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Plasmonic Response of Ag- and Au-Infi ltrated Cross-Linked 
Lysozyme Crystals
 Metal-infi ltrated protein crystals form a novel class of bio-nanomaterials of 
great interest for applications in biomedicine, chemistry, and optoelectronics. 
As yet, very little is known about the internal structure of these materials and 
the interconnectivity of the metallic network. Here, the optical response of 
individual Au- and Ag-infi ltrated cross-linked lysozyme crystals is investigated 
using angle- and polarization-dependent spectroscopy. The measurements 
unequivocally show that metallic inclusions formed inside the nanoporous 
solvent channels do not connect into continuous nanowires, but rather 
consist of ensembles of isolated spheroidal nanoclusters with aspect ratios as 
high as a value of four, and which exhibit a pronounced plasmonic response 
that is isotropic on a macroscopic length scale. Fluorescence measurement 
in the visible range show a strong contribution from the protein host, which 
is quenched by the Au inclusions, and a weaker contribution attributed to the 
molecule-like emission from small Au-clusters. 
  1. Introduction 

 Nanoporous organic-inorganic bio-nanomaterials are of consider-
able interest because their biocompatible, chemical, and physical 
properties are relevant for diverse applications in catalysis, gas 
storage, nanomedicine and optoelectronics. [  1–4  ]  Organic and bio-
logical molecules such as proteins and peptides can be arranged 
into a wide range of adaptable porous materials. [  3–9  ]  Recent work 
has investigated the growth of noble metal clusters both in pristine 
and cross-linked protein crystals following various different proce-
dures. [  6–11  ]  Low densities of spheroidal nanoparticles were found 
using transmission electron microscopy (TEM) analysis in several 
types of organic crystals, [  6  ,  7  ]  possibly associated with the selective 
nucleation of nanometer-sized Au clusters at specifi c positions in 
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the protein template. [  7  ]  In contrast, soaking 
cross-linked tetragonal lysozyme crystals 
(CLLCs) in a Ag(I) aqueous solution fol-
lowed by photoreduction, or in sodium 
borohydride followed by washing and addi-
tion of a Au(III) complex, produced well 
defi ned protein single crystals that contained 
signifi cant weight percentages of metallic Ag 
or Au (ca .  10 wt% and 23 wt%, respectively). [  8  ]  
Signifi cantly, the metallic inclusions were 
nucleated specifi cally within the 1–2.5 nm-
sized intracrystalline solvent channels such 
that they were periodically arranged along 
the crystallographic  c  axis to produce intact 
single crystals with a highly organized hybrid 
superstructure. TEM investigations showed 
continuous electron dense striations, ca .  
2 nm in thickness, suggesting that nanofi la-
ments of Au or Ag were assembled within 
the solvent channels. [  8  ]  However, because 
the TEM images represent 2D projections of a 3D structure, it 
remained unclear whether the lattice fringes were associated with a 
regularly spaced array of continuous metallic nanowires or whether 
they originated from the superimposition of discrete metallic clus-
ters nucleated within the solvent channels. To address this ambi-
guity, here we present an optical characterization of individual 
cross-linked lysozyme crystals (CLLCs) infi ltrated throughout with 
high densities of noble metals. We present a detailed study of the 
optical response of individual CLLCs in order to reveal further infor-
mation on the structure and alignment of the metal inclusions and 
their associated plasmonic response. In general, we expect a quali-
tatively different optical response depending on the morphology 
of the nanometallic inclusions and their 3D arrangement within 
the solvent channels of the cross-linked protein crystal. In partic-
ular, any form of connectivity between the nanometallic structures 
located in the solvent channels should be evidenced optically by a 
complex metamaterial response, including near-zero permittivity 
and negative index behavior. [  12  ,  13  ]  More broadly, the precise struc-
tural arrangement of the hybrid organic-inorganic nanostructures 
is of considerable importance for applications involving the chem-
ical and optical characteristics of these materials.   

 2. Results and Discussion  

 2.1. Angle-Dependent Refl ection and Transmission 
Measurements   

 Scheme 1   shows the experimental confi guration used for refl ec-
tion and transmission optical measurements of as-prepared 
281wileyonlinelibrary.com
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     Scheme  1 .     a) Experimental confi guration for refl ection and transmission measurements on 
single lysozyme crystals (top left panel) and corresponding image (bottom left panel) of crystal 
and laser beam in the optical setup. b) Optical microscopy images showing a CLLC before 
metal infi ltration, a Ag-fi lled CLLC (CLLC-Ag), and a Au-fi lled CLLCs of low- or high-density 
(CLLC-Au LD/HD).  
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or metal-infi ltrated single CLLCs (see Experimental Section 
for details on synthesis and infi ltration procedure), and typical 
optical microscopy images of the hybrid materials. As described 
elsewhere, [  8  ]  the metal-infi ltrated CLLCs were well-ordered single 
crystals. While the pure CLLCs showed a yellow transparent 
transmission, crystals fi lled with Au were dark red to black with 
increasing Au infi ltration. Gravimetric analysis revealed that Au 
samples contained 23 wt% of Au for the samples made using 
one infi ltration cycle (low-density or CLLC-Au LD) and 36 wt% 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  1 .     Angle- and polarization-resolved transmission (a–d) and refl ection (e–h) spectra fr
a,e) as-prepared CLLC without metal infi ltration, b,f), Ag-infi ltrated CLLC, c,g) low density (LD) lo
loaded Au-CLLC. Colors indicate angles of incidence of 10 °  (black), 30 °  (red), and 50 °  (green). S
polarization, dashed curves correspond to transverse electric (TE) polarization.  
for the samples made using two cycles (high-
density or CLLC-Au HD). In contrast, the Ag-
fi lled CLLCs, containing 10 wt% of Ag, were 
brown in colour. These visual characteristics 
were indicative of a strong effect of the metal 
inclusions on the optical response as demon-
strated in the optical transmission and refl ec-
tion measurements on individual crystals 
( Figure    1  ). To investigate effects of anisotropy, 
measurements were taken for two polariza-
tions and for three angles of incidence of 10 ° , 
30 °  and 50 ° . Individual pure CLLCs showed 
high transmission in the visible, and a broad 
absorption band in the near-infrared (Figure  1 a). 
UV-vis spectra of solutions of lysozyme and 
the glutaraldehyde cross-linker showed no 
infrared absorption peaks in this spectral 
region (Figure S1, Supporting Information), 
therefore the infrared absorption band was 
attributed to residual water incorporated in 
the crystal. No signifi cant dependence on 
polarization was found for the pure CLLCs, 
in agreement with the low intrinsic birefrin-
gence of around 3  ×  10  − 3  reported earlier for 
lysozyme crystals. [  14  ]  In contrast, transmission spectra of Ag- or 
Au-infi ltrated CLLCs showed additional absorption bands in the 
range 400–550 nm (Figure  1 b,c). These absorption bands were 
consistent with the localized surface plasmon resonance (LSPR) 
of isotropic Ag and Au nanoclusters. [  15  ,  16  ]  However, a much 
broader absorption band extending over the entire spectral 
range under study characterized the low transmission observed 
for Au-infi ltrated CLLCs prepared at high-density metallic load-
ings (Figure  1 d). This was indicative of a more complex internal 
heim

om single CLLCs before or after metal infi ltration. 
aded Au-infi ltrated CLLC, and d,h) high density (HD) 
olid curves correspond to transverse magnetic (TM) 
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structure for the intracrystalline Au inclusions, which could 
not be readily explained by a simple spherical particle model. 
None of the crystals under study showed a pronounced depend-
ence of the resonant absorption band on the polarization of the 
incident light, and no dependence on angle of incidence was 
observed, apart from an overall decrease that was consistent 
with the increased path length through the crystal. For the 
Ag-fi lled CLLCs, a pronounced effect of ageing was observed 
over a time scale of several days, characterized by a suppression 
of the resonant absorption band and the appearance of a broad 
absorption covering the entire visible and infrared range. This 
change was consistent with the oxidation of Ag and concomi-
tant loss of the plasmonic response.   

 The absence of resonant plasmonic features in the refl ection 
spectra (see Figure  1 f–h) indicated that the absorption origi-
nated from nanoclusters located deep inside the crystal, rather 
than from surface contamination. Increasing the angle resulted 
in a decrease in the refl ectivity of TM (horizontal) polarization 
and an increase for TE (vertical) polarization for all the sam-
ples, consistent with Fresnel refl ections from the lysozyme host 
material with an expected Brewster’s angle at around 50 °  for 
the low-index organic crystal.   

 2.2. Interpretation of Absorption Spectra Using 
a Spheroidal Model 

 Given the above observations, we analysed the optical response 
of the metal-fi lled CLLCs using a spheroidal cluster model. 
Following the Lambert-Beer law, the absorption coeffi cient is 
given by   μ    =    η  σ   a / V  p , where   η   is the volume fraction of nano-
particles,  V  p  the particle volume, and   σ   a  the particle absorption 
cross section. According to  Equation (1)  (see Experimental Sec-
tion),   μ   is in approximation independent of particle size and 
is given, for a spherical particle, by   μ    ≈  (1.8 × 10  − 8 )  η   at the 
LSPR wavelength of 520 nm (for a more detailed treatment, 
see ref.  [  15  –  19  ] .  Figure    2  a–c shows optical absorption coeffi -
cients for a number of metal-infi ltrated CLLCs obtained from 
the transmission spectra at 0 °  angle of incidence. Results for 
pure CLLC are shown in Figure S2 (Supporting Information). A 
typical value for  μ  for a Au-infi ltrated CLLC was 2.5  ×  10 4  m  − 1  
(Figure  2 b), which corresponded to a volume fraction of Au of 
  η    =  4.6  ×  10  − 4 . Given the large ratio of the mass densities of 
1.21 g cm  − 3  for a pure lysozyme crystal [  20  ]  and 19.3 g cm  − 3  for 
Au, the conversion between vol% and wt% is a factor 16. The 
weight percentage obtained using the value for   μ   from the peak 
absorption only thus resulted in a value one order of magnitude 
less than that from the gravimetric measurements on crystals. [  8  ]  
This apparent discrepancy can be explained partly by inhomo-
geneous broadening of the LSPR absorption band over a wide 
spectral region extending into the near-infrared region, as is 
observed in Figure  2 a–c. Such a broadening may be caused 
by a distribution of elongated gold nanoclusters, where an 
increase of the particle aspect ratio results in a redshift of the 
LSPR corresponding to the long particle axis. [  21  ]  Alternatively, a 
redshift is also observed for spherical particles that are closely 
spaced and strongly interacting. [  22  ]  For such a coupling to pro-
duce the amount of experimentally observed LSPR lineshift, 
the nanoparticles have to be spaced within less than 1.2 times 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 281–290
their diameter. [  23  ,  24  ]  Signifi cant shifts of the LSPR have been 
observed in nanoparticle effective media only for volume frac-
tions of Au larger than 10 vol%. [  25  ]  Based on the gravimetric 
estimate of 36 wt%, the largest volume fraction achieved in the 
Au-HD crystals was 2.25 vol%; this corresponds to an average 
nanoparticle spacing of around 3.5 times their diameter (cal-
culated from the inverse cube root of the volume fraction, an 
assumption valid for the large pore densities of lysozyme crys-
tals). For a completely homogeneous distribution of spherical 
particles this rules out particle-particle interaction as the source 
for inhomogeneous broadening of the LSPR absorption band.  

 The mass density of Au-clusters produced by the sequestra-
tion method [  8  ]  is signifi cantly higher than those obtained in 
recent studies using other methods. [  6  ,  7  ]  However, the large vari-
ation in both spectral width and amplitude of the LSPR absorp-
tion between different crystals of each type of metal-fi lled CLLC 
indicates that despite being produced at the same time using 
exactly the same procedure, not all crystals contain the same 
amount of metal infi ltration or material distribution. In part, 
this may be due to the reaction procedure, which relies criti-
cally on the rates at which the intercalated sodium borohydride 
diffuses out and Au(III) complex diffuses into the crystals. Con-
trolling these rates is diffi cult, so changes in local concentra-
tion or differences in time of soaking the crystals could make 
a signifi cant difference. These results call for more systematic 
studies, for example, through in-situ growth monitoring or 
comparison of crystals with different sizes and morphologies, 
to address these issues. 

 We modelled the degree of heterogeneous broadening in 
the Au-CLLCs using  Equation (1)  (see Experimental Section), 
assuming a distribution of spheroidal particles with aspect ratios 
ranging from 1 to 11. The absorption spectra were fi tted using 
a nonlinear least-squares method over the range 450–1200 nm. 
Good agreement was obtained for the general shape of the 
absorption profi les for all samples under study (see dashed lines 
in Figure  2 a–c). A small ripple on the fi tted curves was due to 
the discrete number of aspect ratios in the fi t. The fi ts yielded 
distributions of the volume fraction versus the aspect ratio ( a / b ) 
of the Au clusters (Figure  2 d–f). By summing up the relative 
volume fractions for all aspect ratios, a total volume fraction, 
  η   tot , was obtained for each sample, and plotted parametrically 
against the average aspect ratio in  Figure    3  . The data points for 
the different types of Ag- and Au-infi ltrated crystals were clearly 
clustered, and the average aspect ratio reached values as high 
as 4.0 for the high-density Au-CLLCs. Given a solvent channel 
diameter of 2.5 nm, these results indicated the presence of indi-
vidual metallic segments of up to 10 nm in length. Moreover, 
given the relatively low volume fraction (ca. 2.25 vol% at an 
Au loading of 36 wt% assuming bulk densities), the observed 
broad optical response is consistent with a heterogeneous dis-
tribution in the location of the Au nanoclusters throughout the 
protein matrix. Indeed, the approximately Gaussian distribution 
of aspect ratios in Figure  2 d–f was consistent with a statistical 
variation resulting from random processes within the confi ned 
spaces of the solvent channels.  

 The above optical data indicate that the nucleation mecha-
nism favours formation of a mixture of isolated or weakly 
coupled clusters with spheroidal or anisotropic form, and that 
there appears to be no energetic advantage for the formation of 
283wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     a–c) Absorption coeffi cients,   μ  , obtained from transmission spectra from metal-fi lled CLLCs. d–f) Nanoparticle aspect ratio distributions 
obtained from fi ts of the absorption spectra. Absorption spectra for pure CLLCs, see Supporting Information (Figure S2). Different colors represent 
different single crystals in each sample.  
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extended nanowires within the solvent channels of the CLLCs. 
Moreover, as no dependence on both polarization and angle of 
incidence was observed, macroscopic alignment of the aniso-
tropic nanoclusters seems highly unlikely. This is surprising 
since nucleation of the metallic nanoclusters takes place within 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the periodically aligned solvent channels. However, the sol-
vent channels permeating the tetragonal structure of lysozyme 
are irregular in shape and helicity, [  5  ]  and it may be that these 
topographical heterogeneities facilitate a wide variety of par-
ticle morphologies and orientations within the intracrystalline 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 281–290
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     Figure  4 .     a) Optical transmission and b) polarization interferometry contr
density (red, 380  μ m thickness) and a Au-fi lled CLLC with high-density (blu
polarization contrast on the angle between the crystallographic c-axis and th
wavelengths.  

CLLC

CLLC-Au LD

CLLC-Au H

j=1j=2

j=2 j=

j=3 j=1

     Figure  3 .     Parametric plot of the fi tted total volume fraction against 
average aspect ratio for as-prepared and metal-infi ltrated CLLCs. In each 
case, circles indicate approximate distribution radius for the different 
samples.  

Adv. Funct. Mater. 2013, 23, 281–290
protein matrix. Alternatively, it is possible that the crystalline 
porous structure is disrupted locally by the chemical treat-
ments involved in cross-linking and sequestration; however, 
single crystal X-ray diffraction studies indicated a globally 
intact crystal structure. [  8  ]  Despite the lack of macroscopic align-
ment, the optical measurements support the general model of 
a percolating network of nanopores containing a signifi cant 
amount of metal nanoclusters, some of which exhibit moderate 
anisotropy.   

 2.3. Birefringence of Au-Infi ltrated CLLCs 

 Lysozyme crystals have been reported to have an intrinsic form-
birefringence of around 10  − 3  due to the crystalline nanostruc-
ture and presence of aligned solvent channels along the [001] 
(c-)axis. [  14  ]  We therefore used polarization interferometry as a 
sensitive probe of the internal structure of the crystals before 
and after Au-infi ltration. Specifi cally, we determined the polari-
zation contrast ( C  pol , see Experimental Section), which varied 
between –1.0 and 1.0, indicating linear polarization states per-
pendicular and parallel to the input polarization, respectively. 
 Figure    4  a,b shows the transmission and polarization contrast 
obtained for three representative crystals, an as-prepared pure 
CLLC, and Au-fi lled CLLCs of low and high density. Here, the 
285wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Fluorescence spectra for 405 nm excitation for a) CLLC, 
b) CLLC-Au LD, and c) CLLC-Au HD. Curves represent different individual 
crystals.  
angle between the input polarization and the crystal axis was 
fi xed at 45º for maximal polarization conversion. We observed 
clear oscillations in the polarization contrast for all three sam-
ples (note the large difference in sample thickness resulting in 
different oscillation periods). The pure CLLC showed a high 
transmission and a large contrast between polarization states. 
The rotation of the polarization state can be described by the 
relative retardance of the optical waves along the slow and fast 
crystal axes; that is   δ    =  2 π  Δ  nL /  λ   where  Δ  n  is the birefringence,  L  
is the path length and   λ   is the wavelength. When the retardance 
equals  π , 3 π  …  a minimum in the contrast is obtained, which 
results in a value for the birefringence,  Δ  n   =  ( 2j –1)  λ  /2 L , where 
 j  denotes the order of the retardance. For the pure CLLC, we 
obtained a value of  Δ  n   =  3.1  ×  10  − 3 , comparable to the value for 
pure non-cross-linked lysozyme. For the Au-infi ltrated crystals, 
we observed a similar oscillation in the polarization contrast at 
long wavelengths, where the infl uence of the LSPR absorption 
was small. This shows that the crystallographic anisotropy is 
conserved after infi ltration of metals in the protein solvent chan-
nels. In the wavelength range where the LSPR absorption is 
strong, the oscillation in the contrast becomes less pronounced 
in the low-density CLLC-Au LD sample, and completely disap-
pears in the high-density CLLC-Au HD sample.  

 We further investigated the polarization conversion process 
by measuring the contrast as a function of angle between the 
incident polarization and the crystal axis, as is shown in the 
polar plots of Figure  4 c. At an angle of 0 ° , the polarization 
direction is aligned with the crystal axis and no birefringence 
occurs, while at an angle of 45 °  the polarization rotation is 
largest, resulting in a minimum contrast. At all wavelengths 
under study, the contrast at 0 °  approached 1.0, signifying that 
a beam of linear polarized light was transmitted through the 
sample and thus that the contribution of unpolarized scattering 
was low. 

 A possible explanation of the behaviour of the polarisation 
contrast for the metal-infi ltrated crystals is that the birefrin-
gence is modifi ed in the LSPR wavelength region by the pres-
ence of metal inclusions. The LSPR absorption is associated 
with a real part of the refractive index, as can be calculated 
from effective medium models. The fi lling up of solvent chan-
nels with metals results in a replacement of the refractive index 
of air by that of the gold nanoclusters. The refractive contrast 
between solvent channels and protein, which plays a role in the 
form-birefringence, is therefore reduced, more strongly around 
the LSPR. At wavelengths far removed from the plasmon reso-
nance, the effect of the nanoparticles is smaller and the original 
birefringence is recovered. Indeed, we fi nd values of  Δ  n  of 
4.1  ×  10  − 3  and 3.8  ×  10  − 3  for the low and high Au densities, 
respectively, using the minimum in polarization contrast at 
near infrared wavelengths.   

 2.4. Fluorescence Emission of Au-Infi ltrated CLLCs 

 Recently, protein-protected gold clusters have received con-
siderable attention for their use as fl uorescent labels. [  26–29  ]  
We investigated the fl uorescence emission of Au-fi lled CLLCs 
using both fl uorescence spectroscopy and lifetime measure-
ments.  Figure    5   shows fl uorescence emission spectra of pure 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
CLLCs and of Au-infi ltrated CLLCs at low and at high Au densi-
ties. The pure CLLCs, without any Au-inclusions, show a bright 
white emission which is spectrally peaked around 570 nm. 
Similar emission spectra have been reported in several recent 
studies and have been attributed to the emission from delocal-
ized electrons engaged in hydrogen bonding. [  30–33  ]  The emis-
sion is generic for different types of proteins and occurs both in 
solutions and single-crystals of proteins. The Au-fi lled crystals 
show a signifi cantly weaker fl uorescence emission, which is 
shifted toward longer wavelengths.  

 The fl uorescence emission from Au-infi ltrated CLLCs may be 
explained by two independent contributions. Firstly, the emis-
sion from the protein host crystal may be modifi ed by quenching 
at the LSPR wavelength and by reabsorption of emitted photons 
by the nanoparticles. Secondly, there may be an emission 
from Au clusters or larger nanoparticles embedded inside the 
matrix. Emission of small Au clusters strongly depends on the 
size of the particles and can range from  < 500 nm for Au 8  to 
 > 800 nm for Au 28 . [  26–29  ]  For particles of larger size, the emission 
is determined by the interband transitions of the bulk material, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 281–290
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     Figure  7 .     Time-resolved fl uorescence decay curves at 580 nm wavelength, 
after subtraction of background intensity, for pure CLLC (black), CLLC-Au 
LD (red), and CLLC-Au HD (blue), with triexponential fi ts including instru-
ment response, resulting in amplitude-weighted average decay times of 
3.43 ns, 2.18 ns, and 1.05 ns (chi-squared  < 1.25), respectively. Green line: 
instrument response function.  

     Figure  6 .     Time-resolved fl uorescence decay spectra (log-scale) of a) pure CLLC, b) CLLC-Au LD, and c) CLLC-Au HD. d–f) Normalized spectra of fast 
component taken at 0.5 ns delay and stationary component taken at 22 ns delay. Fast component corresponds to pure CLLC emission, slow component 
is assigned to Au nanocluster fl uorescence.  
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modifi ed by the local fi eld factor at the emission wavelength 
resulting from the LSPR. [  34–36  ]  To separate these various contri-
butions we have performed fl uorescence lifetime spectroscopy 
on representative crystals.  Figure    6  a–c shows spectrally resolved 
lifetime decays of the three types of CLLC. The lifetime images 
allow identifi cation of a component with decay time of the order 
of ns, and a slow component which forms a constant back-
ground on the time scale of our experiment which is present 
only for the two CLLC-Au samples. The spectral signatures of 
both components is illustrated in Figure  6 d–f, which show the 
normalized spectra at the maximum of the decay curve and at 
the stationary level around 22 ns. The fast, nanosecond compo-
nent corresponds to the fl uorescence of the protein host crystal. 
The fl uorescence decay of this fast component, after subtrac-
tion of the slow background, is shown in  Figure    7   and could 
be fi tted to good accuracy see Figure S3–S5, Supporting Infor-
mation) using a tri-exponential decay with time constants of 
0.65 ns, 1.95 ns and 6.83 ns, and respective relative amplitudes 
of 45.8%, 46.2% and 8%. A similar tri-exponential decay was 
observed in protein solutions. [  31  ]  An average decay time can be 
defi ned from the weighted average of the three exponentials, 
resulting in a value of 3.43 ns for the pure CLLC. The fl uores-
cence decay time shows an decrease with increasing Au content, 
with respective values of 2.18 ns and 1.05 ns for the CLLC-Au 
of low-density and high-density (for full tri-exponential decay 
fi ts see Table S1, Supporting Information). Combined with the 
strong reduction of the overall emission intensity from the Au-
fi lled crystals, we interpreted the reduction of the decay rate as 
© 2013 WILEY-VCH Verlag Adv. Funct. Mater. 2013, 23, 281–290
a quenching of the protein fl uorescence due to nonradiative 
coupling to the SPR of the Au clusters.   

 In contrast to the fast component, which is observed for all 
crystals under study, the slow component in Figure  6  is only 
287wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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present for the Au-fi lled CLLCs and is attributed to emission 
from Au nanoclusters. Emission in small Au clusters has been 
attributed as originating from the singlet- and triplet-states 
of the molecular-type cluster and has a long emission in the 
microsecond range. [  28  ]  This long-time decay could not be meas-
ured here due to prohibitively low count rates at the required 
repetition frequencies of the excitation laser. In contrast, it is 
well known that emission from larger nanoparticles originates 
from electron-hole recombination on a time-scale  < 50 fs, [  34  ]  
which is not observed in our experiment. Thus, we attribute 
the emission band at 700 nm to emission from small Au clus-
ters embedded in the lysozyme host material. No evidence was 
found in the decay spectra for energy transfer from lysozyme 
excitations to the SPR contributing to the nanocluster emis-
sion; all spectral decay curves could be fi tted with high accuracy 
(  χ   2   <  1.3) using a global set of decay times for each sample over 
the entire spectrum (see Figure S6, Supporting Information). 
This indicates the absence of a variation in decay channels over 
the spectral range.    

 3. Conclusions 

 In conclusion, we have performed a detailed investigation of 
the optical response of lysozyme single crystals infi ltrated with 
Ag and Au nanophases. We have demonstrated the presence of 
a plasmonic response in both types of metal-fi lled crystals, and 
have assigned this response to the surface plasmon resonance 
of isolated gold nanoclusters with spheroidal or moderately ani-
sotropic morphology, and which are specifi cally located within 
the periodically arranged solvent channels of the protein matrix. 
No evidence for continuous nanowires was obtained. Birefrin-
gence measurements confi rmed that both pure and infi ltrated 
CLLCs show an equal birefringence in the near-infrared, where 
the effect of plasmon resonance is relatively weak. In contrast, 
no birefringence was observed on the plasmon absorption peak, 
indicating an effect of the nanoparticle dielectric response on 
the effective refractive index. Fluorescence decay spectroscopy 
revealed contributions attributed to fl uorescence from the pro-
tein crystal, with in addition a slow contribution which is con-
sistent with the emission from the molecular-like states of small 
Au nanoclusters. We emphasize that the signatures of sphe-
roidical particles in the transmission and small Au nanoclus-
ters in the fl uorescence are not in mutual contradiction. Most 
likely, a wide distribution of metal inclusions are present inside 
the protein host; different types of nanoclusters contribute to 
different aspects of the optical response. The emission peak 
around 650–750 nm wavelength is consistent with the fl uores-
cence of  < 1 nm clusters (typically Au 25 ), and is consistent with 
previous observations in Au-protein complexes. [  10  ,  26  ]  However, 
the LSPR absorption of such small clusters is strongly sup-
pressed compared to the semiclassical Drude model, due to the 
quantization of energy levels and the increasing role of electron-
surface scattering which damp the collective electronic oscilla-
tion. For larger-sized nanoparticles  > 1 nm, LSPR absorption is 
predominant, but fl uorescence emission is strongly reduced 
due to the short, femtosecond lifetime of the photoexcited car-
riers. [  34  ]  The presence of a large fraction of small nanoclusters, 
exhibiting a strongly suppressed resonant LSPR absorption may 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
also explain the discrepancies between gravimetric and optical-
based estimates of the metal fraction. 

 Our data indicate an absence of coherent alignment of 
the Au inclusions within the interior of the CLLCs, but more 
studies are needed to address the nanoscopic morphology of 
these new metamaterials in more detail. The absence of inter-
connectivity between the nanoclusters in the solvent channels 
suggests that the protein crystals might not exhibit ohmic elec-
trical conductivity, although we cannot rule out the possibility 
of intra-crystalline electron transport via non-classical quantum 
tunnelling mechanisms. On the other hand, the large specifi c 
area, confi ned organization, and isolated morphology could be 
benefi cial for applications in catalysis, [  37  ]  and may be of consid-
erable interest for biological applications involving the surface 
plasmon resonance behaviour of the protein-entrapped spher-
ical gold nanoclusters.   

 4. Experimental Section  
 Synthesis of Cross-Linked Lysozyme Crystals : For the preparation of 

lysozyme crystals, a liquid/liquid interface method was used to minimize 
mechanical damage, and maximize crystal size. [  38  ]  A crystallization 
solution (10 mL) of NaCl (60 mg mL  − 1 ) and NaOAc buffer (8.2 mg mL  − 1 ) 
was made up at pH 4. Hen egg white lysozyme (20 mg mL  − 1 ) was then 
dissolved in the solution, with rapid stirring. The solution was then 
fi ltered into a glass vial containing dichloromethane (3–5 mL), and left 
for up to 48 h. The crystallization solution and dichloromethane were 
removed, and a cross-linking solution (10 mL, 8.2 mg mL  − 1  NaOAc, 
60 mg mL  − 1  NaCl, pH 4) containing glutaraldehyde (1–5%) was added. 
The crystals were left for a 24–48 h, and were then washed with water 
and dried under vacuum for 1–3 h. Au infi ltrated crystals were prepared 
by soaking CLLCs in NaBH 4  (10  − 5  M) for 10 min, washed with water, 
and dried under vacuum for 1–3 h. The borohydride-containing crystals 
were then soaked in HAuCl 4 •3H 2 O (10  − 5  M) for 3 days, washed with 
water, and dried under vacuum for 1–3 h. Concentrated Au crystals 
were prepared by repeating the steps described for the original Au 
deposition, using a crystal that had previously undergone the Au 
deposition process. Ag infi ltrated crystals were prepared be soaking 
CLLCs in AgNO 3  (10  − 3 –10  − 5  M) for 3 days, in the dark, then exposing 
them to UV-radiation (wavelength 254 nm) for 6 h. Extensive structural 
investigation of metal-loaded CLLCs including HRTEM and single-crystal 
X-ray diffraction have been reported in ref.  [  8  ,  9  ] . The cross-linked crystals 
showed no signifi cant change in crystallographic structure.  

 Optical Experiments : Individual crystals were fi xed using different 
methods. Larger crystals were glued to the tip of a copper wire and 
positioned with the prismatic facets perpendicular to the plane of 
rotation, as shown in Scheme  1 a. Crystals with dimensions smaller 
than 200  μ m were fi xed to a glass slide using PMMA, where the optical 
access was kept clear. Transmission and refl ection measurements 
were taken using a sensitive wavelength-scanning UV-vis setup based 
on lock-in detection. The angle was varied using a motorized rotation 
stage, while linear polarizations of the incident light were selected 
using a polarizer. Transmitted and refl ected intensities were collected 
over an approximately 2 °  wide angular cone by using an integrating 
sphere equipped with Si and InGaAs detectors, covering the range 
450–1800 nm. Polarization interferometry measurements were done 
following the method of ref.  [  39  ]  In short, two polarizers were mounted 
in the incident and transmitted light paths at polarization angles of 45 °  
with respect to the crystallographic c-axis. The polarization contrast 
 C  pol  was measured between parallel- polarized ( I  �� ) and cross-polarized 
( I  ⊥ ) confi gurations using the relation

 Cpol = I‖ − I⊥
I‖ + I⊥   
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 281–290
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 Interpretation of Absorption Spectra Using a Spheroidal Model : Using the 
experimental absorption data, the concentration of gold nanoparticles 
was estimated using the known absorbance of a small gold spheroid. For 
small particles of a few nanometer diameter, the LSPR absorption cross-
section is proportional to the particle volume, and given by Rayleigh-
Gans theory for a spheroid according to [  15  ,  16  ] 

 
σa =

2π Vp ε3 /2
m

λ L 2
i

ε (λ )

| ε ε(λ) + m (1 − L i ) / L i |2
 
 (1)    

 Here,   ε  (  λ  ) is the wavelength-dependent dielectric function of the 
metal, with   ε   ′  ′ (  λ  ) its imaginary part;   ε   m  denotes the dielectric constant 
of the surrounding material, for the nanoporous lysozyme material   ε   m   ≈  
1.5. The parameters  L i   are the depolarization factors along the principal 
axes, which for a prolate geometry are given by [  15  ] 
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[
1

2e
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(
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]
, L 2,3 = (1 − L 1) /2
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 Here  e  is the eccentricity defi ned as  e   =  (1 – b  2 / a  2 ) 1/2  with  a / b  the 
aspect ratio of the spheroid, and for a sphere,  L  1,2,3   =  1/3. For the 
dielectric function of the metal, we used the experimental values for bulk 
Au [  18  ]  and Ag [  19  ]  modifi ed by a correction for surface scattering in the 
small nanoparticles given by [  15  ,  16  ] 

 
ε = ε bulk +

ω2
p

ω (ω + iγ bulk )
− ω2

p

ω (ω + iγ )   
(3)

   

where   γ   bulk  and   γ   are the bulk and nanoparticle Drude damping rates. 
The nanoparticle damping rate   γ   is given by

 γ = γ bulk + 2 g vF /D  (4)   

where  v  F  denotes the Fermi velocity and  g  is a factor representing the 
surface damping strength which is commonly assumed of order 1. In 
our model, we assumed a diameter of 2.5 nm, as given by the pore size. 
We tried different values of  D  but found that this had only a small effect 
on the data fi tting.  

 Fluorescence Spectroscopy : Fluorescence emission spectra were 
collected using illumination by a CW diode laser at 405 nm at an 
optical power of 3 mW. Fluorescence emission was collected by a lens 
with numerical aperture of 0.5 and detected using a fi bre spectrometer 
using integration times between 0.1 s and 2 s (Ocean Optics). Spectra 
were corrected for the spectral response of the spectrometer against 
known standards (correction factor was scaled to 1.0 at a wavelength of 
550 nm). [  40  ]  Fluorescence lifetime measurements were taken employing 
a time-correlated photon counting [  41  ]  setup (FluoTime200, Picoquant) 
using a 475-nm picosecond pulsed diode laser (PicoQuant, LDH485) 
at an average optical power of 0.5 mW and with a variable repletion 
rate (20–40 MHz). Detected light was spectrally selected using a 
monochromator (Scientech 9030) and detected using a photomultiplier. 
The instrument’s response function (IRF) had a full-width at half-
maximum of 200 ps.  

 Analysis : The fl uorescence decay curves were analysed using the 
FLUOFIT software (PicoQuant, version 4.2.1) based on tri-exponential 
model which involves an iterative reconvolution process. [  42  ]  The quality 
of the fi t was assessed by the value of the reduced   χ   2  value (a value 
of less than 1.30 for an acceptable fi t), and from a visual inspection 
of the distribution of the weighted residuals and their autocorrelation 
function. [  43  ]  

 The time-resolved emission spectra (TRES) were recorded at different 
wavelengths, in this case 520–750 nm with a 5 nm step   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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