Communications

Metal Nanostructures

DOI: 10.1002/anie.200905070

Template-Directed Synthesis of Nanoplasmonic Arrays by
Intracrystalline Metalization of Cross-Linked Lysozyme Crystals**
Mina Guli, Elizabeth M. Lambert, Mei Li, and Stephen Mann*

Many protein crystals are distinguished by 3-D structures that
contain well-ordered interpenetrating nanoporous and mes-
oporous solvent channels often 0.5-10 nm in diameter.["
These channels provide a chemically heterogeneous and
chiral environment that comprises 30-65 % of the total crystal
volume with associated pore volumes and surface areas in the
range of 0.9-3.6 mLg™' and 800-3000 m?g~!, respectively.!'!
The use of protein crystals for materials applications has been
traditionally restricted by their mechanical and chemical
fragility; however the onset of simple cross-linking technol-
ogy has significantly extended the scope for protein aggre-
gates and crystals in catalysis and drug delivery,** separation
science,”*¥ and sensors.”) In general, cross-linking is ach-
ieved by soaking the protein crystals in a 1-5% aqueous
glutaraldehyde solution containing a heterogeneous mixture
of monomers and aldol-based oligomers of various lengths.!'"!
Reaction of these species with lysine residues results in a
network of Schiff-base coupled intermolecular linkages to
produce cross-linked protein crystals with high structural
fidelity."!! As a result, the glutaraldehyde-fixed crystals are
physically robust, stable in organic solvents, and insoluble in
water. Moreover, immersion of the cross-linked crystals in
aqueous solutions of organic dyes, drugs, and antibiotics
results in uptake of the guest molecules specifically within the
solvent channels of the protein lattice.>™!¢]

Here, we extend the above strategies for the sequestration
of metal ions and their reduction products within the solvent
channels of glutaraldehyde cross-linked lysozyme single
crystals. We note that a related approach, but involving
cross-linked virus crystals, has been used recently to template
the deposition of Pt/Pd nanoparticles.'”) Lysozyme is an
enzyme with a single polypeptide chain consisting of 129
amino acids (M,,=14600), and can be readily crystalized in
various polymorphic forms.'®??! Significantly, the tetragonal
polymorph (space group P45;2,2) has discrete uni-directional
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solvent channels, 1 to 2.5 nm in diameter, which are aligned
parallel to the crystallographic ¢ axis.’¥ Each channel is
located in the centre of the unit cell, surrounded locally by
four protein molecules, and constructed from an interlinked
network of pores and cavities lined with aspartate and lysine
residues.”! Herein, we exploit this structural arrangement as
an ordered 1-D intracrystalline reaction environment for the
periodic organization and nanoscale confinement of plas-
monic nanowires of Ag or Au. Arrays of metallic nanofila-
ments are produced within the protein crystals by in situ
redox reactions involving photoreduction of sequestered Ag'
ions or chemical reduction of AuCl,” by BH,  ions pre-
organized into the solvent channels. The resulting metalized
protein crystals are physically robust, regular in external
morphology, and uniform in size. Such materials represent a
new class of hybrid monoliths with patterned nanostructured
interiors, and may find uses as waveguides, sensors, and
catalysts.

Native lysozyme crystals were grown and cross-linked
with glutaraldehyde according to established methods.>>"!
Both the native and cross-linked crystals were uniform in size,
50-100 x 100-200 um in dimension depending on the condi-
tions of growth, and tetragonal prismatic in morphology. The
cross-linked crystals were pale yellow in color, smoother in
surface texture than the colorless native crystals, and com-
prised four relatively large {110} side faces capped by four
inclined end faces of {101} form (Figure 1a,b).”®! Soaking the
cross-linked protein crystals in AgNOj; solution in the dark for
3 days, followed by UV-induced photoreduction resulted in
intact red-brown crystals (Figure 1c¢) that contained approx-
imately 10 wt% Ag (thermogravimetric analysis; see Sup-
porting Information, Figure S1a). No changes in crystal size,
morphology, or texture were observed after intracrystalline
sequestration or photoreduction of the Ag' ions (Figure 1d).
Similarly, no differences were apparent when cross-linked
lysozyme crystals containing sequestered sodium borohydride
were immersed in an aqueous AuCl,” solution and left for
3 days (Figure 1e,f), even though the crystals consisted of 23
wt % Au (Figure S1b). In both cases, energy dispersive X-ray
(EDX) analysis and mapping of fractured crystals mounted
onto scanning electron microscopy (SEM) stubs indicated
penetration of Ag or Au into the protein crystal interior.

Single crystal X-ray diffraction studies on the native and
cross-linked lysozyme crystals showed well ordered patterns
that were indexed to a tetragonal unit cell (a ==y =90°)
with unit cell parameters, a (= b) and ¢, of 7.74 and 3.73 nm, or
7.88 and 3.68 nm, respectively (Figure S2a,b). The observed
expansion (1.8 %) and contraction (1.4 %) in the a and ¢ axes,
respectively, was in agreement with previous structural
reports on glutaraldehyde-fixed lysozyme crystals,'!l and
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Figure 1. Optical and corresponding SEM micrographs for a,b) glutar-
aldehyde cross-linked lysozyme crystals; c,d) Ag-doped cross-linked
lysozyme crystals after UV irradiation; and e,f) sodium borohydride-
containing cross-linked lysozyme crystals after reaction with AuCl,~
ions.

was attributed to the formation of intermolecular cross-links
preferentially along the lysine-rich walls of the solvent
channels. Corresponding structural studies of the cross-
linked Ag'-doped protein crystals prior to photoreduction
indicated no significant change in crystallographic structure.
Although the intensities were somewhat reduced, the dif-
fraction patterns were readily indexed to a tetragonal unit cell
with parameters of a=b="7.88 nm, c=3.61 nm, and a ==
y=90° (Figure S2c). The data indicated that Ag' binding in
the solvent channels produced no change in the a axis
parameter but caused a further 1.9 % contraction along the ¢
axis. In contrast, exposure of the Ag'-containing lysozyme
crystals to UV radiation for 10, 30, 60, or 360 min resulted in a
progressive deterioration in the quality of the diffraction
patterns. As some partial degradation of the control crystals
was also observed during UV irradiation, we attributed the
changes in the quality of the Ag-doped protein crystals to a
combination of radiation damage and formation of Ag’
species in the solvent channels. The latter was consistent
with X-ray protein crystallography studies of cross-linked
lysozyme crystals containing chemically reduced AuCl, ions,
which showed only low intensity reflections that were provi-
sionally indexed to a disordered tetragonal phase (a =7.23,
b=1739, ¢=332nm; a=89.5, f=88.5, y=87.5° Figure
S2d). The above results were consistent with observations
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based on small angle X-ray diffraction (SAXRD) profiles of
the native, cross-linked and metalized cross-linked lysozyme
crystals (Figure S3).

Fourier transform infra-red (FTIR) spectra of the metal-
ized lysozyme crystals remained effectively unchanged when
compared with those for the native or cross-linked crystals
(Figure 2a). In each case, bands corresponding to the protein
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Figure 2. a) FTIR spectra of cross-linked lysozyme crystals; 1) as
prepared, 2) Ag-doped, and 3) Au-doped. Arrows show amide | and II
bands. b) Diffuse reflectance UV/Vis spectra for cross-linked single
crystals of lysozyme after Ag or Au metalization.

amide I (C=O stretch, 1654 cm™), amide IT (N—H in plane
bend/C—N stretch, 1533 cm™') and amide III (1235cm™)
absorbances, along with the C—H symmetric and anti-
symmetric modes (2928 cm™' and 2862 cm™!, respectively),
and C—H (methylene scissor, 1454 cm™) vibrations were
observed. Significantly, diffuse reflectance UV/Vis spectra of
the photoreduced Ag-doped lysozyme crystals showed trans-
verse and longitudinal plasmon resonance peaks, typically at
around 412 and 505 nm, respectively (Figure 2b). Similarly,
two absorbance bands at 583 and 684 nm, corresponding to
the transverse and longitudinal plasmon resonance peaks,
respectively, for metallic gold were observed in the diffuse
reflectance UV/Vis spectra of cross-linked protein crystals
after in situ chemical reduction (Figure 2b). The data were
consistent with previous reports on the plasmonic behavior of
Ag and Au nanostructures,” and indicated that in both
cases metallic nanostructures with high shape anisotropy were
templated within the cross-linked lysozyme crystals.
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The presence of an anisotropic metallic nanophase within
the cross-linked lysozyme crystals was confirmed by high
resolution transmission electron microscopy (HRTEM) of
thin fragments of single crystals. Significantly, lattice images
of the photoreduced Ag-containing crystals or chemically
reduced Au-doped samples showed in both cases distinct
electron dense stripes that were continuous over regions of
several 100 nm? (Figure 3a,b). No such images were observed

Figure 3. TEM images showing electron dense metallic nanofilaments
for a) photoreduced Ag-doped cross-linked lysozyme crystals, and

b) chemically reduced Au-containing cross-linked lysozyme crystals.
Corresponding EDX analysis and electron diffraction data are shown in
(c,d) and (e,f), respectively.

for the cross-linked protein crystals prior to photoreduction of
the Ag-doped samples, or in the absence of Ag or Au ions.
The average thicknesses of the electron dense stripes were 1.6
and 1.5nm for the Ag and Au-loaded protein crystals,
respectively (Figure S4), which were commensurate with the
size of the solvent channels of the tetragonal lattice.
Corresponding EDX analyses revealed peaks for Ag (3.0,
3.3,and 3.7 keV) or Au (9.7 and 11.5 keV; Figure 3c,e), along
with an S peak at 23 keV from the protein molecules.
Significantly, electron diffraction patterns showed low inten-
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sity, often incomplete rings corresponding to the (200)
(0.204 nm), (220) (0.145 nm), and (311) (0.123 nm) planes of
face-centred cubic (fcc) metallic Ag (Fm3m, a =0.4086 nm),
or the (200) (0.203 nm) and (222) (0.117 nm) reflections of fcc
metallic Au (Fm3m, a=0.4064 nm; Figure 3d,f). The above
results clearly indicated that highly elongated Ag or Au
nanostructures were confined specifically within the channels
of the cross-linked lysozyme single crystals.

In conclusion, our results indicate that the deposition of
periodically arranged Ag or Au nanostructures can be
achieved by containment of redox reactions within the solvent
channels of cross-linked lysozyme crystals. Lysozyme is
inexpensive, commonly available and easy to crystallize,
indicating that high yields and scale-up procedures should be
possible. Moreover, the ability to crystallize lysozyme in
various polymorphic forms provides an opportunity to tailor
the architecture of the metalized nanostructures through
judicious choice of the protein lattice. In this regard, intra-
crystalline metalization of the tetragonal lattice results in
regular arrays of discrete protein-embedded nanoplasmonic
filaments oriented specifically along the crystallographic ¢
axis to produce macroscopic hybrid materials that should
exhibit highly anisotropic properties. As the metalized
protein crystals can be readily handled and physically
manipulated it might be possible to integrate them as
addressable components within optical, sensing, or catalytic
devices. Finally, as the method is facile and highly reprodu-
cible it should be possible to develop the above strategies to
prepare nanostructured arrays of many different types of
functional inorganic or organic nanostructures. Such objec-
tives will be explored in future work in our laboratory.

Experimental Section
Protein crystal growth and cross-linking: All chemicals were pur-
chased from Sigma Aldrich. Water with a resistivity of 18 Qcm™! was
used in all experiments, and all solutions were filtered before use
through a 45 pm syringe filter. In a typical experiment, batch
crystallization was performed using 24-well microtiter Rotilab
plates (Carl Roth GmbH, Karlsruhe, Germany) at room temperature.
Each well was filled with 2 mL of a solution containing 30 mgmL
lysozyme and 60 mgmL~' NaCl in a 0.1m NaOAc buffer at pH 4.0.
The plates were then sealed and aged for 24 h to produce well-formed
tetragonal lysozyme crystals. Following crystalization, the reservoir
solution was removed and replaced with 1 mL of a cross-linking
solution which comprised 1% glutaraldehyde, 8 % wt/vol NaCl and
0.05% NaNj;in 0.1m NaOAc buffer at pH 4.0. The wells were resealed
and the system left to stand for 2 h followed by shaking at 300 rpm for
about 24 h. The cross-linking solution was subsequently removed to
extract any small lysozyme aggregates, and the crystals washed with
shaking 6 times. The stability of the cross-linked lysozyme crystals was
established by maintaining a batch in water for about a week.
Metalization: Washed and dried cross-linked lysozyme crystals
were soaked in solutions of silver nitrate (10~ to 10~>m, pH 6.6-7.5)
for about three days in the dark at room temperature. The Ag-doped
crystals were then washed in the dark at room temperature and then
exposed at room temperature for up to 6 h to UV radiation using a
lamp set at a wavelength of 254 nm. The photoreduced crystals were
then collected and used directly for analysis. To prepare Au-
containing crystals, washed and dried cross-linked lysozyme crystals
were soaked in NaBH, (10~°m, pH 8.9-9.5) at room temperature for
5 min, washed with water, and then dried at room temperature in a
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vacuum oven. Intracrystalline metalization was then undertaken by
soaking the borohydride-containing crystals in HAuCl,-3H,0 (10 °m,
pH 3.9-4.2) solution for 3 days. The resulting crystals were washed
and used for analysis.

Characterization procedures: see Supporting Information.
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