —20 mV for the PEO-OH 100% sample the
Z-potential decreases with increasing amounts of PEO-COOH
ligands to a value of —38 mV for the PEO-COOH 100% sample.
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Fig. 4 (A) Evolution of the Z-potential of AuNP-PEO complexes at
different ratios of PEO-COOH/PEO-OH ligands (from 0% to 100%)
before (blue plot) and after (red points) the covalent attachment of HSA
molecules. (B) Comparison of the hydrodynamic diameter measured by
AF4-DLS online between samples of AuNP-PEO complexes linked to
HSA and those where the HSA is absent.

The size of the bi-functional complexes (measured by AF4-
DLS) increases slightly with increasing amounts of PEO-COOH
(from 22.1 nm for PEO-COOH 1%, to 23.9 nm for PEO-COOH
100%). This small increase in hydrodynamic diameter
could be explained by a combination of two factors: the
longer length of PEO-COOH compared to PEO-OH (see Fig. 1)
and the more negative total surface charge for PEO-COOH
(Fig. 4A) leading to an increase of the electrodynamic layer
thickness.

D. Covalent attachment of HSA to PEO-bifunctionalized AuNP
complexes

The availability of bi-functional AuNPs containing PEO-COOH
groups should allow the controlled binding of proteins and
polypeptides. The coupling of proteins to inorganic colloidal
NPs is quite challenging because one needs to consider not
only the several chemical parameters that affect the kinetics of
the reaction but also the stability of the final NP-protein
complex. In our case, the presence of terminal ~-COOH groups
allows using the well-established EDC/NHS chemistry. In fact,
EDC/NHS coupling is one of the most commonly used strat-
egies due to the high solubility of the reagents in water and
the easy removal of byproducts. [1-Ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide hydrochloride] (EDC) catalyzes the
formation of amide bonds between carboxyl and amine
groups, while (N-hydroxysulfosuccinimide) (NHS) is used to
increase the stability of active intermediates via the formation
of ester functional groups with carboxylates. Several reports
have demonstrated the successful coupling of biomolecules to
colloidal AuNPs in water using EDC/NHS cross-linking
reactions.'>"%28

Fig. S5BT shows selected parts of the AF4 fractograms of
AuNP-PEO samples with different ratios of PEO-COOH/
PEO-OH ligands (from 0% to 100%), followed by pre-activation
with EDC/NHS, and subsequent coupling to HSA protein. On
one hand, it is apparent that the size of the particles increases
when the number of terminal COOH-groups become more
abundant, as longer elution times correspond to larger particle
diameters and from the hydrodynamic diameters measured by
AF4-DLS (Fig. 4B, blue data plot). On the other hand, the AF4

This journal is © The Royal Society of Chemistry 2018
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fractograms indicates that multiple cross-linking between pro-
teins and particles was mainly avoided during the coupling
reaction. Besides, any remaining HSA protein that has not
coupled to the NHS-activated particles appears as a separate
peak at an elution time ~10 min (data not shown). Fig. 4B
(red data dots) shows the size (measured by AF4-DLS, see also
Table S1f) of the AuNP-PEO-COOH-HSA complexes. The
results show an increase in size from 23.4 nm to 30.0 nm in
the case of HSA covalently bound to AuNP-PEO-COOH
100%, while the increase in size is smaller or not significant
for AuNP-PEO with lower amounts of available COOH
groups.

We also measured the Z-potential before and after covalent
attachment of HSA to AuNP-PEO samples with different ratios
of PEO-COOH/PEO-OH ligands (from 0% to 100% of
PEO-COOH). The Z-potential of the bi-functional AuNPs
changes from —19.4 mV for the PEO-OH 100% to —36.9 mV for
the PEO-COOH 100%, suggesting an increase in the colloidal
stability of the AuNP for PEO-COOH 100% compared to
PEO-OH (Fig. 4A, blue plot). In contrast, after EDC/NHS pre-
activation, reaction with HSA molecules, and proper purifi-
cation steps the Z-potential showed only minimal variations
with values fluctuating around —21.1 + 3.6 mV for the bi-func-
tional AUNP-PEO-HSA complexes (Fig. 4A, red plot).

The average number of proteins present in each
AuNP-PEO-HSA complex can be estimated from the mass of
the protein layer surrounding the AuNP-PEO complex, which
was calculated combining the densities of the AuNP-PEO and
AuNP-PEO-HSA complexes together with their corresponding
hydrodynamic diameters (ESI, Table S17). In the case of the
maximal loading capacity (i.e. for AuNP-PEO-COOH 100%), we
can estimate approximately 50 HSA molecules per NP. This
value compares well with a maximum predicted number of 54
HSA protein molecules based on geometrical considerations
and the area occupied by a single HSA protein in its native con-
formation. The experimental number of 50 HSA proteins co-
valently-bound to AuNP-PEO is significantly larger than the 20
HSA proteins adsorbed on pristine AuNP that we measured in
our previous study.”” Such a larger number of bounded pro-
teins per particle is explained by the increase in the hydro-
dynamic diameter of the NPs (i.e. AuNP-PEO of 23.3 nm in the
present study vs. pristine AuNPs of 18.5 nm in our previous
work), leading to a larger surface area available for protein
binding.

AuNPs of around 10-30 nm can cause endothelial leakiness
(the so called “nanoparticle induced endothelial leakiness”,
NanoEL’®). As density seems to play an important role in indu-
cing endothelial permeability®” (with denser particle inducing
higher leakiness), the quite substantial density decrease for
AuNP-PEO-COOH 100% covalently bound to HSA (from 10.9
g em™ for pristine particles to 2.6 g cm ™) could determine a
reduction of the NanoEL effect, even if the critical density for
NanoEL effect in silica nanoparticles was found to be around
1.6 g cm™.

TEM analysis of bi-functional AuNP-PEO samples was also
performed before and after the covalent attachment of HSA

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 TEM analysis of bi-functional AUNP-PEO complexes at different
ratios of PEO-COOH/PEO-OH ligands (0%, 50% and 100%) before and
after the covalent attachment of HSA molecules.

and it is shown in Fig. 5. Despite the sample preparation step
requiring the drying of specimens and observation under high
vacuum conditions, the increase of interparticle distance in
the case of AuNP-PEO-COOH 100% coating becomes clearly
visible. The interparticle distance is enhanced in all cases after
the coupling of HSA. Analysis of the averaged minimal inter-
particle distance in a hexagonal packing arrangement of the
particles resulted in values of 1.5, 3.9 and 4.4 nm before HSA
coupling and of 1.7, 3.5 and 7.1 nm after HSA coupling, for bi-
functional AuNPs with PEO-COOH/PEO-OH ligand ratios of
0%, 50% and 100% respectively.

The AuNP-PEO-COOH system could also be used for conju-
gation to targeting antibodies. Compared to DNA-antibody
nanostructures that have been recently developed for cancer
cell targeting®® and for detection of pathogens® the
AuNP-PEO-COOH-antibody system would be less stoichiometri-
cally and spatially controlled, while it could probably achieve
the binding of more antibody molecules per nanoparticle.

By means of Circular Dichroism, we were able to study the
changes in the secondary structure of the HSA molecules after
the covalent attachment to AuNP-PEO-COOH 100% particles.
Free HSA molecules were removed from AuNP-PEO-HSA com-
plexes by repeated centrifugation steps, and purification was
monitored by acquiring the CD spectra of either the super-
natants and of the resuspended pellets (ESI, Fig. S10t). These
experiments confirmed that after 2 purification steps the
unreacted HSA molecules were removed. Synchrotron radiation
circular dichroism (SRCD) analysis was used to monitor the
thermal unfolding of free HSA and HSA covalently bound to
the AuNP-PEO-COOH particles. The CD spectrum of
AuNP-PEO-HSA is very similar to that of free HSA (Fig. 6A and
B). This qualitative analysis is confirmed by a more detailed
analysis: the deconvolution of the CD spectra show that free
HSA contains around 72% of o-helical secondary structure,
while HSA covalently bound to AuNP-PEO-COOH is 74%
a-helical (Fig. 6C). This confirms that the overall secondary
structure of HSA covalently bound to the particles is very
similar to that of the free HSA. Using SRCD we studied the
thermal unfolding of both samples, by following the change in
intensity of the o-helical peak at 209 nm. Fig. 6D shows the
melting unfolding curves for the two samples. Fitting the data
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Fig. 6 SRCD analysis of the thermal denaturation of HSA molecules
free (A) or covalently bound to AuNP-PEO-COOH complex (100%
PEO-COOH ligand) (B). (C) Secondary structure prediction of HSA mole-
cules. (D) Thermal unfolding of free (red circles) and AuNPs-PEO-HSA
complexes (blue circles) followed by SRCD signal at 209 nm as a func-
tion of the temperature from 20 °C to 90 °C. Experimental data are
fitted to a two-state unfolding equation (solid lines).

to the equation below:
Y =43+ (A1 — A2)/(1 + exp(x — xo)/dx)

it is possible to derive the melting point (x,) and the slope of
the transition (dx). The melting temperature of HSA alone is
higher (78.0 °C vs. 65.9 °C) and the transition steeper (dx 3.4
vs. 10.3) than that for the AuNPs-PEO-HSA complex. Another
important difference between free and particle-bound HSA is
in the reversibility of the thermal unfolding: while free HSA
recovers only around 1 of the native secondary structure
elements after unfolding (Fig. 6A and C), AuNP-PEO-HSA
recovers around 1 of the native structure (Fig. 6B and C). These
results show that it is possible to measure the secondary struc-
ture of proteins covalently bound to AuNPs, and in the specific
case of HSA covalently bound to AuNP-PEO-COOH the second-
ary structure of the protein is almost indistinguishable from
that of the free protein. In addition, the thermal unfolding of
AuNP-PEO-HSA seems to be less cooperative and with a lower
melting temperature. This apparent reduction in thermal
stability is somewhat compensated by an increase in the rever-
sibility of the thermal unfolding. This increase in thermal
reversibility is in agreement with our earlier results that
showed that HSA molecules absorbed on AuNP are more stable
when stored in suboptimal conditions.*> On the other hand,
the melting temperature and cooperativity of the transition
was higher for HSA adsorbed to AuNPs with respect to free
HSA, results opposite to the ones obtained here. This could be
explained by the fact that gold is one of the best thermal con-
ductors and could accelerate the homogeneity of the tempera-
ture inside the measurement cell.*
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3. Experimental

A. Materials and methods

Gold(m) chloride trihydrate (>99.9%), trisodium citrate di-
hydrate (>99.9), N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS) and deuter-
ium oxide (D,0, >99.9 atom% D) were purchased from Sigma-
Aldrich and used as received without further purification.
Ligands (2-(2-{{2-[2-(1-mercaptoundec-11-yloxy)-ethoxy]-
ethoxy}-ethoxy)-ethoxy}-ethoxy)-ethanol (PEO-OH) and 2-(2-[2-
(11-mercapto-undecyloxy)-ethoxy]-ethoxy)-ethoxy-ethoxy-ethoxy-
ethoxy-acetic acid (PEO-COOH) were purchased from
ProChimia and kept under N, and in the freezer at —20 °C.
Human serum albumin (fatty acid free and globulin free, HSA)
was purchased from Sigma Aldrich and used at the concen-
tration of 2 mg mL™" in phosphate buffer (1 mM, pH 7.4).
Human plasma was purchased from Sigma-Aldrich and stored
in aliquots at —20 °C.

NPs were visualized using a transmission electron micro-
scope TEM (JEOL 2100, Japan) at an accelerating voltage of 200
kv. The samples were prepared by placing a drop (4 pL) onto
ultrathin Formvar-coated 200-mesh copper grids (Tedpella
Inc.) and left to dry in air at 4 °C. For each sample, the size of
at least 100 particles was measured to obtain the average and
the size distribution. Digital images were analyzed with the
Image] software and a custom macro performing smoothing
(3 x 3 or 5 x 5 median filter), manual global threshold and
automatic particle analysis provided by the Image]. The macro
can be downloaded from http:/code.google.com/p/psa-macro.
The circularity filter of 0.8 was used to exclude agglomerates
formed during drying. UV-vis absorption spectra were recorded
with an Evolution 300 UV-Vis Spectrophotometer (Thermo
Scientific, USA) at room temperature. DLS and Z-potential
measurements were obtained using a Zetasizer Nano ZS instru-
ment (Malvern Instruments, UK). Hydrodynamic diameters
were calculated using the internal software analysis from the
DLS intensity-weighted particle size distribution. The
Z-potential was measured for independent samples just after
adjusting the pH of the dispersions with either 1 mM NaOH or
1 mM HCI and at a total NaCl concentration of 1 mM to keep
the conductivity at approximately 1 mS cm™". The size distri-
bution of the NPs was determined by CLS in a sucrose density
gradient using a CPS Disc Centrifuge model DC24000UHR
(CPS Instruments Europe, Netherlands). The instrument was
operated in line-start mode at a disc rotation speeed of 22 000
rpm using a sucrose gradient (8-24% w/w) capped with
dodecane to prevent solvent evaporation. Each reference was
precedented by a calibration step done using an aqueous refer-
ence standard of 239 nm diameter polyvinyl chloride (PVC)
spheres. All samples were vortexed for 30 seconds prior to
injection.

B. AF4 purification

The asymmetrical flow field-flow fractionation system used
was a Postnova AF2000 (Postnova Analytics, Landsberg,
Germany). 1 mM Phospate buffer pH 7.4 has been used as
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eluent. The channel was set up with a 350 um spacer and with
a regenerated membrane with a 10 kDa cut-off. Detector flow
was set at 0.5 mL min~'. The injection step has been done
during 5 min at 0.25 mL per minute. The elution time came
after a transition step of 1 minute with a cross flow of
2 mL min~". The UV detector is a PN3212 spectrophotometer
(Postnova Analytics, Landsberg, Germany) tuned at 525 nm
and 500 nm. The fluorescence detector is a PN3412 fluo-
rescence detector (Postnova Analytics, Landsberg, Germany)
with an excitation wavelength tuned at 280 nm and emission
wavelength tuned at 340 nm and the MALS is a seven-angle
multi-angle light scattering detector (PN 3070) from Postnova
(Postnova Analytics, Landsberg, Germany). DLS from Malvern
Zetasizer was coupled online with AF4. 5 runs have been per-
formed and 700 pL of each peak have been collected and
mixed together. Data analysis was performed by filtering out
AF4-DLS data points with polydispersity values greater than
0.1.

C. Circular dichroism

Circular dichroism spectra were collected using a Chirascan
CD (Applied Biophysics) instrument. A 1 ¢cm pathlength low
volume quartz cell was used to analyze low concentration of
AuNP-PEO-HSA complexes. For each sample 4 scans were
acquired and averaged according to the quality of the spectra
and the concentration of protein. The CD spectra of free HSA
and AuNP-PEO-HSA samples were baseline-corrected by sub-
stracting the CD spectrum of the buffer (for free HSA) or the
CD spectrum of AuNPs at the same concentration than in
AuNP-PEO-HSA samples (for AuNP-PEO-HSA complexes). The
baseline-corrected spectra were smoothed with Savitzky-Golay
smoothing function of six points. CD spectra were analyzed
with the DICHROWEB analysis software using the CONTINLL
algorithm and the protein dataset 7 (http:/dichroweb.cryst.
bbk.ac.uk). SRCD experiments were performed using a nitro-
gen flushed module B end-station spectrophotometer at the
B23 synchrotron radiation CD beamline at the Diamond Light
Source (Oxfordshire, UK).**** Measurements were carried out
at 23 °C unless otherwise stated with wavelength set between
185 and 260 nm, 0.5 mm slit equivalent to 1 nm bandwidth,
increment of 1 nm, and interval time of 1 s. The cell used has
a 10 cm pathlength and a volume of 820 pl. Data were collected
on protein samples as repeated scans, without any averaging
over 30 scans. Protein secondary structure was estimated with
the B23 software, CDAPPS,** available for in-house and remote
processing CDAPPS using the CONTIN-LL algorithm and the
dataset CLSTR.?® All samples for CD and SRCD were obtained
by centrifuge separation (15 000 rcf, 20 min, 4 °C) of two frac-
tions: the free, unbound HSA (supernatant) and the
AuNP-PEO-HSA complex (pellet, followed by resuspension in
the original volume of milliQ water). Thermal unfolding
studies were carried out with free HSA (0.1 mg mL ") diluted
in milliQ water and AuNP-PEO-HSA complex after 2 centrifuge
separation steps. Spectra were recorded every 5 °C over a
20-90 °C temperature range with 5 minutes equilibration time
for each temperature. The reversibility of changes was moni-
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tored by recording the spectrum at 20 °C after cooling the
samples from 90 °C in 20 min.

D. Synthesis of AuNPs of 14 nm

AuNPs of 14 nm nominal diameter were synthesized using a
modified Turkevich method using a specialized microwave
apparatus (Discover S by CEM corporation). Briefly, 5 mL of
aqueous gold(m) chloride trihydrate (10 mM) were added to
95 mL of milliQ-water in a single necked 100 mL round
bottom flask equipped with magnetic stirrer and a glass distill-
ing column. The flask was mounted in the microwave reactor,
heated rapidly (<1 min) to 97 °C while stirring and then hold
for 5 min using a maximum microwave power of 150 W. Under
vigorous stirring, 2.5 mL of sodium citrate (100 mM) were
injected and the reaction mixture was maintained at 97 °C for
20 min after which the reaction vessel was rapidly cooled to
60 °C with compressed air and then allowed to cool to room
temperature. Z-potential value of the as synthesized AuNPs
was —36.5 mV at a pH = 6.5. The approximate concentration
was calculated to be 0.5 mM (0.096 mg mL™") of gold stabil-
ized with 2.4 mM of sodium citrate and at pH = 6.5.

E. Mono-functionalization of citrate AuNPs with different
percentages of PEO-OH

The AuNPs of 14 nm were functionalized with different percen-
tages of polyethylene oxide (PEO) ligand in order to produce
different degrees of coating densities on the surface. Samples
were prepared by mixing a volume (either 0.2, 1, 2, 20 and
100 pL to obtain 10%, 50%, 100% saturation and 10 and
50-fold excess of PEO ligand above the saturation density on
the AuNP surface, respectively) of a stock solution of PEO-
ligand (100 mM) in milliQ H,O with a AuNPs suspension
(10 mL) at room temperature under stirring overnight.
Successful functionalization was proven by UV-vis spectroscopy
and the change in surface charge by Z-potential from
—36.5 mV (pristine AuNPs) to —19.4 mV (100% of PEO-cover-
age). Samples were fully characterized by batch-mode DLS,
CPS and AF4-DLS online.

F. SDS-PAGE gel electrophoresis

The AuNPs of 14 nm, both pristine and the variously PEO-
functionalized NPs were incubated with human serum (Sigma-
Aldrich) for 24 h at 37 °C. The NPs mix was centrifuged (10 000
ref, 5 min, 4 °C), the supernatant was carefully removed and
the NPs pellet was subsequently washed with 1x PBS (Gibco).
This washing procedure was repeated three times. The final
pellet was suspended in 20 pL Pierce Lane Marker reducing
sample buffer (ThermoFisher) and incubated at 95 °C for
5 min. After a short spin down, the supernatant was loaded in
12% SDS Polyacrylamide gel and run at 110 V, 25 mA in 1x
SDS Running Buffer. After electrophoresis, the gel was
Coomassie stained.
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G. Bi-functionalization of citrate AuNPs with different ratios of
PEO-COOH/PEO-OH ligands (from 0% to 100%)

The degree of coating of the AuNPs was controlled by adding a
fixed final ratio of 2 PEO-molecules per total AuNPs surface in
order to obtain 100% coverage of the total available surface.
Samples were prepared by mixing an aqueous volume of
100 mM PEO-OH (20, 19.8, 19, 18, 16, 14, 10, 5 and 0 pL) with
an aqueous volume of 100 mM PEO-COOH (0, 0.2, 1, 2, 4, 6,
10, 15 and 20 pL, respectively) in a glass vial containing milliQ
H,O (100 pL), to obtain 0, 1, 5, 10, 20, 30, 50, 75 and 100% of
COOH-groups available on the surface of AuNPs, respectively.
A suspension of pristine AuNPs (10 mL) was quickly added
and the reaction mixture was allowed to stir at RT overnight.
Successful functionalization was proven by UV-vis spectroscopy
and by the change in surface charge by Z-potential from
—19.4 mV (100% PEO-OH coverage) to —36.9 mV (100%
PEO-COOH coverage). The pH value of all the samples ranged
between 6.0-6.2. All the samples were fully characterized by
batch-mode DLS and AF4-DLS online and the change in
surface charge determined by Z-potential at a pH value of 6.1.

H. Covalent attachment of HSA to PEO-functionalized AuNPs

Freshly prepared aqueous solutions of EDC (0.25 mL, 0.4 M)
and NHS (0.25 mL, 0.1 M) were mixed in 5 mL eppendorf
tubes and the corresponding AuNP-PEO suspensions with
different ratios of PEO-COOH/PEO-OH ligands (from 0% to
100%) (5 mL) were added. Samples were allowed to mix gently
for 1 h at 18 °C before being centrifuged (15 000 rcf, 10 min,
4 °C) and the resulting pellets were resuspended in the same
volume of milliQ H,0. Stock solutions of HSA of 1 and 10
mg mL~' were prepared with milliQ H,O from the mother
solution of HSA at 2 mg mL™" in phosphate buffer 1 mM pH
7.4. An aliquot of HSA 1 mg mL™" (131 pL) was added to each
of the NHS-activated AuNP-PEO samples and the reaction mix-
tures were allowed to mix gently overnight. Finally, ethanol-
amine (6 pL, 100 mmol) was added in order to block any
unreacted NHS-active groups. The same procedure was
repeated with the stock solution of HSA 10 mg mL™" and the
NHS-activated AuNP-PEO sample containing 100% of COOH-
terminal groups. Materials were fully characterized by DLS,
TEM, CLS, CD and the change in surface charge determined
by Z-potential at a pH value of 6.1.

4. Conclusions

In this work, we employ a simple but robust AuNP-PEO-
protein model as a platform to control variations on the NP
surface, and systematically interrogate the system with a
variety of physico-chemical characterization techniques. On
one hand, PEO-coating can reduce protein adsorption and
thereby confer a stealth effect, while on the other hand the
number of proteins covalently attached can be controlled by
the available -COOH groups in a bi-functional mixture of
PEO-COOH/PEO-OH on the NP surface. Such detailed control
is essential for the development and reproducibility of high
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quality targeted nanoparticle systems (for either therapy or
diagnostic applications) able to reach their intended target
while avoiding non-specific absorption of serum proteins.

Overall, we have demonstrated that it is possible to reliably
characterize multi-functionalized AuNPs by combining the
separation ability of AF4 with sizing measurements from
online DLS. These findings are strongly supported by comp-
lementary characterization techniques, such as batch-mode
DLS, Z-potential, CLS, SDS-PAGE, and TEM. The outcome of
this detailed study provides important information such as the
scope of non-specific protein adsorption or valuable quantifi-
cation of ratios of ligands or covalently-bound protein mole-
cules per NP. SRCD spectroscopy showed that the secondary
structure of the covalently-bound HSA protein was conserved
and that it could be partially recovered after thermal unfold-
ing. The rationale behind these experiments focuses on estab-
lishing an unambiguous connection between the outcome
from physico-chemical characterizations and real composition
of engineered nanomaterials, which is of key relevance for the
development of multi-functional NP systems for biomedical
applications.
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