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We propose a simple method to determine the structure and
morphology of nanoparticle protein complexes. By combining a
separation method with online size measurements, density
measurements and circular dichroism, we could identify the
number of proteins bound to each nanoparticle and their second-
ary structure changes in the complex. This method provides much-
needed experimental information on the interaction of proteins
with nanoparticles and on the behavior of nanoparticles in biologi-
cal systems.

The structure and morphology of nanoparticle-protein com-
plexes are important to understand the behavior of nano-
particles in biological systems and would help in the
development of advanced nanomedicine.'” Existing tech-
niques can give information on changes in size (ultracentrifu-
gation,® centrifugal particle sedimentation,” and light
scattering-based methods'®'") or on the ligands or proteins
interacting with nanoparticles (by using CD,"”> NMR"'* or
fluorescence correlation spectroscopy).’>'® But there is a lack
of robust methods to determine the overall morphology and
structure of NP-protein complexes. Here we show that by com-
bining a separation technique with online size measurements,
together with density measurements and circular dichroism,
we could identify the number of proteins bound to each gold
nanoparticle (AuNP) and their secondary structure changes in
the AuNP-protein complex. This method reveals the overall
morphology of the NP-protein complex directly in solution.
Citrate stabilized gold nanoparticles were synthesized in
house (see the ESI} for complete Experimental details) to
provide well monodispersed suspensions. The mean size and
particle size distribution (PSD) were measured by electron
microscopy (EM) and dynamic light scattering (DLS) (see
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Fig. S1 and S2, ESIf) leading to a diameter of 14.0 nm by EM
and a hydrodynamic diameter of 17.8 nm (and a polydispersity
of 0.070) by DLS. When AuNPs are mixed with an excess of
human serum albumin (HSA, a 66 kDa protein) there are two
types of particles in solution: unbound HSA proteins and
AuNP-HSA complexes. Due to their difference in size the free
protein and the AuNP-HSA complex can be separated by asym-
metric flow field flow fractionation (AF4),"”"'® a size-separation
technique able to accurately separate complex polydispersed
samples.”” Compared to Size Exclusion Chromatography
(SEC), AF4 provides a broader dynamic range of size separation
that is particularly useful for the size separation of NP-protein
complexes and free proteins.

Fig. 1c shows the AF4 fractogram of the AuNP/HSA sample
where the peaks of free HSA and the AuNP-HSA complex can
be readily and selectively identified using the protein auto-
fluorescence emission at 340 nm (upon excitation at 280 nm
for the protein) and the absorbance at 525 nm (specific for the
localized surface resonance band of AuNPs).

The second peak, belonging to the AuNP-HSA complex, has
a longer exit time in the AF4 separation channel compared to
the free AuNP (17 min vs. 16 min) indicating that the complex
has a larger size than the free AuNP. The increased size can be
accurately measured by coupling the DLS online to the AF4
separation system. The data in Fig. 1b and c (blue squares)
show that the hydrodynamic diameter increases from 18.5 nm
(for the free AuNP) to 24.4 nm for the complex when AuNPs
are mixed with HSA in 1 : 400 ratio.

In order to analyze the effect of the nanoparticle-protein
ratio on the size and overall morphology of the AuNP-HSA
complex, we have performed similar experiments at various
AuNP-HSA ratios. Fig. 2a shows that the retention time in the
AF4 channel increases as the amount of protein per gold nano-
particle increases. The results (Fig. 2b) show a size of 21.4 nm
for the 1:50 ratio, 22.2 nm for the 1:100 ratio, 22.7 nm for
the 1:200 ratio, 24.4 nm for 1:400, and 25.3 nm for the
1:1000 ratio.

These results indicate a saturation-type behaviour (Fig. 2b)
and suggest that at saturation, human serum albumin forms a
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Fig. 1 AF4-DLS measurement of AUNP—HSA samples. (a) Fluorescence
detector trace (blue) of HSA alone. (b) UV-Vis detector trace at 525 nm
(red, left scale), and hydrodynamic diameter (blue squares, right scale) of
AuNP 15 nm alone. (c) Fluorescence trace (blue, left scale), UV-Vis trace
(red, left scale), and hydrodynamic diameter (blue squares, right scale) of
the AuUNP—HSA mixture at 1: 400 ratio.

protein monolayer around gold nanoparticles to produce
stable AuNP-protein complexes. It also indicates that the
hydrodynamic diameter of AuNP-HSA complexes increases
with the increase of protein molecules per gold nanoparticle.
At saturation, HSA molecules form a monolayer of 3.4 nm in
thickness around each nanoparticle. Similar values (3.5 nm)
have been found in the case of HSA forming a protein corona
around the FePt nanoparticles as measured by fluorescence
correlation spectroscopy.'’
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Fig. 2 AF4-DLS measurement of AuUNP—HSA complexes at various par-
ticle—protein ratios. (a) Selected part of the AF4 fractogram (UV-Vis
signal at 525 nm, left scale) and the corresponding diameters (Z-
average, right scale) of AUNP—HSA complexes: AuNP alone (grey), 1: 50
(red), 1:100 (green), 1:200 (blue), 1:400 (orange), 1:1000 (black). (b)
Hydrodynamic diameter measured by AF4-DLS online for AUNP—HSA
complexes at different NP—protein ratios.

The size of the complexes could allow formulating some
qualitative hypothesis on the nature of the protein corona, but
in order to develop a robust experimental approach we
recorded differential centrifugal sedimentation (DCS) data of
the various AuNP-protein samples. The time needed by each
particle to reach the detector under the centrifugal field in
DCS is a function of the hydrodynamic diameter and the
density of the particle. Combining these measurements with
the accurate size of the AuNP-HSA complexes obtained by AF4-
DLS allows determination of the apparent density of the com-
plexes at the different NP-protein ratios. Fig. 3a shows that the
various AUNP-HSA samples reach the detector at longer times
compared to the free AuNP. By inserting the diameter
measured using the AF4-DLS system (that provides accurate
sizes due to the size-separation step of AF4 ensuring that
monodispersed particle populations are measured by the
online DLS, see the ESIf for Experimental details) into
eqn (SI-21) we could calculate the apparent densities of the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Sedimentation time and average number of HSA molecules per
particle at various AUNP—HSA ratios. (a) Centrifugal liquid sedimentation
time for free AuNPs (black), 1:50 ratio (grey), 1:100 ratio (red), 1: 200
(green), 1:400 (blue), 1:1000 (orange). (b) Average number of HSA
protein molecules per gold nanoparticle as a function of AUNP—HSA
ratios (black squares) and Hill-type fitting (red curve).

complexes. The data analysis gave densities varying from 9.6 g
em? for the free AuNPs, to 6.9 ¢ cm™ for the 1: 50 ratio and
4.6 g cm™? at saturation for the 1:1000 ratio (see the ESIf).
The somewhat surprising data for the free gold nanoparticles
(compared to the 19.3 g em™ value for the bulk gold) can be
explained by the presence of the citrate and water layer on the
AuNP surface, and the overall effect on the particle density is
quite high due to the small size of the nanoparticles. Previous
analysis of small AuNPs with ultracentrifugation measure-
ments has found a density of 12.5 g cm™ for AuNPs of
20.3 nm.*’

Combining all the experimental results (the density of the
AuNP-protein complexes, together with their hydrodynamic
diameter and the diameter of the core gold nanoparticles) it is
possible to derive (see the ESIT) the mass of the protein layer
surrounding the gold core of the complex and thus to estimate
the average number of proteins present in each AuNP-HSA
complex. The number of HSA molecules bound to each AuNP
depends on the initial NP-protein ratio (Fig. 3b): it starts from
a minimum of 13 for the 1:50 ratio and increases up to 20
proteins for the 1:1000 ratio. Considering the surface area of
one gold nanoparticle and the foot print of each HSA mole-
cule, a single monolayer could contain a maximum of between
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20 and 35 molecules based on their binding orientation on the
gold nanoparticle surface.”’ The number of bound proteins
per NP is clearly an average value, as it is safe to assume that
in solution there will be a distribution in the number of bound
HSA molecules to each nanoparticle for the different initial
NP-protein ratios.

The experimental data can be fitted with a Hill-type
equation:

0=1/(1+ (K/L)").

where @ is the fractional occupancy of protein binding sites per
NP. L is the number of unbound proteins per NP. K is the mid-
point of the transition, the number of unbound proteins per
NP when 50% of the available sites are occupied. 7 is the Hill
coefficient that describes cooperative (n > 1) or anti cooperative
(n < 1) binding behavior.

Fig. 3b shows the fractional occupancy of HSA sites (at sat-
uration, 20 bound HSA molecules per NP) per AuNP as a func-
tion of unbound proteins in solution. The best fit of the data
with the Hill equation (Fig. 3b, red curve) indicates that 50%
of full coverage is reached when in solution there are around
35 unbound proteins per NP. The Hill coefficient of 0.6
suggests an anti-cooperative binding of HSA to gold-NPs.
A similar anti-cooperative behavior of HSA has been previously
shown for the binding to FePt and quantum dot
nanoparticles.'>'%>?

The non-disruptive nature of the AF4-DLS technique allows
recovering samples after their size separation with a simple
fraction collector for further characterization. We have thus
separated the AuNP-bound HSA from the unbound protein by
collecting the AF4-separated peak shown in Fig. 1c (in red,
NP-protein ratio 1:400). Using circular dichroism, we were
able to acquire the CD spectra of the HSA bound protein and
to monitor the changes of its secondary structure upon
binding with AuNPs (Fig. 4).

The CD spectra of HSA (Fig. 4a) show a clear change for the
AuNP-bound protein in the far UV region between 200 and
240 nm, sensitive to the secondary structure elements present
in the protein. A more detailed analysis of the two spectra
using deconvolution software* allows estimating the percen-
tage of secondary structure elements present in each CD spec-
trum. The data, reported in Fig. 4b, clearly show that there is a
reduction of around 10% in the o-helical content for the
1:1000 AuNP-HSA complex and of around 30% for the 1:400
complex.

All these data suggest a model for the morphology of the
AuNP-HSA complexes as a function of the AuNP-HSA ratio. At
low ratios, the AuNP surface is not saturated by HSA mole-
cules, 50% saturation is reached at an NP-protein ratio of
around 1:45, while at higher ratios HSA molecules form a
single protein monolayer of 20 proteins covering the whole
surface. The alpha helical content of HSA is reduced by
around 30% upon binding to a gold nanoparticle, similar to
the results reported in the literature®® (see Fig. 5, blue free
HSA, red bound HSA).
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Fig. 4 Circular dichroism spectra and secondary structure analysis of
HSA for AF4-separated free HSA and AuNP-bound HSA. (a) CD spectra
of free HSA (black); AUNP—HSA 1:400 (red) and 1:1000 (blue). (b) Per-
centage of secondary structure elements (a-helix, red; p-strand, green;
turn, blue; unordered, black) for free HSA, AuNP—HSA at 1:1000 and
1:400 ratios.
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Fig. 5 Model of the AUNP-HSA complexes. At a low protein—NP ratio
(left) the bound HSA molecules occupy less than 50% of the available
binding sites and their secondary structure is more distorted. At a high
protein—NP ratio (right) complete coverage of the nanoparticle surface
is reached and the proteins are less distorted.
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In addition, this methodology could also be applied to
binary mixtures of proteins. By using fluorescent labelling for
selective detection the amount of each protein bound to NPs
can be detected and information on structural changes
obtained.?®

A similar experimental approach can be easily extended to
protein-conjugated nanoparticles, thus providing a much
needed, not too complex, robust method for determining the
amount and structure of bound macromolecules used to
modify the properties of nanoparticles.

Conclusions

In summary, we have demonstrated that it is possible to
measure the structure and morphology of nanoparticle-
protein complexes. By combining a separation method with
online size measurements, density measurements and circular
dichroism we could identify the average number of proteins
bound to each nanoparticle and the changes in the secondary
structure of bound proteins. This method can be applied to
any combination of NPs and proteins, without the need for
any fluorescence labeling. It will provide in-depth experimental
information on protein-nanoparticle complexes needed for in-
depth characterization of nanoparticle-protein conjugates and
of the behavior of nanoparticles in biological systems.
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