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Proteins provide versatile mediators for assembling nanoparticles into organized composites. Here, we
demonstrate that a single protein spacer (lysozyme) can be used to direct the self-assembly of gold mixed
monolayer protected clusters into controlled ensembles with varied functional response. This efficient
self-assembly process provides nanocomposites featuring tunable interparticle spacings, as determined
through small angle X-ray scattering, varied sample morphology, as observed by transmission electron
microscopy, and modular collective optical behavior, as examined through UV-visible spectroscopic
measurements.

Introduction

Nanoparticles display an array of unique magnetic, opti-
cal,1 and electronic properties.2 Engineered approaches can
be utilized to control and apply these properties through
multiscale ordering of nanoparticle ensembles3 for the
creation of nanoscale devices. Recent studies have explored
the use of organic molecular and macromolecular scaffolds
such as polymers,4 dendrimers,5 and mutidentate thioethers6

to assemble nanoparticles into ordered solid composites. An
alternative approach is the directed assembly of nanoparticles
using biomacromolecules, such as proteins, exploiting the
diversity of available protein systems.

Recent reports detail the use of proteins to build supramo-
lecular hybrid structures of nanoparticles for applications

such as sensing, fabrication of nanoparticle networks, analyte
detection, biotemplating, and therapeutic applications.7 Ex-
amples include the use of strepavidin and biotin to form
macroscopic gold nanoparticle assemblies8 and the use of
bacterial S-layers to grow nanoparticles in a regular array.9

However, the use of protein mediators to tune the physical
characteristics such as the interparticle spacing and the
assembly morphology along with the modulation of collective
functional response in organized nanoparticle ensembles
remains largely unexplored. In previous studies, we have
demonstrated the use of protein surface recognition to control
interparticle spacings based on differential stabilities of
proteins.10 This alternate use of proteins for tuning of inter-
particle distance, assembly morphology, and collective func-
tional behavior of nanoparticle ensembles could provide an
advantageous assembly strategy, which could pave the way
for creation of new materials. Proteins can be found in a
wide variety of shapes and sizes (commensurate with nano-
particles), featuring different inherent properties such as
structural stability and adsorption characteristics coupled with
unique functional properties such as catalysis and redox be-
havior. These attributes of proteins can be potentially com-
bined with tunable nanoparticle features (size, surface func-
tionality, and core properties)11 to mediate generation of
novel hybrid materials. Additionally, proteins allow for an
efficient and cost-effective tool for generation of nanopar-
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ticles ensembles with a greater choice range of interparticle
spacings (a key factor in determining optical, electronic, and
magnetic response in nanoparticle composites) as compared
to organic scaffold-mediated nanoparticle assemblies.4-6

Here, we report a facile self-assembly strategy utilizing a
single protein spacer to dictate gold mixed monolayer
protected clusters (MMPCs) into well-ordered composites
with a control over assembly morphology, larger interparticle
spacings, and variable collective optical behavior of the
ensembles (Figure 1). For our studies, we used lysozyme, a
well-characterized and globular protein, which is resistant
to denaturation.12 Adsorption studies of lysozyme on nega-
tively charged silica surfaces have been extensively examined
in the literature;13 the study by Penfold et al. has displayed
concentration dependence multilayer formation of the protein

on silica surfaces,13a while Czeslik et al. have displayed a
temperature-dependent modulation of lysozyme orientation
on silica.13c These results provided the opportunity to harness
the unique protein adsorption behavior for efficient and
modular self-assembly of gold nanoparticles using a single
spacer. In our studies, we demonstrate that lysozyme can be
used as a mediator to dictate the physical characteristics of
the assembly as well as modulate the functional behavior in
the nanoparticle ensembles. Significantly, when the protein-
MMPC stoichiometry and the temperature of the assembly
are controlled, the self-assembly process can be directed to
tune the interparticle spacings as determined through small
angle X-ray scattering (SAXS), the composite morphology
as examined by transmission electron microscopy (TEM),
and the collective optical response as displayed via UV-
visible spectroscopic measurements. Additionally, this meth-
odology allows the segregation of the particle spacing from
the functional behavior of the assembly, displaying a unique
level of control achieved via the protein-mediated self-
assembly process.

Experimental Section

General. Chicken egg white lysozyme was purchased from
Sigma-Aldrich Chemical Co. The extinction coefficient of lysozyme
at 280 nm was taken to be 38940 M-1 cm-1 for concentration
determination.14 Lysozyme stock solution was prepared at 456µM,
while MMPC 1 stock solution was kept at 2.1µM. MMPC 1 ,
featuring a core diameter of 6.8 nm, was synthesized using our
previously published procedure.15 The nanoparticle/protein com-
posites obtained at 1:120 molar ratio were photographed using a
white light source. All the experiments were carried out in Milli-Q
water. Nanoparticles from the same batch were used for all
experiments.

Small-Angle X-ray Scattering (SAXS). A 0.6 cm2 piece of
Kapton film was placed at the bottom of a 2 mL vial. Then 88.24
µL of MMPC 1 (2.1 µM) was added to lysozyme solutions
(preincubated in water at 23 and 50°C) in the vials to obtain final
MMPC 1 /protein ratios of 1:10 at 23°C and 1:30, 1:60, 1:90, and
1:120 at both 23 and 50°C. The final volume of all solutions was
kept at 1 mL. All the samples were incubated for 12 h at the
respective temperatures, during which complete precipitation of the
MMPC-protein complex was observed. Thereafter, the supernatant
was removed, providing thin films ofMMPC 1-protein nano-
composites. TheMMPC 1 sample was prepared by placing a few
drops of the nanoparticle stock solution on the Kapton film and
allowing slow evaporation at the desired temperature.

Protein Uptake Studies.To determine the relative amount of
lysozyme taken up upon assembly, samples were prepared in a
manner identical to the SAXS samples in 1.5 mL eppendorf tubes.
Upon assembly, the samples were centrifuged for∼1 min, after
which the supernatant containing the unassembled protein was
collected and the concentration determined through absorbance
measurements at 280 nm using the extinction coefficient of
lysozyme.14

Transmission Electron Microscopy (TEM).TEM samples were
prepared under identical conditions as the SAXS samples (except
the total sample volume was 200µL) by placing a Cu carbon TEM
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Figure 1. (a) Relative sizes of lysozyme andMMPC 1 . (b) Schematic
representation of the self-assembly process at the different temperatures
featuring various protein-MMPC assembly modes. The interparticle spacing
obtained from each self-assembly mode is provided in the respective inset.
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grid (300 mesh) inside a 2 mL vial and allowing complete
precipitation, after which the supernatant was removed. The samples
were then analyzed by a JEOL 100CX electron microscope with
an accelerating voltage of 100 k eV.

Optical Studies.A 1 cm2 piece of Mylar film was placed at the
bottom of a 7 mLvial. Identical to the samples prepared for SAXS
(except the total volume was 300µL), the assembly process was
carried out at the two temperatures and the films were obtained
after complete precipitation and removal of the supernatant. For a
MMPC 1 /protein ratio of 1:120, samples for the optical studies
were prepared at additional temperatures of 30, 40, and 45°C.
Before the absorbance spectra of the solid nanocomposites were
recorded, a fresh Mylar film was used as a blank. For the absorbance
measurement of the nanoparticles in solution, a final concentration
of 1 µM of MMPC 1 was placed in a quartz cuvette with 1 cm
path length. All absorbance measurements were performed using
a UV-spectrophotometer (HP 8452A).

Results and Discussion

For our studies, we used lysozyme, an ellipsoidal protein
with dimensions 3× 3 × 4.5 nm.16 The protein has a very
high isoelectric point (pI) 11.35),17 making the surface
overall positively charged and hence suitable for assembly
with negatively charged nanoparticles through complemen-
tary electrostatic surface interactions.18 Upon incubation, the
protein bound to the carboxylate-functionalized MMPCs acts
as a multidentate linker, thereby cross-linking the MMPCs

in solution and resulting in precipitation of the complex via
a self-assembly process. The protein-mediated assembly was
conducted at various MMPC-protein stoichiometries ranging
from 1:10 to 1:120 molar ratios and at two different
temperatures, 23 and 50°C,19 for modulation of the physical
characteristics and the collective functional behavior of the
ensembles.

Temperature-Dependent Control of Interparticle Spac-
ing. SAXS was employed to provide evidence of ordering
and for quantification of the interparticle spacings in the
protein-nanoparticle solid composites obtained at two dif-
ferent temperatures, 23 and 50°C. MMPCs were added to
solutions containing varying amounts of excess protein
(required for the precipitation) to achieve final MMPC-
protein molar ratios ranging from 1:10 to 1:120 at 23°C
and from 1:30 to 1:120 at 50°C. As a control, a solid sample
of MMPC was prepared to provide particles spaced by their
monolayer only. The SAXS plot (Figure 2a and b) demon-
strates that assemblies obtained at both temperatures feature
well-defined interparticle spacings. However, distinctive
differences are observed in particle spacings in the assemblies
obtained at the two different temperatures. In protein-
nanoparticle ensembles prepared at the lower (room) tem-
perature, an increase in the particle spacing is observed with
an increase in the nanoparticle-protein stoichiometry. At
the lowest protein concentration, an increase in spacing of
3.3 nm is observed (Figure 2c). However, upon progressive
addition of excess protein (up to 1:120 nanoparticle/protein
ratio), the interparticle distance increases up to 6.3 nm. This
observation is consistent with the studies of lysozyme
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Figure 2. SAXS plot for the protein-nanoparticle composites at (a) 23°C and (b) 50°C. (c) The interparticle spacing increases from 7.3 to 13.6 nm at the
lower temperature; however, almost a constant spacing is observed at the higher temperature at all theMMPC 1 :protein ratios studied. (d) SAXS plot for
1:30 nanoparticle/protein ratio after background subtraction and normalization displays lower spacing distribution in the higher temperature sample.
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adsorption on silica surfaces, which display that, at room
temperature and at lower protein concentrations, side-on
adsorption of lysozyme is observed on silica surfaces, with
the long axis parallel to the negatively charged surface.
However, enhanced concentrations of lysozyme result in a
bilayer side-on adsorption with minimum loss of protein
structure.13aThe SAXS results, therefore, display that a single
spacer can be utilized to tune the increase in interparticle
distance from 7.3 nm (no protein) up to 13.6 nm through
this self-assembly method. Significantly, it is difficult to
achieve such a large increase in interparticle spacings via
organic scaffold-mediated self-assembly methods.

To demonstrate a complementary control over particle
spacing and the resultant collective behavior of the assembled
nanocomposites, the protein-mediated self-assembly was
performed at 50°C. Precedents have displayed that, at higher
temperatures, a monolayer adsorption of lysozyme occurs
in an end-on orientation on silica surfaces along with a denser
protein packing on the surface.13c As a result, efficient and
complete precipitation was not observed for 1:10MMPC
1:protein ratio at the higher temperature. Additionally, non-
cross-linked lysozyme molecules adsorbed onto negatively
charged surfaces at higher temperatures display a collapsed
or highly flexible tertiary structure,20 which is amenable to
protein intermolecular associations and can serve as sites for
deposition of other protein molecules.21 However, electro-
static cross-linking of the protein with the nanoparticles is
expected to provide little conformational freedom, thereby
allowing particles spaced by the protein edge length.22 In
our studies, similar to the assembly procedure at the lower
(room) temperature, MMPCs were added to the varying
amounts of protein to obtain final particle-protein ratios
ranging from 1:30 to 1:120 at 50°C. All the samples
studied at the higher temperature displayed an increase in
spacing of about 4.5 nm by SAXS (Figure 2c), consistent
with lysozyme adsorbing in an end-on orientation, thereby
spacing particles by the long edge of the protein. Interest-
ingly, background subtraction and normalization of the SAXS
plots observed at the two different temperatures (1:30 in
Figure 2d) displayed that a lower spacing distribution
concomitant with better ordering of the nanoparticles was
observed with the samples assembled at the higher temper-
ature.

Protein Uptake. To correlate the amount of protein taken
up during the assembly with the interparticle spacings and
the optical behavior of the ensembles, centrifugation assays
were performed for all the samples at the different temper-
atures to determine the ratio ofMMPC 1 and protein present
in the nanocomposites.23 In the samples prepared at

both temperatures, increased protein uptake was observed
with the increasing initial particle/protein stoichiometry. In
samples prepared at 23°C, the rate of protein uptake is higher
at the lower stoichiometries, while becoming constant at
greater nanoparticle/protein ratios, reflecting the trend ob-
served in the SAXS data. At the higher temperature, although
the particles are spaced by almost the same distance at all
three ratios, the relative amount of protein uptake was found
to increase consistently with increase in the initial protein-
particle ratio. This trend is reflected with the shift in the
λmax of the SPR, as demonstrated later through the UV-
visible studies, correlating the trend in the collective optical
response of the composites with the loss of protein concen-
tration upon assembly.

Morphological Differences in Samples.Samples pre-
pared at different temperatures via the protein-mediated
self-assembly approach display differences in macroscopic
as well as mesoscopic morphology. The reflectance of the
films obtained at the two different temperatures forMMPC
1:protein ratio of 1:120 has been shown in the insets of
Figure 3b and d. The composites prepared at lower temper-
ature display brownish aggregates; however, at the higher
temperature, the nancomposites display a smooth purplish
film. A closer examination of the protein-nanoparticle
ensembles through TEM (Figure 3) displays that the samples
prepared at higher temperature feature a compact structure
as opposed to a relatively extended morphology for the lower
temperature samples. Additionally, due to enhanced inter-
molecular protein interactions at the higher temperature,21

an increase in protein uptake by the assembly is expected
(as confirmed through protein uptake studies), resulting in a
gray border around the assembly, as seen in Figure 3d.24

Significantly, the higher protein amount around the com-
posites increases the local refractive index of the environ-
ment,25 resulting in two contrasting assembly modes for
protein-nanoparticle ensembles, which leads to modulation
of the collective optical response in these ensembles, as
displayed in the insets and as examined subsequently via
optical studies.
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Table 1. Ratios of Nanoparticle and Protein Present in the
Composites after the Self-assembly Process at Different Initial
Stoichiometries and Temperatures, as Determined by Residual

Protein in Solution after Precipitation

MMPC 1 : Protein Ratio

in assembled samples

before assembly 23°C 50°C

1:10 1:9
1:30 1:24 1:29
1:60 1:38 1:58
1:120 1:38 1:70
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Optical Response.UV-visible spectroscopy was used to
analyze the surface plasmon resonance (SPR)1 of the solid
nanocomposites upon assembly at various temperatures,
demonstrating the modulation of dipolar optical inter-

actions,26 as shown in Figure 4. The optical responses of
MMPC 1 in solution (assumed to be free of dipolar coupling)
and nanoparticles displaying maximum coupling (spaced only
by the monolayer) were monitored. It was observed that the

Figure 3. TEM images of the protein nanocomposites. (a) 1:30 and (b) 1:120 at 23°C, (c) 1:30, and (b) 1:120 at 50°C. Insets display the reflected colors
and the differences in macroscopic morphology for the respective films.

Figure 4. The optical response for the protein-nanocomposites solid films displayed at (a) 23°C and (b) 50°C. The ratios indicateMMPC 1 :protein
stoichiometries andMMPC 1 soln. refers to only nanoparticles in water. (c) Minimum variation inλmax is obtained with the assemblies at the lower temperature;
however,>75 nm shift in the wavelength is seen at the higher temperature. Theλmax for each sample was obtained through curve fitting. (d) 127 nm shift
in λmax is obtained through a particle/protein ratio of 1:120, assembled at the different temperatures.
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λmax of free nanoparticles in solution was 528 nm, while the
nanoparticles spaced only by the monolayer displayed a SPR
of 596 nm, due to an increased dipolar coupling. Interest-
ingly, minimal variation of the collective optical response
(from 542 nm at 1:120 particle-protein ratio to 548 nm at
1:10 ratio) in the samples prepared at the lower temperature
was observed, even upon a large increase in the interparticle
spacing (by 6.3 nm). Such a large increase in spacing is
expected to result in a substantial blue shift of theλmax,
thereby approaching the wavelength of free nanoparticles in
solution, as observed in our previous studies using different
generation dendrimers to space MMPCs.27 However, with
the increase in spacings, more protein contained between
nanoparticles results in an increased refractive index of the
surrounding environment,25 which is well-known to induce
a red-shift of the SPR of metal nanoparticles.28 The net result
is a nominal blue shift, even at the higher spacings.
Interestingly, this demonstrates that nanoparticles can be
spaced at larger distances with minimum effect on the optical
response of the ensembles. Conversely, the larger interparticle
distances achieved via this method can be used for modula-
tion for collective properties between nanoparticles featuring
bigger core sizes and also properties that are not dependent
on the refractive index of the spacer, such as magnetic
coupling between paramagnetic nanoparticles.

A complementary level of control over the collective
optical response was achieved using the assembly formed
at higher temperature. While the effect of increased refractive
index induces a moderate red-shift in the SPR of the
indiVidual nanoparticles, thecollectiVe SPR of the coupled
nanoparticles is highly sensitive to the refractive index of
the surrounding environment. This has been recently studied
by Tsukruk et. al., where they have displayed that a few
nanometers thick film of polymers coated onto a film of
optically coupled gold nanoparticles can red-shift the col-
lective SPR of the assembly by 90 nm.29 This behavior,
combined with the unique protein-MMPC self-assembly
mode at the higher temperature, was exploited to direct the
collective response in the hybrid nanocomposites, via the
self-assembly process. Samples prepared at 50°C featured
particles spaced by a particular distance, which ensured a
constant dipolar coupling for the higher temperature en-
sembles. However, an increase in the amount of protein
around the assembly with increasing nanoparticle:protein
ratio is expected to enhance the local refractive index,

resulting in a significant red-shift of the collective plasmon
peak.28 As expected, the collective plasmon peak was found
to be dependent on the particle/protein ratio (Figure 4). The
absorbance spectra display that theλmax of the protein-
nanoparticle composites is red-shifted, even beyond the
particles separated only by their monolayer. The collective
response of the assembly was found to be dependent on the
excess protein used, with the highest ratio shifting the SPR
to 675 nm.30 Additionally, MMPC-protein composites (1:
120) assembled at various temperatures displayed that the
collective plasmon peak can be tuned over a 127 nm range
(from 548 to 675 nm), through this efficient self-assembly
methodology (Figure 4d). This can be explained by studies
in the literature, which have shown that the adsorption of
non-cross-linked lysozyme molecules on silica surfaces
increases progressively with an increase in temperature from
25 to 55°C at a particular concentration of lysozyme.13c This
factor is expected to contribute to the shift in the SPR of the
assembled nanoparticles. Additionally, SAXS measurements
at an intermediate temperature (40°C) revealed that the
increase in the interparticle spacing was 5.6 nm, which
suggests that there might be a gradual decrease in the particle
spacing at 1:120 particle/protein ratio in going from 23°C
(6.3 nm) to 50°C (4.5 nm) during the assembly process.
This will contribute as well to the increase in dipolar coupling
and the subsequent red-shift observed.

Conclusion

In summary, we have demonstrated that a single protein
spacer can be utilized for modular and efficient self-assembly
of nanoparticles into controlled composites. The self-
assembly process can be directed to feature large interparticle
spacings, varied morphology, and tunable collective optical
response in the ensembles. Significantly, with use of this
methodology, the interparticle spacings can be segregated
from the collective optical response in the biomaterial,
thereby demonstrating a unique level of control in the self-
assembly process. This work displays one of the potential
benefits in using proteins for directing the self-assembly of
nanoparticles and can be extended toward assembly of gold
nanoparticles with bigger core sizes or the self-assembly of
magnetic nanoparticles for tuning of collective optical or
magnetic response in the biomaterials. Importantly, this work
displays the integration of an inherent protein property with
functional response in nanoparticle composites.
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