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We studied the effect of human serum albumin protein
surrounding spherical nanosilver on the nanoparticle stability
upon peroxyl radical oxidation. The nanoparticle-proteins
composite is less prone to oxidation compared to the individual
components. However, higher concentrations of hydrogen
peroxide were formed in the nanoparticle-proteins system.

Novel therapies exploring nanoscale interactions for
biomedicine have prompted research in nanomaterials. Silver
nanoparticles (AgNPs), or nanosilver, have been extensively
studied as novel antimicrobial, antibiofilm, and anti-
inflammatory agents. 2 We, and others, have demonstrated
that surface composition dictates both the nanoparticle’s fate
within living organisms and its biological activity.3® Such
surface composition is by nature dynamic, which in biological
system is mainly dominated by interactions with
biomolecules.” With proteins being the most abundant
components in biofluids, nanoparticles’ surface composition
become primarily dominated by proteins aggregates
adsorbed onto the nanoparticle surface, forming what is
known as protein corona.81> Adsorption of proteins onto the
nanoparticle surface occurs in steps following a behavior
similar to the ‘Vroman effect’;16 17 where the most abundant
proteins are the first to adsorb, but equilibrium is ultimately
achieved at longer times for biomacromolecules with higher
affinities independently of their relative concentration in the
biofluid. Added to this already complex multi-step dynamic
equilibrium; it has recently reported that nanoparticle shape
and size also plays an important role in the total protein
landscape and corona formation onto the nanoparticle
surface.18
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With proteins being the primary target for free radical
oxidation in living organisms; a logical question to ask is
whether nanoparticles “encapsulated” within a corona-like
structure can interfere in the protein oxidation, by either
reducing or promoting free radical oxidation. Endogenous free
radicals, including reactive oxygen species (ROS), are produced
continuously as side products of cell metabolism. While
damage to proteins and other biomolecules is kept to a
minimum under normal conditions thanks to the orchestrated
biochemical cell machinery.’® However, diseases and, or
external agents (e.g., chemotherapy) increase the free radical
production overwhelming the biochemical mechanisms for
minimizing oxidative damage.?° To date, however, the effect of
nanoparticle-protein capped free radical oxidation, and its
impact on protein oxidation have not been systematically
studied. In the present work, we have used spherical
nanosilver that has a high affinity for proteins?! such as
albumins, as a model for exploring the impact of peroxyl
radical oxidation, which is primarily responsible for protein and
lipid oxidation in biological systems.?2 Peroxyl radicals were
generated at a steady rate from the thermal decomposition of
2,2’'-azobis(2-methylpropionamidine) dihydrochloride (AAPH,
14nM/s at 37°C, see Scheme 1).23
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Scheme 1. Chemical reaction of AAPH thermal decomposition and peroxyl radical
generation.

Similar to what has been described in the literature for
plasmonic absorption of small spherical nanosilver (3-5 nm),*
27 our citrate capped nanosilver were spherical in shape, see
Fig. S1, and showed an intense plasmonic absorption (SPB) at =
395 nm. A nominal 40 nM nanosilver concentration was
estimated assuming a monodisperse population centered at
4.0 nm, see SI. Changes in SPB are often used to monitor
concentration, size, and polydispersity of metal nanoparticles.
In our case, we followed the changes in SPB for citrate capped
AgNPs upon addition of 10 mM AAPH, see Fig. 1. The decrease
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in the nanoparticle SPB, which ultimately leads to only having
the absorption for AAPH at > 60 s (Fig. S2), is accompanied by a
broadening of the SPB and an increment in absorption at
longer wavelengths >500 nm; an indication of nanoparticle
aggregation, Fig. 1 left. To test ionic strength effects, we added
10 mM NacCl leading to only minor variation of the SPB (< 3.0
nm, see Fig. S3).
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Figure 1. Changes in SPB for citrate-capped silver nanoparticles mediated by peroxyl
radicals. Left: UV-vis spectral changes over time for 40 nM AgNP@citrate in the
presence of 10 mM AAPH at 37°C (spectra recorded at 0, 10, 25 and 60 s); inset shows
representative images for the change after 30s incubation of AgNP@citrate with AAPH.
Right: Kinetics for the decrease of the SPB (A = 395 nm); inset shows tso values of the
oxidation reaction at different AgNP concentrations. Measurements were carried out in
triplicate using different nanoparticle batches.

By using the ratio between the average initial rate of SPB
decrease for citrate capped AgNP (12 + 2 nM/s, Fig. 1 right)
and the peroxyl radical production rate (14 nM/s at 37°C),23
one can estimate the ability of AgNPs to act as free radical
traps; the calculated free radical efficiency suggests that = 1.0
radical is sufficient to destabilize a multi-atomic nanosilver. In
our estimation for the number of free radicals per nanoparticle
we have assumed a nanoparticle concentration derived from
perfectly monodisperse spherical nanosilver. The fact that tse®
values remained unchanged for the different AgNPs
concentrations tested suggests the involvement of a chain
reaction mechanism.

Formation of a supramolecular structure of proteins
surrounding nanosilver has been recently reviewed in the
literature.?2 Nanosilver protein-like corona structures have
been also identified as modulator of sulphidation,?
nanoparticle toxicity,3% 3! and availability in biomimetic
systems.32 In our case, the interaction between nanosilver and
the protein was estimated by measuring the binding constant
(K3), from monitoring changes in the protein tryptophan (Trp-
214) fluorescence (Fig. S4).24

Changes in the fluorescence intensities upon addition of
AgNPs were analysed using the Stern-Volmer plot (R=0.997;
R2=0.995):

Fo/F =1+ Ksy[AgNP] (1)
Koy = kq x 79 (2)

A quenching rate constant kq of 1.4 X 10 M- s1 was
calculated from the Stern-Volmer constant (eq. 2, Ky, = (6.5
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0.1) X 107 M), using the reported fluorescence lifetime for
HSA (1o = 4.6 ns).33 This kq value is several orders of magnitude
higher than the diffusion controlled limit in water = 1 x 1010 M-
1 51,34 which implies nanoparticle and HSA ground-state
complex formation. Ultracentrifugation experiments, which
have been described to be a useful tool to estimated binding
of proteins to nanostructures,3> were carried out to determine
the amount of bound protein to nanosilver. No nanosilver was
detected in the supernatant of the ultracentrifuged samples.
Total adsorbed protein concentration, at a fixed nanosilver
amount, varied depending on the initial protein concentration.
Thus, an 80% of the protein was bound when using 1.0 uM of
the  macromolecule. Increasing the initial protein
concentration by tenfold increases in 5.5 times the absorbed
protein concentration to 4.4 uM. Further, when considering
that the protein size is larger than the nanoparticle (6.6 + 0.4
vs. 4.2 £+ 0.1 nm, see below). The difference in the fraction of
bound HSA cannot be explained regarding surface saturation.
Thus, the formation of different supramolecular arrangements
of HSA around the nanoparticle surface is the most plausible
explanation.

Fig. 2 left shows that protein concentrations as low as 1.0
UM decelerate SPB loss in the presence of AAPH. Interestingly,
no significant differences in the t50 values for the screened
protein concentrations were observed (p>0.1, one way
ANOVA, see SI). Similar to the citrate-protected AgNPs, there
was a sub-second component for the SPB decrease that for
HSA capped AgNPs was also investigated by stopped-flow (SF,
see S| for experimental methods). When AgNPs were mixed
with water in a control experiment no changes in absorption
were observed (Fig. 2 right). In contrast, when AgNPs were
combined with NaCl solutions a fast decrease in the SPB was
found in the first 0.5s. This fast decrease suggests that after
adding NaCl, there is a rapid supramolecular reorganization of
the protein molecules around the nanoparticle,3% 37 which
promotes changes in the electronic density of the metal
surface and consequently modifies the SPB.2> This change in
the position of the SPB is responsible for the different initial
absorbance values when the AgNPs are diluted with water or
with NaCl.$% At longer time scales changes in the SPB with the
addition of NaCl and AAPH differed and the faster rate in the
presence of AAPH corresponds to the radical oxidation
process. Thus, we used tso values for times >0.5 s, to avoid
including the ionic strength effect in the analysis.
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Figure 2. Changes in nanosilver surface plasmon band absorption for HSA capped
AgNPs incubated with 10 mM AAPH. Left: Changes in SPB for HSA protected AgNP (40
nM) measured up to 120 min after addition of AAPH. The absorption was measured at
the maximum SPB for each spectrum (data correspond to the average of 3 independent
experiments). Inset: Representative SPB spectra for AGNPs measured in the presence of
10 pM HSA over time (0 to 120 min) after addition of AAPH. Right: Representative SPB
kinetics for stopped-flow measurements for the AgNP (20 nM) bound to HSA (10 uM)
upon addition of water, NaCl or AAPH (kinetic traces correspond to averages of 16
kinetic traces for a single experiment). All measurements were carried out at 37°C. SPB
is protein concentration dependent, for A values see Fig. S4 right.

Adding micromolar concentrations of HSA decelerates the
loss in SPB absorption with no differences in slope for all
concentrations tested. Thus, if we consider that 100% of the
proteins are attached to the AgNPs (=40 nM, monodisperse
spherical), there would be around 25 and 1,250 proteins per
nanoparticle at 1 uM and 50 uM of HSA, respectively. While
considering geometric restrictions (see Sl); only 4 proteins can
fit onto the nanoparticle surface. To accommodate 25 protein
molecules per nanoparticle the protein-nanoparticle “corona”
model can be used. However, having 1,250 proteins associated
with the NP is unrealistic. Thus, we further characterized the
formation of the nanoparticle-protein supramolecular system
under different conditions at 1.0 uM HSA. The measurements
of the hydrodynamic size (dynamic light scattering; DLS) and
electrokinetic potential (Z-potential), were used to evaluate
aggregation and colloidal stability of nanosilver and has, either
separated or combined.

Table 1. Hydrodynamic size (DLS) and  -potential of HSA, AgNP and NP-protein
composite measured in solution without and with AAPH (10 mM at 37°C pre-incubated
for 120 min). Results correspond to the average of 3 independent measurements.

Sample Size (nm) { -potential (mV)
HSA 6.6+0.4 -8+3
AgNP 42+0.1 -28+3
AgNP + AAPH a a
AgNP-HSA" 10+1 -23+4
AgNP-HSA™ + AAPH 400+ 40 -17+1

1.0 uM HSA was used in all experiments. 2colloid precipitates out of the solution
within seconds.

The protein nanoparticle composite has a hydrodynamic
size larger than their individual components by separate (10
nm), but still smaller than the sum of their respective
hydrodynamic sizes. Those differences might be attributed to
conformational changes that occur during the initial
interaction between the protein and nanoparticle, similar to
what has been described in the literature for the interaction of
albumin proteins and nanosilver.24 30 Despite in our work we
are using only 1 type of protein, HSA, this increment in
hydrodynamic size aligns well with the findings for protein
corona formation in other metal nanoparticle systems
reported in the literature.3® Incubation of citrate-protected
nanoparticles with AAPH leads to the rapid formation of larger
aggregates (=200X original diameter), which aligns well with
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the changes at longer wavelengths showed in Fig. 1. However,
incubating the AgNPs-protein composites with AAPH results in
a = 40X increase in the hydrodynamic size. The nanoparticles
remain relatively stable for a more extended period in solution
as reflected in the sample’s zeta potential; a parameter that
accounts for colloidal stability.?!

Trp fluorescence with and without nanosilver incubated
with AAPH (Fig. S5 left) was used to follow in situ the free
radical oxidation of the only Trp residue in HSA (Trp-214). For
the nanoparticle-protein composite, there was a 25% loss in
the emission while 70% of the fluorescence disappeared for
the protein sample without AgNPs. This behavior points
towards a reduction in the Trp oxidation, once the protein
assembles around the nanostructure. Ashraf et al. have
reported similar findings for AgNPs-HSA incubated with
methylglyoxal.3?

The extent of protein fragmentation/cross-linking for the
protein capped nanomaterial incubated with 10 mM AAPH was
evaluated by SDS-page electrophoresis. Fig. S6 shows no
significant differences after 2h of incubation in the presence of
nanosilver. We also measured early and late oxidation markers
(peroxides and carbonyls, respectively), and oxygen
consumption product of the radical production. 22

No measurable peroxides were detected in the absence of
AAPH (Fig. S5 right). However, the peroxide concentration
increased 2.5X for AgNPs-HSA when compared to oxidized
HSA. The carbonyl content remained mostly unchanged
amongst all samples, suggesting peroxides do not evolve to the
formation of carboxyl end products or that such peroxides
fraction corresponds to hydrogen peroxide. Oxygen
consumption was 25% slower for AgNPs-HSA compared to HSA
alone. These results point towards chain oxidation reaction of
the protein promoted by the nanoparticle acting as a trap that
constrains a high number of proteins in a limited space.
Formation of hydrogen peroxide during protein oxidation was
assessed by following changes in the oxygen concentration of
the systems upon adding catalase (100 U/mL), which
decomposes hydrogen peroxide to water and molecular
oxygen (see Fig. S7). The oxygen concentration upon adding
the enzyme increased only for AgNPs-HSA, which suggests the
formation of hydrogen peroxide during the oxidation of the
hybrid nanocomposite. This formation of hydrogen peroxide is
in agreement with literature reports that have suggested that
metal nanosurfaces actively participate in hydrogen peroxide
production.40

In summary, by using HSA as a protein model for nanosilver
capping, we demonstrated that the formation of protein layer
onto nanosilver not only improves the nanoparticle colloidal
stability but also affects the protein oxidation profile and
extent. Thus, upon exposing the system to radicals, tryptophan
oxidation was lower for the protein when capping nanosilver.
This oxidation was accompanied by a 2.5 times increment in
peroxides, most likely hydrogen peroxide. The ability to
accumulate peroxides for the protein-nanosilver composite
under oxidative stress might also be linked to the antibacterial
effects in vivo displayed by nanosilver.> Thus, the proteins
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surrounding the nanosurface act as shields from exogenous
reactive species in a similar fashion as the ancient Roman army
formed a “Testudo formation.” Despite that additional work
for further understanding to link surface reactivity and the
nanoparticle biologically activity is required; our work
constitutes a building block in the way to better understanding
in vivo consequences of exposing nanomaterials to free
radicals in living organisms.

This work was supported by NSERC Discovery, the
Canadian Institutes of Health Research and University of
Ottawa Heart Institute to EIA. The work at the University of
Victoria was supported by an NSERC Discovery Grant (RGPIN-
121389-2012).
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§ The parameter tso corresponds to the time required to reach half of
the absorbance amplitude where the minimum absorbance
corresponds to the final absorbance of AAPH.

§8§ The control experiment with NaCl was required because in the
addition of AAPH the ionic strength of the solution was increased by
200 times.
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