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ABSTRACT: Three new collagen mimetic pep-
tides containing the CLK motif as anchoring
arms were tested for silver nanoparticle sur-
face stabilization. Our experimental and
molecular dynamic data indicate that pep-
tide length does have an important effect in
the resulting nanosilver’s colloidal stability
and biological performance.

Nanomaterials have become the building
blocks for the next generation of materials in
a variety of fields including biomedicine. This
has ramped the pursuit of new strategies in
nanoparticle surface stabilization.! Nanosil-
ver has been one of the most studied nano-
materials for biomedical applications due to
its unique electrical, optical, and chemical
properties.? Thus, a large number of protect-
ing agents and surface modifications have
been attempted for improving its in vivo sta-
bility.>* Protecting agents like citrate and thi-
ols can provide cost-effective surface stabi-
lization; however, such protection has
proven to be suboptimal under physiological
conditions.® Other approaches include the
use of polymers, poly-peptides, proteins, or
glycosides; but those are still far from being
realistically scalable for commercial nanopar-
ticle production, and additionally the binding
motifs involved in the surface stabilization

remain unknown. Furthermore, in the field of
tissue engineering and regenerative
medicine, there is an urgent need to com-
bine nanosilver's biological function with
structural components that allow safe incor-
poration of the material within biomimetic
templates. Some attempts have used pro-
teins and other polypeptides to anchor the
nanostructures to the biomatrix. However, a
general understanding of the effects of chain
charge, binding mode and cooperativity re-
main unanswered. Recently, our team re-
ported a new amino acid sequence CLKRS
which at micromolar concentrations is capa-
ble of stabilizing spherical nanosilver.” How-
ever, the resulting nanocomposites lack
long-term stability in solution. In the present
work, we have used a combination of experi-
ment and molecular dynamics for unveiling
the molecular mechanisms involved in the
interaction between nanometric silver and
three novel collagen-like peptides; CLK-(GP-
Hyp), with n = 1, 3, and 5 (see Scheme 1).
We further assessed the suitability of these
novel composite materials for being incorpo-
rated within 3D collagen matrices.
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Scheme 1. Structural and sequence repre-
sentations for the peptide sequences tested
for nanosilver surface stabilization. Numbers
shown in the left correspond to the repeti-
tions of GP-Hyp in the different sequences.

Fig. 1 left shows the changes in absorption
maxima, intensity and full width at the half
maximum (FWHM) of each peptide in rela-
tion to its concentration, observables that
are directly related to the nanocomposite’s
aggregation state. From these plots, it can
be clearly seen that all the peptides, CLK-GP-
Hyp (Pl), CLK-GP-(Hyp-GP),-Hyp (P2), and
CLK-GP(Hyp-GP)4s-Hyp (P3) show distinctive
features when compared to the CLKRS se-
quence. Thus, for P1-P3, there was a red
shift in the position of the absorption maxi-
mum (=8 nm at 20 uM and =11 nm at 100
MM), alongside a =20% decrease in the SPB
absorption intensity. Furthermore, FWHM
values also increased by = 7.0 and = 11 nm
at 20 and 100 pM peptide concentrations,
respectively. These changes were consider-
ably smaller than those for CLKRS, which
had reductions of 50 and 70% absorption in-
tensity at 20 and 100 uM, accompanied of
30 and 80 nm maxima position shifts and 68
and 180 nm FWHM, respectively. Note that
precipitation of the nanosilver composite
was not observed for the samples containing
P2 and P3; however, P1 had reduced stabil-
ity at >20 uM, vide infra. Fig. 1 right depicts
a representative set of absorption spectra of
Citrate-capped nanosilver (AgNPs@citrate)
measured in the presence of 20 uM concen-
trations for peptides P1-P3 and/or CLKRS,
which clearly illustrates differences between
CLKRS and P1-P3.
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Figure 1. Effect of peptide addition on the sur-
face plasmon band (SPB) for CLKRS (-), CLK-
GP-Hyp («), CLK-GP-(Hyp-GP),-Hyp (=), and
CLK-GP(Hyp-GP)s-Hyp (-). Left (Top): Changes
in SPB maximum intensity as a function of the
peptide concentration. (Middle): Variation of
SPB maximum position measured at the differ-
ent peptide concentrations. (Bottom) Full width
at half maximum (FWHM) values calculated
from SPB fitting to a single Gaussian curve
(Kaleida Graph®) at different peptide concen-
trations. Right: Representative SPB spectra for
spherical nanosilver measured at 20 uM pep-
tide concentrations. The nanosilver control
sample without peptide is also included (black
line with no symbols). All measurements were
carried out at room temperature using 1 cm
pathlength cuvettes (n=3).

Nanoparticle hydrodynamic diameter in-
creased 10 times upon adding P1 > 20 uM,
which further increased to up to 42 times at
100 pM (Fig. 2a). Colloidal silver solutions
containing P1 > 20 uM did not remain stable
and precipitated after 2 h (not shown). No
statistically significant differences, when
compared to the control without peptide, in
sizes were observed for P2 and P3 (7.0+1.0
nm, p>0.1). When monitoring changes in
the nanoparticle surface charge (see Fig. 2b)
as a function of the peptide concentration,
100 uM of P1 did not produce complete sur-
face charge neutralization. However, for P2
and P3 peptide concentrations =20 uM
switched the charge of the composite mate-
rial from —-30 to +3.0 mV. Increasing the con-
centration of P1 led to a net decrease in the
SPB and band broadening, which can be in-
terpreted as a direct consequence of
supramolecular assembly of P1 around the
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nanoparticle. No significant differences are
observed for nanoparticles protected with P2
and P3 at either concentrations. Further-
more, the effect of ionic strength using 0.9%
NaCl as a biological mimetic medium for up
to 48h, showed improved surface stability
that follows P3 > P2 >> P1, see Fig. 2c. In
addition, the effect of the pH was assessed
between 6.3-9.5 values for nanosilver con-
taining P2 and P3 at 20 and 100 pM showing
little effect of pH variation, see Fig. S1.
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Figure 2. Effect of peptide addition on the
nanoparticle hydrodynamic size (a) and sur-
face charge (b) for CLK-GP-Hyp (~), CLK-GP-
(Hyp-GP)>-Hyp (=), and CLK-GP(Hyp-GP)4,-Hyp
(-). (c) Changes in surface plasmon band max-
imum absorption measured for citrate pro-
tected nanosilver in the presence of 20 uM of
the peptides CLK-GP-Hyp (), CLK-GP-(Hyp-
GP),-Hyp (=), and CLK-GP(Hyp-GP),-Hyp (-) at
different time points when incubated in 0.9%
NaCl solution. The nanosilver control sample
without peptide is also included (X). All mea-
surements were carried out at room tempera-
ture by triplicate, see Sl for further details.

Moreover, one of the limitations that still
remains for most capping agents is their sta-
bility for in a useful range of temperatures.
Fig. 3 shows the effect of heating silver
nanoparticle samples containing 20 pM of P2
and P3 as well as a comparative sample pre-
pared using 20 pM human serum albumin

(HSA) at =100°C. In contrast to the solution
containing the HSA protein, the samples pre-
pared with the peptides remained stable in
solution, with just a minor change in the SPB
(<10%) within the first 45 min after heating.
Those are remarkable differences, which as
a whole demonstrate the superiority of P2
and P3 over common protein surface cap-
ping of nanosilver. Heating of the HAS
capped samples led to almost instantaneous
and irreversible changes of the nanosilver
SPB.®2 Similar results were previously re-
ported by our group for citrate capping
agent replacement with type | collagen.®
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Figure 3. Changes in nanosilver SPB seen after
sample solution heating for up to 45 min at
982C. Nanosilver samples were prepared using
20 pM of the CLK-GP-(Hyp-GP)s;-Hyp, CLK-
GP(Hyp-GP),-Hyp or human serum albumin
(HSA). Samples were measured at different
time points after heating. All measurements
were carried out at room temperature, see Sl
for further details.

Molecular dynamics simulation coupled
with free-energy calculation techniques en-
abled us to determine the likely binding
modes of the peptides P1, P2 and P3 on the
nanosilver surface. Using the adaptive bias-
ing force'®!? technique, we determined the
free energy landscape for peptide adsorp-
tion, considering both the distance between
the surface and peptide (Z), as well as the
peptide’s orientation relative to the surface
(). Taking the z axis to be perpendicular to
the silver{111} surface, Z was defined as
the difference in the z coordinates of the
center of mass of the peptide and plane
passing through the centers of the first layer
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of silver atoms. The second transition coordi-
nate, {, was defined by the difference in the
z coordinates (the z axis being perpendicular
to the surface) of the center of mass of the
last and first residues of the peptide. Fig. 4
left shows the two-dimensional free energy
landscape (potential of mean force) as a
function of Z and ( calculated for each pep-
tide. The high-affinity areas (blue) represent
conformations in which the peptide interacts
most strongly with the surface, while the
yellow, green and cyan regions indicate
lower affinities. Areas shown in red are high
free-energy conformations, corresponding to
steric clashes between the surface and pep-
tide (small Z values) or unfavorable exten-
sion of the peptide (large ¢ values).
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Figure 4. Molecular simulations of the adsorp-
tion of P1, P2 and P3 to the nanosilver surface.
(Left) Two-dimensional free energy landscape
for the peptides P1, P2 and P3. By convention,
the free energy is anchored to average to zero
for large separations of the peptide and sur-
face (Z>24 A). The black curves represent
isoenergetic contours separated by 2 kcal/mol.

(Right) Typical conformations of each peptide
corresponding to the free energy minima in the
two-dimensional free-energy plots indicated by
the black arrow.

The lowest free energies occur when the
peptide centers of mass are about 6.5 A
from the surface and the peptides lie
roughly flat against the surface (C = 0). The
peptide affinity for the surface is ranked P3
> P2 >> P1, in agreement with our experi-
mental data, corresponding to free energies
of -5.0, -3.4 and —-1.5 kcal/mol, respectively
(see Fig. S3). Fig. 4 right shows representa-
tive conformations near the global free en-
ergy minimum for each peptide. Interest-
ingly, in all three cases, contact between the
surface and the N-terminal thiol group is fa-
vored, even when the center of mass of the
peptide is relatively far from the surface.

Additionally, the OH™ group of the Hyp
amino acids tended to be directed toward
the silver surface, helping the peptides to at-
tain planar conformations, which increases
the peptide-surface contact area and stabi-
lizes their adsorption. Overall, the free en-
ergy results show that increasing the pep-
tide length by the number of Hyp groups en-
hances affinity for the surface, which is
clearly observed in the two-dimensional free
energy landscape for each peptide.

The ability of the peptides to act as pro-
tecting agents for unprotected nanoparti-
cles, was also evaluated by using micromo-
lar concentrations of the peptides, see Fig.
S4. Fig. 5a shows representative absorption
spectra for silver nanoparticles synthesized
in the presence of 1.0 uM of P3. Notably
nanoparticle SPB intensity reaches a plateau
(=2.0£0.2, n=4) within 5 minutes of
nanoparticle synthesis. Similar results were
observed for P2, see Fig. S4 inset, while P1
produced stable nanoparticles only at con-
centrations = 5.0 uM. Fig. 5b summarizes sil-
ver nanoparticle size distributions measured
by transmission electron microscopy (TEM).
Interestingly, the nanoparticles prepared us-
ing P3 had considerably smaller diameter
than those prepared with other compounds
(Fig. 5b), including those prepared in this
work (15 vs. 35 nm, for P3 and P2, respec-
tively) and those previously reported when
proteins were used as protecting agents for
nanosilver.'* Nanoparticle sizes for P2 and P3
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showed no dependence with the peptide
concentration, which suggests that surface
protection occurs more effectively for P3
than for P2.
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Figure 5. (@) SPB for nanosilver measured at
different time points from bottom to top, 0, 1,
3, and 5 minutes upon UVA irradiation of the
solution containing the nanosilver precursors
in the presence of 1.0 uM of CLK-GP(Hyp-GP).-
Hyp. Inset: Representative changes in the SPB
maxima absorption measured at different time
intervals during the synthesis. All measure-
ments were carried out at room temperature,
see Sl for further details. (b) Size histograms
for silver nanoparticles prepared using two dif-
ferent concentrations of the peptides CLK-
GP(Hyp-GP),-Hyp and CLK-GP(Hyp-GP)s;-Hyp as
protecting agents for photochemically formed
nanosilver. Histograms were constructed by
measuring 100 individuals nanoparticles from
TEM images. Mean number and standard devi-
ations for each population are shown in the fig-
ures.

Considering that P3 has the highest
affinity for the nanosilver surface, we
performed a comprehensive analysis of
its free energy pathway, starting from the
aqueous environment to reach the ad-
sorbed conformation to nanosilver. Fig. 6
(Left) shows a surface plot of the free-en-
ergy landscape as a function of the two
transition coordinates Z and C previously
discussed. The red arrow represents the
most probable pathway in the adsorption
process. As shown in Fig. 6 right, three
typical peptide conformations were iden-
tified at distances of 6.5 A, 10.5 A and 23
A, labeled as A, B and C, respectively.
Conformation C shows a random position-

ing of the cysteine thiol group with re-
spect to the last residue of the peptide,
which is a typical conformation of the
free peptide in bulk solution. The lowest
free energy path to the adsorbed state
involves contact between the N-terminal
cysteine amino acid (Fig. 6B), which fa-
vors the subsequent adsorption of the
entire peptide. Similar results for CLK
peptides were previously reported by our
group.’ Finally, conformation A shows the
most favorable structure of the P3 pep-
tide at the position global free energy
minimum in Z and (. Here, both the Cys
and Hyp amino acids are in direct contact
with the silver surface.

Finally, nanosilver protected by the synthe-
sized peptides (either with P2 or P3) was
chemically incorporated within type | colla-
gen hydrogels, and the ability of these hy-
drogels to sustain cell proliferation and anti-
microbial activities were assessed. Overall,
P3 outperformed P2 in terms of producing
hybrid materials that, for example, while al-
lowing cell proliferation of human skin fi-
broblasts (Fig. S5), also prevented bacterial
infection mediated by Pseudomonas aerugi-
nosa, see Fig. S6.
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Figure 6. Most probable binding mode for P3.
(Left) Surface plot of the free-energy land-
scape for P3 adsorption to the Ag{111} sur-
face. A, B and C are typical conformations for
P3 along the adsorption pathway (red arrow)
from bulk solution to the nanosilver-water in-
terface. Cysteine is represented by yellow
spheres while the rest of the protein is shown
as a tube with the color indicative of the asso-
Ciated free energy.

The conclusions section should come in
this section

Designing of specific capping agents as
peptides for nanosilver, using CLK motif as
anchoring arms have shown to be highly
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efficient to control of size and growth of
nanosilver surfaces. Through both experi-
mental and computational result indicate
that the peptide length have a critical effect
in the nanosilver is colloidal stability and bio-
logical performance.
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