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etal nanoparticles, especially silver

nanoparticles, are important build-

ing blocks for sensors', medi-
cal*~* and optical devices.® Silver nanoparti-
cles and composites are also found in an
increasing number of end user consumer
products (textiles, cosmetics, food contact
material) because of their antibacterial prop-
erties. Metal nanoparticle synthesis is well
established,® ® and more recent synthetic
efforts are geared toward a better control
over particle shape, size (distribution), or
chirality. For many applications, metal nano-
particles need to be biocompatible or
carry special functionalities. Among others,
peptides have been used as efficient tools
for controlling silver nanoparticle shape and
size. " In some cases, elaborate scaffolds
for the synthesis of complex silver nanopar-
ticle/peptide hybrids have been made.'®
Overall, peptides combine good control
over structure and chiral induction from
the peptide to the metallic structure,'*'”
but also improve nanoparticle dispersibility
and chemical stability.”'® This makes pep-
tides attractive for nanoparticle protection
and functionalization in a large variety of
environments and for a number of inorganic
nanoparticles.

Less noble metal nanoparticles such as
silver and copper are far more reactive than
their bulk counterparts.'” They must thus be
protected from chemical etching, metal ion
leaching, oxidation, or coagulation. Protec-
tion can be achieved via a dense ligand shell
(typically aliphatic thiols) or via coating with
an inert material. Among others, silica has
attracted interest as a nanoparticle coating
material.'® This is because silica is light
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ABSTRACT Silica and silver nanoparticles are relevant materials for new applications in optics,

medicine, and analytical chemistry. We have previously reported the synthesis of pH responsive,

peptide-templated, chiral silver nanoparticles. The current report shows that peptide-stabilized

nanoparticles can easily be coated with a silica shell by exploiting the ability of the peptide coating

to hydrolyze silica precursors such as TEOS or TMOS. The resulting silica layer protects the

nanoparticles from chemical etching, allows their inclusion in other materials, and renders them

biocompatible. Using electron and atomic force microscopy, we show that the silica shell thickness

and the particle aggregation can be controlled simply by the reaction time. Small-angle X ray

scattering confirms the Ag/peptide@silica core—shell structure. UV—vis and circular dichroism

spectroscopy prove the conservation of the silver nanoparticle chirality upon silicification. Biological

tests show that the biocompatibility in simple bacterial systems is significantly improved once assilica

layer is deposited on the silver particles.

KEYWORDS: peptide-templated materials - silver nanoparticles - chiral nanoparticles -
Ag/peptide@SiO, nanostructures - core—shell structures

compared to other inorganics, biocompati-
ble, and chemically inert under most cir-
cumstances. Moreover, there are a series of
protocols for further chemical modification
of the silica shell. Colloidal,’® optical, 222
and catalytic>*™% properties of such hy-
brids can thus be tailored rather precisely,
as has for example been shown for photonic
crystals. 26~ 28

Unfortunately, many nanoparticles are
relatively difficult to coat with a silica layer
of uniform thickness and density. Moreover,
aggregation can often not be prevented,
such that, in the end, relatively poorly de-
fined metal nanoparticle/silica composites
are obtained.'® Different solutions have
been developed, for example the coating
of the metallic nanoparticles with a primary
layer of silica precursor,'®?4*°32 3 biopoly-
mer,*® gelatin,®* or coating of the particles
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Scheme 1. Peptide 1 used for surface modification of the
silver nanoparticles. The neutral form of the peptide is
shown. The peptide sequence is CKK (single amino acid
letter code). Two tripeptides are connected through a
disulfide bridge (—S—S—). All amino acids are L-amino acids

with a silane-functionalized thiol followed by a Stober
process.>® Alternatively, harsher conditions such as hy-
drothermal reactions or hydrolysis at higher tempe-
ratures have been proposed.>3¢

A strategy not pursued much is the immobilization
of catalytic units on the surface of the metal nanopar-
ticles followed by the controlled hydrolysis of a silica
precursor. This concept is based on the finding that
basic peptides such as the silaffins®’*® catalyze the
hydrolysis of silica precursors like sodium silicate or
tetraethylorthosilicate (TEOS) to form nanoscale silica.
A similar process is also possible with synthetic poly-
mers, leading to well-defined silica nanostars® or
other shapes on patterned surfaces.** *? It should
therefore be possible to exploit the catalytic activity
of peptides and synthetic polymers to construct more
complex nanoscale hybrid architectures. While there
have been a few examples exploiting polymers and
biopolymers for the synthesis of silica hybrid
structures,®>34383943748 thare have been no studies
on the effect of particles coated with small tailor-made
peptides as templates and catalysts for silicification.

The current study explores the possibility of using a
well-defined peptide (Scheme 1) shell on the surface of
a metal nanoparticle to control the growth of a very
thin silica layer, whose thickness can be adjusted by
selection of appropriate reaction parameters. A point
of special interest is the formation of individual nano-
particles; that is, we were especially interested in sup-
pressing the formation of aggregates of nanoparticles
covered with one common silica shell or aggregates of
Ag/SiO, particles without a predetermined order.

RESULTS

The peptide-modified silver nanoparticles have been
described in a previous publication.’ They can be dis-
persed in acidic aqueous solution as individual parti-
cles and aggregate at higher pH because of the depro-
tonation of the lysine residues and the resulting lower
electrostatic repulsion. As shown by X-ray photoelec-
tron spectroscopy (XPS),” the nanoparticles are coated
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almost exclusively by the peptide. The current study
focuses on the silicification of these particles, where
the peptide surface acts as a catalyst for TEOS hydro-
lysis. Because the peptide-catalyst is immobilized on
the particle surface, the silicification is expected to only
occur on the surface of the silver particles leading to
well-defined Ag/peptide@SiO, nanoparticles.

Figure 1 shows representative transmission electron
microscopy (TEM) images of the silica—silver hybrid
materials after TEOS addition to a dispersion of the
peptide-modified silver nanoparticles. The precursor
nanoparticles are spherical with a radius of 10 nm and
well-dispersed.® After one day of silicification, an addi-
tional layer appears on the silver particles. It can be
attributed to a 2—4 nm thick silica shell. After 2 days,
the particles are coated with a thicker shell of ca. 6—7
nm. While most particles are still present as individual
particles, some aggregates are also observed after
2 days. After 3 days, larger aggregates (3—5 Ag/peptide@
SiO, per aggregate) form, but some particles
remain as individual Ag/peptide@SiO, nanoparticles.
These samples also contain some silica without silver
particles, indicating a less homogeneous process than
during the first 2 days. After 4 days, there are only a few
isolated particles present in solution. The large majority
of the hybrid material is aggregated in large clusters
containing more than 10 Ag/peptide@SiO, per aggre-
gate. TEM therefore shows a well-controlled growth of
thessilica shell during the first two days of reaction. TEM
also shows that the reaction time can be used to
control the thickness of the growing amorphous silica.
The control over the state of aggregation is less effi-
cient once the reaction time is larger than ca. 2 days.

Figure 2 shows a high magnification scanning elec-
tron microscopy (SEM) image of the Ag/peptide@SiO,
nanoparticles after 48 h of reaction time. Low magni-
fication overview images show that the particles are
spherical and relatively monodisperse with an average
radius of ca. 15 nm. Aggregation is mostly a drying arti-
fact. Closer inspection of the SEM images shows that
there are two areas in the objects, an electron-dense
core (Ag) and an electron-poor rim (SiO;). SEM thus
confirms TEM data, where also a core—shell architec-
ture is observed. The shape at ambient conditions (that
is, not under vacuum), and the shell growth upon
silicification time was also studied by AFM, see Sup-
porting Information, Figure S1 and S2. Essentially, AFM
indicates that the objects are round, and the shell
grows with time, identical to SEM and TEM data.

Figure 3 shows a representative energy dispersive
X-ray (EDX) spectrum of the Ag/peptide@SiO, nano-
particles. All spectra clearly indicate the presence
of silver, carbon, oxygen, nitrogen, and sulfur. This
strongly supports the Ag/peptide@SiO, material struc-
ture in the sense that EDX detects silver from the origi-
nal nanoparticle, nitrogen and sulfur from the peptide,
and silicon from the shell. Oxygen and carbon are
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Figure 1. TEMimages of Ag/peptide@SiO, (a) after 1 day, the arrow pointing to the growing silica shell, (b) after 2 days with the
arrow indicating two aggregated particles, (c) after 3 days, the arrows pointing to empty silica material, and (d) after 4 days; the
arrow points to a large silica particle without silver core. Scale bar is 100 nm in all images. Inset in panel a shows the particles

before coating. Scale bar is 50 nm.

due to the peptide, possibly also some residual TEOS or
ethoxy groups that have not reacted, and the sample
support.

As microscopy is a very local technique, we have
performed complementary small-angle X ray scatter-
ing (SAXS) measurements on the samples after silicifi-
cation. Figure 4 shows the scattering curve of a dis-
persion of 1 mg/mL after 48 h of reaction. The SAXS
pattern shows a minimum at around g = 0.4 nm™ ' and
a second minimum at around g = 0.8 nm™~". The curve
shows a Porod behavior where I(g) scales to g * for
g>1nm™ " Thisindicates a sharp interface of the nano-
particles with their surrounding. Both visible minima
indicate a moderate polydispersity, which is surprising
for a core—shell system. The increase in the low g
region shows an attractive force between the particles.
To avoid ambiguous curve fitting results, only the g
region between 0.3 and 2 nm~' was considered for
shell thickness determination (assuming shell mono-
dispersity and polydisperse core radius). The mean
silver nanoparticle radius is 9.1 + 0.2 nm, with a poly-
dispersity of 17% and a shell thickness of 3.7 + 0.2 nm.
This is in acceptable agreement with experimentally
determined values from TEM both in the current and
the previous study.” To check our hypothesis, a second
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model was used, were the polydispersity is identical for
both core and shell, but the ratio of the core radius to
core radius + shell thickness is kept constant. This
model leads to a worse curve fitting but leads to similar
results, see Figure S4 (Supporting Information).

For a better insight into the nanoparticle structure,
an experimental pair distribution function P(r) evolu-
tion and its deconvolution were calculated from the
experimental SAXS data in order to obtain an electron
density function p(r), Figure 5. P(r) simulated from
DECON and determined experimentally from the scat-
tering curve by GIFT are in good agreement. P(r) shows
a behavior typical of a core—shell structure, as ex-
pected from TEM and SEM. More interestingly, the
electron density curve p(r) also shows that there are
two types of electron density in the nano-object: an
electron-rich core (the silver nanoparticle) and an
electron-poor shell (the silica layer). The boundary
between the two phases is located at around 10.5 nm,
in fair agreement with the silver nanoparticle core
radius determined by SAXS fitting and from TEM,
Figure 1.

Furthermore, the electron density contrast between
the surrounding medium and the nanoparticle is zero
at around 15 nm, again suggesting that the whole

VOL.5 = NO.2 = 820-833 = 2011 A(SI\IA[\D

www.acsnano.org

J1OILe

822



Figure 2. High magnification (300 000x) SEM image of the Ag/peptide@SiO, nanoparticles after 48 h of silicification. The
small, ca. 4 nm, particles visible in the background are from the sample support and should not be confused with the silver
nanoparticles (see Materials and Methods for details). Inset: Details of a nanoparticle aggregate. Arrows point to the silica
shell (outside) and the silver core (inside). Note that the samples were not sputtered before imaging, and the contrast is due to

the atomic number.
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Figure 3. Energy-dispersive X ray spectrum from the nano-
particles presented in Figure 2 and peak assignments.*° The
aluminum signal arises from the sample holder.

hybrid nanoparticle has a radius on average of 15 nm,
that is, the shell thickness is around 4.5 nm, which is in
good agreement with TEM. In essence, SAXS correlates
well with SEM and TEM, indicating that satisfactory as-
sumptions were made in the SAXS data fitting model.

Metal nanoparticle shapes, their assembly, and di-
electric environment can easily be determined using
UV—vis spectroscopy.®*°~>2 Figure 6 shows the UV—
vis spectra of peptide-coated silver nanoparticles and
Ag/peptide@SiO, nanoparticles versus reaction time.
For a better insight into the optical characteristics of
the core—shell structures, a deconvolution similar to
our previous publication was performed.” Table 1 sum-
marizes the absorption maxima obtained from spec-
trum fitting versus reaction time. Peptide-coated nano-
particles exhibit maxima at 352, 376, 414, 442, and
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Figure 4. SAXS curve of Ag/peptide@SiO, nanoparticles
(thin line) and a polydisperse core—shell model fitted to the
data beyond g = 0.3 nm™" (thick line). The Porod region is
shown with a straight line. Curve fitting at high g is virtually
undistinguishable from the experimental data.

497 nm, which are due to scattering and plasmon
resonance of single nanoparticles.>'? The band at
497 nm indicates that some particles are distorted.>’
The bands at 600 nm are barely visible,>* indicating
that the particles are well dispersed in the medium.’
Upon addition of TEOS, the overall shape of the
absorption curves remains unchanged. A small peak at
534 nm appears, likely caused by some aggregates. As
thessilica layer increases (Figure 1) there is a red-shift in
the surface plasmon polariton resonance for the non-
distorted and distorted nanoparticles (from 442 nm to
ca. 459 nm and from 497 nmto ca. 530 nm, see Table 1).
This is expected from Mie Theory,*® even though not all
bands are affected. This shift is due to the fact that the
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Figure 5. (a) Experimental pair distribution function P(r) as determined from the scattering curve via GIFT (dashed line) and
the same curve obtained via DECON modeling (solid line). (b) Electronic density function p(r) as calculated from the

experimental P(r) function.

dielectric environment of the plasmon resonance
changes from water to silica.>*** Interestingly, the plas-
mon resonance shift does not scale linearly with the
silica layer thickness. This suggests that the silver
nanoparticle is effectively shielded from the solvent
after the silica layer has reached a certain thickness,
and thus does not experience its dielectric influence
anymore.

Finally, weak bands above 600 nm present in the
samples prepared after 3 or 4 days are indicative of
electronically coupled nanoparticles showing aggre-
gation,®? as confirmed by TEM.? Altogether, this indi-
cates that particles coated with silica tend to aggregate
but remain stable for short times, typically 1—2 days.
UV-Vis thus demonstrates that even after 3 days the
optical properties of the particles remain the same. This
suggests that our particles could be interesting for the
construction of optical devices.

Figure 7 shows IR spectra of the pure peptide, the
peptide-coated silver nanoparticles, and the Ag/peptide@
SiO, nanoparticles. The spectra of the peptide and the
peptide-coated silver particles were described earlier
and are only shown for comparison.’ In short, the
spectrum of the peptide-coated silver nanoparticles
is controlled by the special selection rules of objects
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adsorbed on a metallic surface, thus leading to the
apparently poor infrared spectrum. The infrared spec-
tra of the Ag/peptide@SiO, nanoparticles shows in-
tense signals arising from the amorphous silica layer,
with broad bands at around 800, 950, 1044, and
1188 cm™'. These bands can be attributed to »(Si—0),
O(Si—OH), v(Si—0—Si), and 6(CH,) from residual TEOS
or Si-ethoxy residuals from incomplete TEOS hydrolysis
present at or included in the surface.®**’ In strong
contrast, the peptide signals are virtually invisible. In
summary, IR spectroscopy supports the presence of an
amorphous silica layer on the particle surface but does
not show the presence of the peptide at the metal
surface.

Raman spectroscopy at metal interfaces is a valuable
method for the detection of small amounts of organic
molecules and their orientation with respect to the
metallic surface. This is similar to IR spectroscopy, but
often Raman spectroscopy is more sensitive. Figure 8
shows complementary Raman spectra of Ag/peptide@
SiO, and peptide-coated silver nanoparticles. As
shown previously,’ the peptide-coated nanoparticles
show a complex spectrum with signals from carbonyl,
amide, and aliphatic groups. Closer inspection of the
Raman spectrum of the Ag/peptide@SiO, nanoparticles
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Figure 6. UV—vis spectra of the Ag/peptide@SiO, nanoparticles versus silicification time. Bands below 300 nm are due to the
peptide coating. Particles were dispersed in bidistilled water at pH 3.

TABLE 1. UV—Visible Spectral Deconvolution?

sample peak positions from deconvolution (nm)
pure particles 352 376 414 442 497
Day 1 354 377 414 456 534
Day 2 354 377 419 460 526
Day 3 354 377 418 459 525 643
Day 4 354 377 419 458 522 717

Wavelengths of red-shifting peaks are bold. Peaks were modeled with Gaussian
peaks. Representative deconvolution curves are shown in the Supporting Informa-
tion (see Figure S5 and S6).

reveals the presence of additional bands at 460, 660,
817,and 1297 cm ™. These correspond to y(Si—0),*%>°
nonbridging oxygen atoms in silica and TEOS,
O(Si—0)*®®" and »(C—C) in TEOS.5? Raman spectroscopy
thus further confirms the presence of silica and some un-
reacted or partially reacted TEOS on the silver nanoparticles.

The fact that the two spectra shown in Figure 8
overlap almost perfectly (except for the count rates)
indicates that there is no change at the nanoparticle
surface, and thus the peptide is still present in its
previous conformation. This finding cannot be inferred
from IR spectroscopy but Raman spectroscopy con-
firms that the silicification via the lysine-based peptide
1is a soft method, which conserves the organization of
the peptide in the inorganic silica matrix.

Figure 9 shows the circular dichroism (CD) spectra
of the Ag/peptide@SiO, and peptide-coated silver
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Figure 7. IR spectra of (a) the peptide-coated silver nano-
particles, (b) the neat peptide, and (c) the Ag/peptide@SiO,
nanoparticles. Spectra where shifted vertically for clarity.
Arrows point to the silica shell signals (see text for details).

nanoparticles. Both spectra show a chiral signature
similar to gluthathione-protected silver clusters.®® There
are at least two Cotton points, one at around 300 nm
common for both substances and a second one at
412 nm for Ag/peptide@SiO, and 377 nm for the
peptide-coated silver nanoparticle. A simple explana-
tion for the observed CD signal is difficult because of
the many bands overlapping in this region (Supporting
Information, Figure S7 and S8).

Nevertheless, the first Cotton point in the spectra of
the peptide-modified nanoparticles can be attributed
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Figure 8. Raman spectra of Ag/peptide@SiO, (top) and peptide-coated silver nanoparticles (bottom). The inset shows an
expanded view of the low frequency area, where the spectral signals of the inorganic components are located. The hump at
1645 cm ™' is caused by the carboxylate deprotonation at the peptide C terminus.

to the peptide, because of its low-lying frequency.
However, a comparison with a CD spectrum taken from
an aqueous solution of the pure peptide has been
inconclusive, mainly because upon peptide adsorption
onto the metallic surface, some additional interactions
may be present and directly affect the CD signal.

The second Cotton point is presumably due to the
plasmon resonance of the chiral silver nanoparticle.
This is supported by previous modeling of chiral gold
clusters™ and experimental studies on chiral gold'*
and silver nanoparticles.®37% In these cases, the plas-
mon resonance presents a chiral signature, indicative
of an asymmetric (chiral) atomic arrangement in the
nanoparticle. Indeed, we have already reported® that
the crystal structure of our nanoparticles is also chiral.
However, a direct interpretation of the experimental
plasmon band as a proof of intrinsic chirality is not
straightforward. This is because possible Coulombic
interactions between the plasmon from the metallic
nanoparticle and the covalently linked peptide could
also be the origin of this CD signal.®® Further structural
investigations of the nanoparticles to clarify these
issues are underway.

Upon addition of the silica layer, the shape of the CD
curve retains its general shape, but the plasmon bands
red-shift by 37 nm (see UV—visible spectroscopy). This
is consistent with literature data on other silicified nano-
particles.>® The peptide bands are essentially unaffected

GRAF ET AL.

CD signal / mdeg

T T T T T T
200 250 300 350 400 450 500 550
Wavelength / nm

Figure 9. CD spectra of peptide-coated silver nanoparticles
(bold line) and Ag/peptide@SiO, nanoparticles after 48 h of
reaction (thin line). Absorbance was set to 1 at 420 nm. Fora
superposition with the respective deconvoluted UV—vis
spectra, see Supporting Information, Figures S7 and S8.

by the silicification, which is in good agreement with
Raman spectroscopy, evidencing that the peptide con-
serves its orientation on the nanoparticle surface.

As a result, CD spectroscopy clearly shows that
20 nm silver nanoparticles coated with a chiral peptide
exhibit a CD signal. Although the origin of the CD
signal can at the moment not unequivocally®® be
assigned, it is a clear demonstration that chiral core—
shell organic—inorganic nanoparticles can be made and
that the chiral information is conserved throughout the
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Figure 10. Photographs of Agar plates: (top row) peptide-coated silver nanoparticles, (bottom row) Ag/peptide@SiO,
nanoparticles. Nanoparticle concentrations are in both cases (a, e) 18, (b, f) 25, (¢, g) 35, and (d, h) 70 ug/mL. Bacteria

concentration: 5 x 10° CFU. Incubation time is 24 h at 37 °C.

entire process. The data therefore show, unlike earlier,
more ambiguous accounts,®>%” that chirality in com-
plex hybrid nanoparticles can successfully be con-
served and encoded.

Silver nanoparticles are often studied for their anti-
biotic properties.®® Sometimes these highly desirable
properties may, however, hamper further use, for exam-
ple in confocal Raman spectroscopy in vitro or even
in vivo. As a result, we have studied the effect of our
nanoparticles on E. coli K12 to evaluate if the silica coating
could be used as a protective shell against antibiotic
activity while keeping the useful optical properties.

Figure 10 shows photographs of modified diffusion
experiments after 24 h for both peptide-coated nano-
particles and Ag/peptide@SiO, nanoparticles in a con-
centration range between 18 and 70 ug/mL. For the
peptide-coated nanoparticles, a minimal bacteriostatic
concentration of 35 micrograms/mL was determined,
similar to results in comparable conditions.*~”" In con-
trast, bacterial growth in the presence of Ag/peptide@-
SiO, is not affected by the presence of the particles. At
higher nanoparticle concentration the growth is likely to
be slowed down, but not stopped. In this case the
particles have a nonspecific toxicity, as usually found
for nanoparticles at a concentration above ca. 100 ug/mL.

A 10-fold increase of the bacterial concentration
(Figure 11) leads to a doubling of the minimal inhi-
bitory concentration to more than 100 xg/mL. Such a
tendency has already been reported.®®”! Again, how-
ever, there is no growth perturbation in the case of the
Ag/peptide@SiO, nanoparticles, as the bacteria layer
density is in all cases similar.

In conclusion, these results suggest that the Ag/
peptide@SiO, nanoparticles are (relatively) safe for
living systems and can probably be used for imaging
purposes. Not surprisingly, the peptide-coated silver

GRAF ET AL.

nanoparticles (without the silica coating) exhibit anti-
bacterial properties similar to other systems already
investigated.

To further investigate the potential of the nanopar-
ticles as sensors in more complex living systems, hu-
man cell type were used for further investigation.
Figure 12 shows results of viability tests of macro-
phages differentiated from THP-1 cells after 24 and
48 h of incubation with Ag/peptide@SiO,, peptide-
coated silver, and peptide-coated gold nanoparticles.
Viabilities after 24 and 48 h are similar. The peptide-
coated gold nanoparticles are nontoxic up to a con-
centration of 50 ug/mL. In contrast, peptide-coated
silver nanoparticles and Ag/peptide@SiO, affect the
viability already at 10 ug/mL and lead to a complete
human-type cell death at concentrations higher than
50 ug/mL for Ag/peptide@SiO,. This is rather surpris-
ing, as it seems contradictory with the previous experi-
ment involving bacteria. A close inspection of the cells
incubated with 50 ug/mL shows that they are coated
with a film of Ag/peptide@SiO,, which can be attrib-
uted to the colloidal instability of silica nanoparticles in
biological media, as for example plasma proteins are
known to adsorb on silica surface and cause floccula-
tion.”>~7* That is, the nanoparticles sediment on the
cells and kill them by mechanical destabilization or by
exposing them to (locally) very high nanoparticle con-
centrations, a point discussed earlier.”> However, if
concentrations below 10 ug/mL are considered, Ag/
peptide@SiO, is well tolerated by the human cells,
similar to peptide-coated silver and gold nanoparticles,
but with a broader flexibility of the surface chemistry.
Altogether, this preliminary study shows that Ag/peptide@
SiO, nanoparticles are interesting but not yet optimal
for biological studies. Further functionalization may
alleviate this issue.
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Figure 11. Photographs of Agar plates: (top row) peptide-coated silver nanoparticles, (bottom row) Ag/peptide@SiO,
nanoparticles. Nanoparticle concentrations are in both cases (a, ) 18, (b, f) 25, (¢, g) 35, and (d, h) 70 ug/mL. Bacteria
concentration: 5 x 10° CFU (10 higher than in Figure 10). Incubation time is 24 h at 37 °C.
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Figure 12. Viability assay of macrophages differentiated from THP-1 exposed for (a) 24 and (b) 48 h to Ag/peptide@SiO,
(triangle), peptide-coated silver (square), and peptide-coated gold (star) nanoparticles.

DISCUSSION

One of the advantages of the synthetic protocol
presented here is its simplicity and efficiency. The pep-
tide acts as both a stabilizer and a silicification catalyst.
Thatis, the nanoparticle surface is never exposed to the
reaction medium and thus less prone to oxidation and
to chemical etching. Further on, there is no need to first
activate the nanoparticle surface, for example, with
aminosilanes'® or polymers,**3*76 before inducing a
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silica shell formation. Sol—gel processes, similar to the
Stober method have been proposed to form a silica
shell around nanoparticles.****73277 However, these
processes can lead to the degradation of the ligand
shell and, for example, to a loss of optical properties
that are associated with both the chemistry and size of
the nanoparticle and the organic shell. Similarly, if the
silicification is done at higher temperatures,’® the
nanoparticles are more prone to aggregation. This
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then causes problems with colloidal stability and re-
producibility, for example, of their optical properties
and generates batch-to-batch variations.

In essence, the methodology presented here is inter-
esting because it takes advantage of the intrinsic abil-
ity of the lysine peptides to hydrolyze TEOS or similar
silica precursors. The reaction can, unlike the examples
just discussed, be performed at ambient conditions.
Moreover, the fact that the peptide is, unlike some
polymeric additives, well-defined and always has the
same molecular weight, etc., lends the process to
automatic synthesis, which could be interesting for
combinatorial approaches or parallel production of
larger amounts of nanoparticles.

Moreover, the nanoparticles can further be function-
alized using conventional silica modification chemis-
try, but, more interestingly, they also maintain their
chiral information once the peptide is encapsulated in
the silica matrix. Chiral nanoparticles are very interest-
ing both for fundamental and applied questions.”®~®'
There are different ways to prepare them; especially,
noble metal nanoparticles can be prepared via the use
of chiral ligands during the synthesis process.'*'>”?
The advantage of the current approach however is that
their chiral information can be “protected” by way of
the silica shell. Even subtle changes in the crystal
structure® are conserved. The resulting nanoparticles
are thus interesting building blocks for the creation of
chiral metamaterials and other constructs that are
currently investigated for their optical or magneto-
optical properties.>#8%83.26

MATERIALS AND METHODS

General. Chemicals were obtained from Bachem (Bubendorf,
Switzerland) or Fluka (Buchs, Switzerland) and used without
further purification. All amino-acids are L-amino acids.

Silver Nanoparticle Preparation. Peptide 1 and silver nanoparti-
cles were prepared as published,® and directly used after
preparation, without freeze-drying but purified by repeated
centrifugations. The preparation pH for the nanoparticle was 3.

Silicification. To a 1 mg/mL peptide-coated silver nanoparticle
solution (20 mL, pH 3, ice cooled) 400 uL of ice-cooled tetraethox-
ysilane were added under strong stirring in a Teflon flask. After 1, 2,
3,and 4 days at 25 °C under vigorous stirring, samples were isolated
and purified by repeated centrifugation/dispersion in water.

Transmission Electron Microscopy. TEM images were taken on an
FEI Morgani 268D operated at 80 kV. Samples were deposited
on carbon-coated copper grids and directly imaged after drying
in air. Some samples were diluted prior to imaging to allow for
better imaging conditions.

High Resolution Scanning Electron Microscopy (SEM). SEM images
were taken on a Hitachi S-4800 with a field emission source at
5 kV, in secondary electron mode. Samples were measured
without sputtering. Substrates were glass coverslips coated
with platinum (4 nm) in a BalTec MED 020. For EDX, concen-
trated suspensions were directly deposited on an aluminum
plate and larger aggregates were analyzed.

Thermogravimetric Analysis. TGA was performed with a Mettler
Toledo TGA/SDTA 851e from 25 to 800 °C with a heating rate of
10 °Cmin~"in Ny,
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Finally, in light of the result from the biological tests
(Figures 10—12), the particles presented here could be
useful in a variety of ways. For example, upon ade-
quate functionalization with proteins,®* these particles
could be used in vivo for imaging and localization
thanks to their (optically active) Raman properties.
Silver nanoparticles are also interesting for conveying
antibiotic properties to implants, for example hydro-
xyapatite,®®3>%5 titania,%” hydroxyapatite-zirconia,®®
and more complex bioglasses,®® in particular for longer
term delivery.”>°" Overall, the process reported here is
a simple, straightforward synthetic approach yielding a
nanoscale, biomimetic coating on nanoparticles. It is
useful for the synthesis and modification of a large
number of nanoscale materials including biomaterials
and optical components.

CONCLUSION

Peptide-coated silver nanoparticles can be easily
coated with a silica shell of controllable thickness of as
little as 1—2 nm using a biomimetic process operating at
ambient conditions. The resulting particles exhibit better
chemical stability and biological compatibility when
compared to conventional silver nanoparticles. More-
over, the chiral information carried by the silver nano-
particle is also present after growth of the silica shell,
implying that the nanoparticles could become of use for
optical devices or sensing applications. This is particularly
interesting, because the silica-coated nanoparticles are
not toxic to E. coli and only show a limited toxicity toward
THP-1 differentiated macrophages.

Infrared Spectroscopy. IR spectra were obtained from the neat
samples on a Shimadzu FTIR 8300 with a Golden Gate ATR unit.
Spectra were recorded from 300 to 4500 cm ™' with a resolution
of 1 cm ™. To ensure a good signal-to-noise ratio in the case of
Ag/peptide@SiO, and peptide-coated nanoparticles, measure-
ments were repeated 128 times.

Small-Angle X-ray Scattering. SAXS measurements were per-
formed with a SAXSess camera (Anton Paar, Austria) attached to
a laboratory X-ray generator (PW3830, PANanalytical) operated
with a fine focus glass X-ray tube at 40 kV and 50 mA (Cu Ka, 1 =
0.1542 nm). Samples were filled in a reusable vacuum tight
1 mm quartz capillary to attain the same scattering volume and
background contribution. The scattering vector is defined in
terms of the scattering angle 6, and the wavelength of the
radiation thus g = 4st/4 sin(0). SAXS data were recorded as 700 x
1.2 s repetitions in a g-range of 0.04—5.0 nm~' with a CCD
detection system (Anton Paar). The two-dimensional inten-
sity data were converted to one-dimensional data and
deconvoluted using the software SAXSQuant (Anton Paar).
Data were fitted using a model where the shell thickness is
considered constant and the core radius polydisperse®
assuming a Schultz distribution®*°* of the radii, using Igor
Pro 6.0.4 (Wavemetrics) and the SANS Data Analysis
Package95 (NIST). A second model was used to fit the data,
this time assuming a constant shell/core + shell ratio,”® and a
Schultz distribution®>* of the radii (see Supporting Informa-
tion for more details). Pair distribution functions were deter-
mined using a spherical symmetry using GIFT.?” The program
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DECON?® was used to determine the radial electron density
distribution p(r).

UV—Visible Spectroscopy. Samples were measured in 1 cm
quartz cuvettes on a Perkin-ElImer Lambda 25. Data were
deconvoluted using Fytik.

Surface-Enhanced Raman Spectroscopy (SERS). Silver nanoparticles
were investigated as dispersion in water with a confocal Raman
microscope (CRM300, WITec, Germany) equipped with a piezo-
scanner (P-500, Physik Instrumente, Germany), a 60x objective,
and a 532 nm Nd:YAG laser. Spectra were acquired with an air-
cooled CCD detector (DU401-BV, Andor, UK) with 600 gratings/
mm (UHTS 300, WITec, Germany). ScanCtrlSpectroscopyPlus
(version 2.04, WITec) was used for data acquisition and process-
ing. Power was adjusted to have a good signal-to-noise ratio
and to avoid sample destruction. Typically, less than 1 mW full
beam power at the sample was applied. Samples were acquired
as 100 repetitions of 1 s to ensure a good signal/noise ratio.

(D Spectroscopy. CD spectra were recorded on a Chirascan CD
spectrophotometer (Applied Physics, United Kingdom). Sam-
ples were dispersed in aqueous HCl at pH 3 and experiments
were done in 1 cm quartz cells. Absorbance was set to 1 au at
420 nm, scan rate was 5 s per nm, and resolution was 1 nm.
Spectra were averaged and smoothed from 5 measurements
between 200 and 550 nm.

Atomic Force Microscopy. Tapping mode AFM was done on a
Molecular Imaging PicoLE system with a Super Sharp Silicon
SFM-Sensor (SSS-NCHR-10, Nanosensor) with a tip radius of 2
nm, spring constant of 10—130 N m~' and a resonance fre-
quency of 204—497 kHz (values given by the manufacturer) or a
Topometrix Explorer. Images were treated using Gwyddion.
Samples were strongly diluted in ultrapure water (pH 3), spin-
cast on a freshly cleaved mica wafer, and dried in air before
imaging.

Biological Tests with E. coli K12. The bactericidal effect of both
types of nanoparticles were investigated using LB agar plates
supplemented with peptide-coated and Ag/peptide@SiO, nano-
particles to have a final concentration of 18, 25, 35, and 70 ug/mL
of nanoparticles in the agar plate. To these were inoculated
100 uL of a5 x 10%and 5 x 107 CFU solution of E. coli strain K12.
The plates were cultured for 24 h at 37 °C. Test plates (without
nanoparticles) showed a dense film of bacteria, see Supporting
Information Figure S9. Experiments using peptide-coated
20 nm gold nanoparticles prepared from citrate-coated gold
nanoparticles via ligand exchange with peptide 1 do not exhibit
toxic properties for E. coli K12 until a concentration of 35 ug/mL
and a concentration 10° CFU (see Supporting Information
Figure S10 for more details).

Biological Tests with a Human Cells Line. THP-1 cell line was
obtained from the Deutsche Sammlung fur Mikroorganismen
and Zellkulturen GmbH (DSMZ) stock collection. Cells were
grown at 37 °C with 5% CO, in RPMI medium supplemented
with 10% fetal calf serum, 2 mM (-glutamine, 10 mM HEPES,
1 mM pyruvate, 100 U/mL penicillin, and 0.1 mg/mL streptomy-
cine. The differentiation into macrophage cell-like cells was
performed by adding 100 ng/mL phorbol-12-myristate-13 acet-
ate as described in the literature.”®'° Cell viability after nano-
particle treatment was determined using WST-1 assay (Roche
Applied Biosystem) according to the manufacturer instruction
with modifications to make the assay applicable for nanoparti-
cle treated cells. Briefly, cells were seeded in a 96-wells plate
with a density of 1 x 10% cells per well, differentiated, and
incubated with nanoparticles (4 replicates per concentration, 3
independent biological repeats). After 24 or 48 h, WST-1 reagent
was added to the cells; the resulting solution was centrifuged to
remove the physically interfering nanoparticles and spectrophoto-
metric evaluation was performed. The relative viability (% viability
in respect to control untreated cells) was calculated and expressed
as amean value and standard error of the mean (SEM) as a result of
at least 3 independent biological measurements.
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