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Combining multiple modalities is at the center of developing new methods for sensing and
imaging that are required for comprehensive understanding of events at the molecular level.
Various imaging modalities have been developed using metallic nanoparticles owning to their
exceptional physical and chemical properties. Due to their localized surface plasmon resonance
characteristics, gold and silver nanoparticles exhibit unique optoelectronic properties commonly
used in biomedical sciences and engineering. Self assembled monolayers or physical adsorption
have previously been adapted to functionalize the surfaces of nanoparticles with biomolecules for
targeted imaging. However, depending on differences among the functional groups used on the
nanoparticle surface, wide variation in the displayed biomolecular property to recognize its target
may result. In the last decade, the properties of inorganic binding peptides have been proven
advantageous to assemble selective functional nano-entities or proteins onto nanoparticles
surfaces. Herein we explored formation of self-assembled hybrid metallic nano-architectures that
are composed of gold and silver nanoparticles with fluorescent proteins, for use as bimodal
imaging probes. We employed metal binding peptide-based assembly to self assemble green
fluorescence protein onto metallic substrates of various geometries. Assembly of the green
fluorescent proteins, genetically engineered to incorporate gold- or silver-binding peptides onto
metallic nanoparticles, resulted in the generation of hybrid-, biomodal-imaging probes in a single
step. Green fluorescent activity on gold and silver surfaces can be been monitored using both
plasmonic and fluorescent signatures. Our results demonstrate a novel bimodal imaging system
that can be finely tuned with respect to nanoparticle size and protein concentration. Resulting
hybrid probes may mitigate the limitation of depth penetration into biological tissues as well as
providing high signal-to-noise ratio and sensitivity.
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There has been an adverse trade-off between sensitivity and selectivity for modality
selection in imaging. Fluorescent imaging is a common method as it offers sensitivity,
selectivity and versatility. While one form involves intrinsically fluorescent biochemical
species, the other form covers the use of synthetic probes and nanomaterials to detect the
molecular events that are not conforming for direct imaging [1, 2]. Inorganic nanoparticles
(NP) with their instrinsic exceptional physical and chemical properties offer enhanced
sensitivity with high resolution and as a result, they have been used as essential tools for
imaging. Yet along, each imaging modality is limited by its own strength(s) and limitation(s)
that impede a complete understanding of events at the molecular level. In contrast, bridging
two or more imaging modalities can allow integration of their strengths while lowering their
limitations. Hence combining multiple modalities has been at the center for developing
advanced multimodal probes and methods needed for the next level of sensing and imaging
[3–6].
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Wavelength selective absorption and scattering abilities of gold and silver nanoparticles, as
well as their surface plasmon resonance phenomena, have been used in applications ranging
from biological imaging to molecular detection [7, 8]. At the nanoparticle-dielectric
interface, localized oscillation of the induced plasmons provides a shorter decay length of
the electromagnetic field and serve as an evanescent field around the nanoparticle. This
produces a higher sensitivity to the differences in local refractive index changes between the
absorbed layer on the surface and its local environment. Localized surface plasmon
resonance (LSPR) commonly using gold and silver nanoparticles have been recognized as a
label-free biosensing method that is sensitive and robust [9, 10]. While these inherent
properties make LSPR a platform technology to be utilized in a wide range of applications,
controlling the interfacial biomolecular interactions remains a challenge, as
biofunctionalization onto the NP surfaces may result in wide variation to the display of the
biomolecular functionality to recognize its target. [8].
Interface between inorganic materials and biomolecules brings additional challenges to
control the orientation of biomolecules, as well as their spatial arrangement on the surface
[11, 12]. When the biomolecule is near the surface of the material, the molecular orientation
is critical to prevent variation in recognizing the target. Next-generation imaging and sensing
technologies will immensely benefit from developing robust interfacial interactions having
orientation control at the nanomaterial surface [13, 14].
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The desired orientation of the various functional moieties, including fluorescent proteins,
enzymes, antigens, and antibodies, onto specific surfaces is required to prevent variation in
biomolecular function. Physical adsorption such as ionic, hydrophobic or polar interactions
and chemical bonding processes using reactive side chains of biomolecules are among the
numerous methods used for molecular immobilization on inorganic surfaces [15]. Proteins
are commonly covalently attached to solid surfaces using the reactive groups that are located
in the side chains of their component amino acids. Some of these groups may have an effect
on the conformation of the proteins and cause the function of the protein to be reduced or
even eliminated. Such chemical ligation reactions, among other complex chemical
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processes, may lead to random protein immobilization and consequently limit its use for a
desired application. Additionally, only a limited range of small molecules are used in surface
functionalization, such as thiols for gold, silanes for silica or other oxides, and phosphonic
acids for metal oxides. Self-assembled monolayers (SAMs) of thiol-based molecules have
been frequently used for chemical and biological surface functionalization of metal surfaces
[16–18]. On metal surfaces coated with SAMs via thiol chemistry, the biomolecules are
chemically bonded to the SAM layer via reactive side chains, so that the SAMs become an
intermediate molecular layer between the surface and the biomolecules [15]. Degradation
due to oxidation on gold surfaces remains a significant limitation with these approaches.
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Peptide-based molecular assemblers are becoming increasingly popular due to their ability
to offer control over protein orientation with robust function owing to their 1) innate
molecular recognition of materials, 2) self-assembly and 3) simplicity of combining with
other biomolecules [19–24]. These peptides are commonly selected using combinatorial
screening techniques, e.g. phage and cell surface display methods, for their specific binding
interactions to inorganic substrate [25, 26]. Following their selection, further
characterization experiments have been applied to determine their binding kinetics,
thermodynamics and surface stability [24]. There have been several studies selecting new
peptides as well as demonstrating their use, including assembly of nanoparticles (NPs) and
biomolecules, designing bioactive surfaces or antimicrobial coatings, synthesis of inorganic
materials, and developing nanostructured platforms [27–37]. Entrapment of the assembly of
engineered proteins bound to the metal nanoparticles as well as minerals in the nanofibers
was explored by integrating the fluorescent activity of the coupled proteins in the
nanoassembly [38, 39]. Different processing methods have been investigated for controllable
production [40] as well as printing with higher resolution onto metallic surfaces [41].
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Herein, we investigated genetically engineered fluorescence fusion proteins that self
assemble on metallic nanomaterials for use as bimodal imaging and sensing hybrid probes
i.e. plasmonic and fluorescent with the added advantages that conditions for their use are
environmentally and biologically benign. Gold binding (AuBP) and silver binding peptides
(AgBP) demonstrating high binding affinity and specificity for gold and silver surfaces have
been used as self-assembling peptide tags [42, 43]. Self-organization of green fluorescent
protein (GFP) engineered incorporating AuBP and AgBP were investigated on various gold
and silver surfaces. Binding kinetics and biological assays were performed to confirm the
ability to control the protein orientation bound onto selected surfaces. Green fluorescent
activity on gold and silver surfaces have been monitored using plasmonic and fluorescent
activities as combined bimodality functions.
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2.
2.1.

Materials and Methods
Construction of Recombinant Fusion Protein System: GFP-AuBP
The plasmid pGFP (Clontech, Takara Bio Inc., Mountain View, CA USA) was used as a
template for polymerase chain reactions (PCR). Oligonucleotide primers were designed
according to amino acid sequence of AuBP (CGP-WALRRSIRRQSY-GPC), linker (SGGG)
and GFP fluorescent protein. A GFP-AuBP fusion protein encoding DNA fragment was
obtained in four consecutive PCR reactions. Phusion High-fidelity DNA polymerase (NEB)
JOM (1989). Author manuscript; available in PMC 2021 June 17.
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used for all PCR experiments. After double-digesting with EcoRI-HindIII restriction
enzymes, GFP-AuBP encoding fragment ligated into the pMALc4x vector using a Quick
Ligation Kit (NEB). Following DNA sequencing using ABI 3300 sequencer with BigDye
terminator cycle sequencing kit (AB Applied Biosystems Inc., Carlsbad, CA, USA), the
resulting plasmid construct was introduced into chemically competent E. coli ER2507
strains. Molecular structures for GFP and GFP-AuBP were visualized using UCSF Chimera
software.
2.2.

Expression and Purification of Engineered Recombinant Fusion Proteins
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During the expression, we used maltose binding tag (MBP) as a single step purification tag
for the recombinant protein system. Recombinant E. coli ER2507 bacteria harboring MBPGFP,MBP-GFP-AuBP and MBP-GFP-AgBP encoding constructs were grown in LB
medium (10 g/L Tryptone, 5 g/L Yeast Extract 5 g/L NaCl, pH 7) with 2 % glucose
supplemented with 100 μg/mL ampicillin at 37 oC with continuous shaking at 200 rpm.
Bacterial expression was induced by adding 0.3 mM final concentration of IPTG (isopropylbeta-D-thiogalactopyranoside) at OD600 of 0.6. After 16 hours incubation at 30 oC the
bacteria were harvested by centrifugation at 5,000g for 15 min at 4 oC. Resuspended
bacteria in column buffer (20 mM Tris-HCl, 200 mM NaCl, 1mM EDTA, pH 7.4) were
sonicated five times (20 seconds each) at 200 W. The lysed cells centrifugated at 12,000 g
for 30 minutes. Supernatant was filtered and loaded to pre-equilibrated amylose resin (NEB)
column to purify the proteins having the maltose binding tag. Non-specific proteins were
washed away with column buffer. Specifically bound recombinant fusion proteins were
eluted by elution buffer (column buffer with 10 mM maltose). Purified protein samples were
assessed by SDS-PAGE analysis.
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Recombinant fuison proteins were next treated to remove the maltose binding purification
tags. Centrifugal filter units with a molecular-weight cutoff of 10 kDa (Millipore) were used
to concentrate the purified MBP-GFP and MBP-GFP-AuBP proteins. The buffer in the
protein samples was replaced with another buffer containing 20 mM Tris-HCl, 100 mM
NaCl, 2 mM CaCl2 (pH 8.0) using the same filter units. 30 μg Factor Xa (NEB) was added
to 1.5 mg fusion protein substrate. Following overnight incubation at 4 oC each cleavage
reaction sample was loaded onto the hydroxyapatite (Biorad) column which was prepared in
20 mM sodium phosphate, 200 mM NaCl (pH 7.2). Maltose molecules were washed away
using the same buffer. MBP-bound protein samples, which was eluted with 0.5 M Na
phosphate (pH 7.2), were loaded onto the amylose column. Protein samples without MBP
affinity tag were obtained from the flow-through.
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2.3.

Physicochemical Properties and Spectrofluorophotometric Analyses
Isoelectric point (pI) and molecular weight (MW) of the proteins was calculated by ExPasy
ProtParam tool. Fluorescence properties including optimal excitation and emission
wavelengths and intensities were compared across purified protein samples using a
spectrofluorophotometer (Shimadzu RF5301 PC).
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Localized Surface Plasmon Resonance
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Citrate-coated AuNPs (Ted Pella) were incubated with serial dilutions of GFP and GFPAuBP proteins. Citrate-capped 15 nm AuNPs, which exhibit a characteristic LSPR maxima
at 519 nm wavelength demonstrated a red-shift upon replacement of citrate by protein
molecules. Binding and interaction properties of the fusion proteins to AuNP surfaces were
compared with respect to their measured LSPR band shift.
2.6.

Surface plasmon resonance (SPR) binding experiments
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A four-channel SPR spectrometer (Radio Engineering Institute, Czech Republic) was used
to characterize binding properties of the produced fusion proteins. All buffers were filtered
through 0.2 μm pore size and degassed using ultrasonication for 20 minutes prior to use.
Once a baseline was stabilized for each SPR channel, recombinant proteins in PBS were
introduced to the gold sensor while the adsorption profile of the protein samples were
monitored. All protein solutions (GFP, GFP-AuBP, MBP-GFP and MBP-GFP-AuBP) were
introduced to the flow cell at a concentration of 0.1 μM.
2.7.

Micro-contact Printing
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Protein arrays consisted of MBP-GFP-AuBP were produced using micro-contact printing
methods. MBP-GFP and MBP-GFP-AuBP proteins were applied to PDMS stamps for 10
min. After removing the excess proteins by washing, the PDMS stamps were gently dried
with nitrogen. Protein-loaded PDMS stamps were then introduced to the gold surface.
PDMS stamps were allowed to sit for 10 min. onto the gold surface and washed with DI
water. Following a final step of gently drying the stamped surfaces with nitrogen, the protein
arrays were imaged using a fluorescence microscope (Nikon, Japan) equipped with FITC
filter.
2.8.

Self-Assembly of GFP-AgBP2c on Silver Nanoparticle Arrayed Surface
Silver binding peptide-Glass binding fusion peptide (AgBP-GlBP) was microcontact printed
on the glass cover slides. AgBP-GlBP printed substrate was incubated with 80 nm AgNP.
After 30 minutes incubation, the substrates were washed and dried under nitrogen. The
silver nanoparticle arrays were observed under dark field microscopy. Silver patterned
surfaces were then incubated with MBP-GFP-AgBP2c and MBP-GFP proteins.

2.9.

Fluorescence Tuning by Metal Nanoparticles
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Fluorescent measurements were performed using TECAN Safire UV-Vis spectrometer
microplate reader. Black-walled, flat-bottomed 384-well microplates (Corning) were used
for sample preparation and measurement. Various concentrations of GFP-AuBP protein were
incubated with 5 nm, 15 nm and 50 nm gold nanoparticles to achieve a total well volume of
50 μl. After incubation, fluorescence intensity was measured at 394 and 510 nm wavelengths
for excitation and emission, respectively.
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Results and Discussion
Production of Recombinant Fusion Proteins
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Recombinant green fluorescent protein was developed as a fusion construct to incorporate
gold binding peptide (GFP-AuBP). Primers were designed to include the amino acid
sequence of AuBP with the linker sequence. GFP-AuBP encoding sequences were amplified
using a series of forward and reverse primers containing extra residues including restriction
enzyme site, i.e. EcoRI or HindIII, at their 5’ ends, respectively. The DNA fragment
encoding GFP-AuBP was obtained by consecutive polymerase chain reactions (PCR). The
PCR product is expected to be approximately 790 base pairs. Molecular weight of the DNA
fragments encoding the fusion and control proteins (no metal binding peptide tag) were
confirmed using agarose gel electrophoresis (Figure 1). Since the expression vector, i.e.
pMALc4x, encodes an maltose binding tag at the N-terminal, gold binding peptide (AuBP)
sequence was incorporated at the C-terminal of the fusion fluorescent proteins to
accommodate the bi-functionality. Cloning of GFP and GFP-AuBP fusion fragments into the
expression vector was verified using both restriction and sequence analyses. Cloned genes
were inserted into the expression vector downstream from the MBP encoding malE gene
(Figure 1). Following the expression, each E. coli ER2507 culture expressing the
multifunctional proteins were examined under UV light. Expression of the fusion protein
incubation was found to be optimum when the culture was induced after 16 hours of growth
at 30 oC.
3.2.

Molecular and Structural Characterization of the Fusion Constructs
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Engineered recombinant fusion green fluorescent proteins incorporated gold and silver
binding peptides in addition to maltose binding protein tag (MBP). Maltose binding protein
was chosen as a sugar binding protein fusion partner in our molecular construct. Periplasmic
maltose binding proteins of bacteria have a role in uptake of sugars like maltose, maltotriose,
and maltodextrins [44]. Maltose binding proteins have been cloned from E. coli and utilized
in a variety of fluorescence-based biosensor systems [45–48]. Maltose binding protein also
offers a unique advantage by lacking any cysteine residues and consequently it provides an
ideal platform to prevents the sulfide-induced non-specific interaction of MBP with gold
surface [20].
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Figure 2a provides the engineered protein constructs with multi-functionality, MBP-GFP,
MBP-GFP-AgBP and MBP-GFP-AuBP proteins. Expression vector included a specific
sequence coding for the recognition site of a protease (Factor Xa). This recognition site
allows to remove the maltose binding tag from the fusion proteins by carrying out a cleavage
reaction following the purification step. After optimizing the expression conditions, we
completed the protease cleavage. Next purity and molecular weights of the fusion proteins
were assessed using a protein gel electrophoresis, i.e. SDS-PAGE (Figure 2b). A single,
purified band was observed for each protein of interest confirming the production of the
desired fusion green fluorescent proteins with gold or silver binding peptides.
Figure 3 provides the physicochemical properties of the purified proteins. Protein bands of
MBP-GFP and MBP-GFP-AuBP were approximately at 70 kDa, GFP and GFP-AuBP were
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at 30 kDa. Overall their molecular weight is comparable to their respective theoretical
values. We next analyzed the excitation and emission properties of the purified proteins
using fluorescence spectroscopy. MBP-tagged GFP-fusion proteins have similar excitation
(394 nm) and emission (510 nm) wavelengths and intensities (Figure 3) as compared to that
of GFP alone. Our results confirmed that fluorescence properties of GFP were protected
upon the insertion of gold binding peptide and maltose binding protein tag.
3.3.

Micro-patterning of Self Assembled Modular Fusion Proteins
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Microcontact printing, a common soft-lithography technique, is an efficient approach for
micropatterning of biomolecules [49, 50]. This approach has been used by different groups
to pattern biological materials, such as proteins [51, 52], DNA molecules [53] and cells [54].
We used an original master template made of Polydimethylsiloxane (PDMS) mold. Once
coated with proteins, the PDMS mold is pressed to make contact with a selected substrate
surface to transfer the protein onto the surface. Gold binding peptide engineered into the
multifunctional MBP-GFP-AuBP fusion protein enabled the self assembled formation of
protein patterns on gold surfaces as shown in Figure 4. While microcontact printing guides
the assembly of the protein samples on the surface, fluorescent labeling provides a
visualization of the assembled proteins using a fluorescence microscope. Fluorescent
labelling commonly requires additional labeling steps, whereas the method offered here
allows to spot the location of the peptides or proteins in a single step by using the green
fluorescence protein as a fusion partner in the protein assembly. Compared to control
experiments (MBP-GFP), MBP-GFP-AuBP multifunctional protein resulted in a strong
fluorescent intensity on the surfaces confirming gold binding peptide as essential component
for the assembly process.
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We next explored a hierarchical assembly through a layer by layer assembly of peptides,
nanoaparticles and next recombinant fluorescent fusion. Schematic representation of the
hierarchical assembly is provided in Figure 5. We designed and synthesized a bifunctional
peptide that is composed of silver and glass binding peptide domains connected through a
simple spacer region (AgBP-GlBP). Bifunctional AgBP-GlBP peptide enabled the self
assembly of the silver nanoparticles onto glass surface. We also engineered silver binding
peptides into the MBP-GFP fusion protein. Next MBP-GFP-AgBP fusion proteins were
transferred on AgNPs decorated surfaces simply by pipetting and compared against MBPGFP protein as a control. MBP-GFP-AgBP precisely assembled onto the nanoparticles
arrays. The hierarchical self assembly achieved on the AgNPs using bifunctional peptides
and recombinant fusion proteins confirms AgBP based guided assembly provides an
orientation control over the formation hybrid arrays.
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3.4.

Fluorescent Protein Assembly Followed by Localized Surface Plasmon Resonance
Localized surface plasmon resonance (LSPR) has emerged as a label free technique to
analyze biomolecular interactions. Local refractive index changes around the metallic
nanoparticle can be measured by the sensitivity of the surface plasmon frequency. Althought
the LSPR method is well established as a rapid and sensitive method, small biomolecules
coating the nanoparticle surface as single film layer remains as an issue. We first cleaved the
maltose binding protein from the multi-functional recombinant fusion fluorescent protein
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constructs. Then we investigated the assembly and binding properties of GFP-AuBP onto
metal, i.e. gold, nanoparticles using LSPR method. AuNPs were prepared at a final
concentration of 40 μM and incubated with the fusion proteins for 2 hours. Next the
absorbance spectra were recorded to calculate spectral peak shifts for each of the sample.
Spectral shifts indicate an altered surface structure and size when AuNPs are successfully
functionalized. The LSPR shifts observed at four different protein concentrations show that
the GFP-AuBP hybrid protein binds to AuNP with a higher affinity than the control GFP.
Higher protein concentration adsorption resulted in a higher red-shift supporting the
consistent mass increase. This result suggests that a stable protein layer was formed on the
surface of the nanoparticle following the incubation, with the increase in the nanoparticle
size (Figure 6). Metal nanoparticles when they are functionalized with a biomolecule have
been observed to result in UV-vis absorbance red-shifts and stimulated by the spacing and
plasmonic coupling between nanoparticles [55–57].
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3.5.

Fluorescence Quenching on the Metal Nanoparticle Surface
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Fluorescent quenching can be defined as the decrease in the intensity of the fluorescence.
Due to principles of resonant energy transfer, when the fluorescent moiety interacts with a
metal surface, the fluorescence intensity can be significantly quenched. We tested the
potential quenching as a result of the interaction of the GFP-AuBP fusion protein with gold
nanoparticles having sizes 5 nm, 15 nm and 50 nm. AuNPs were incubated with various
concentrations of GFP-AuBP protein for 2 hours. Our results showed that as the protein
concentration was increased, a greater fluorescence intensity (i.e., a lower quenching of GFP
fluorescence) was observed. Surprisingly, when 2 μM of GFP-AuBP was applied to 15 nm
AuNP, fluorescence level of the system was better controlled as compared to 50 nm AuNPs
at the same protein concentration (Figure 7a). These results confirms that the fluorometric
intensity is dependent upon NP size. To explore this as a platform technology, we next
evaluated the fluorescence intensity of GFP-AgBP protein-functionalized AgNPs having
sizes 20 and 80nm. Maintaining a constant AgNP concentration across both 20 and 80 nm
sizes, we determined the fluorescence intensities of the GFP-AgBP/AgNP across various
concentration of the fusion protein.
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Fluorescence intensity or quenching capacity is highly dependent upon the distance between
metal surface and the fluorophore. When this distance is constant, the quenching efficiency
by the gold and silver nanoparticles then may depend upon properties such as the size and
shape of the nanoparticle, the surface roughness, potential spectral overlap of the emission
of the fluorophore molecule and nanoparticle absorption spectrum, or the molecular dipole
orientation [58–62]. The effect of surface roughness on fluorescence intensity has been
previously investigated to show that the fluorescence quenching ability may be enhanced
due to the surface-damping effect below a critical intermolecular distance [62, 63]. Several
studies aimed to reduce potential quenching by using an additional layer to separate the
metal surface and the fluorophore molecule. Quenching also reported to be potentially
controlled by tuning the spacer layer thickness [64–66]. Using a SiO2 spacer in 5 nm
thickness, Zhang, et. al., (2012) obtained thousands-fold enhancements in fluorescence
signal [67]. Proteins were also used as a biocompatible spacer layer [68]. Recently,
fluorescence also has been shown to be regulated by employing a self-assembled monolayer
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(SAM) of 1 nm or less thickness on the plasmo-photonic meta-surfaces [69]. However,
degradation due to oxidation is a major limitation for the incorporation of SAMs on metal
surfaces [70]. Our results shows that modularity of the GFP-AuBP and GFP-AgBP protein
constructs allows being used as donor fluorescent molecules that could be applicable to a
variety of applications including biosensing and bioimaging.

4.

Conclusions
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We demonstrated that green fluorescent protein (GFP) engineered to incorporate two
different metal binding peptides, Au and Ag, can spontaneously form hierarchical hybrid
assemblies on metal nanoparticles. Engineering fluorescent proteins to incorporate the metal
binding peptide tags offered to formation of assemblies through biomolecular self assembly.
As a result, plasmonic properties of gold and silver nanoparticles are combined with
engineered fluorescent proteins as bimodal imaging probes in a single step. Our fluorescence
bimodal imaging system combines both core metallic surface and finely tunable
fluorescence features. Because of the robust β-barrel shape of GFP and specific binding and
assembly of the solid binding peptides, our biocompatible system provides adjustable
fluorescence and plasmonic features depending on the size of the nanoparticles and
concentration of the protein constructs. The control of the interaction of metallic
nanoparticles with biomolecules is critical for many biomedical applications, including
imaging, diagnostic and therapeutic [71–76]. Multimodal imaging platforms composed of
different imaging modalities can be further tailored towards specific targeting features using
functionalized coatings [6].
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Figure 1.

Schematic representation of MBP-GFP-AuBP encoding genetic construct and DNA
fragments amplified with Phusion High-fidelity DNA polymerase (NEB). Lane 1:
O’RangeRuler 50 bp DNA Ladder (Thermo Scientific), lane 2: Negative control, lane 3:
GFP-AuBP and GFP encoding DNA fragment.
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Figure 2.
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(a). Schematic illustration for GFP-AuBP purification (b) SDS-PAGE analysis of purified,
cleaved and uncleaved MBPGFP-AuBP and MBP-GFP proteins. Following purification of
MBP-GFP-AuBP and MBP-GFP fusion proteins, MBP tags were cleaved by Factor Xa and
then removed by subsequent chromatography steps.
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Figure 3.

(a) Molecular structure of GFP and (b) GFP-AuBP, (c) Physicochemical properties of the
recombinant proteins, (d) Emission spectra for the purified proteins.
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Figure 4.

(a) SPR determines the specificity of the binding. SPR sensorgrams recorded for purified
MBP-GFP, MBP-GFP-AuBP, GFP and GFP-AuBP. (b) Schematic of protein patterning and
FM images of micro-contact printing of 8 μM MBP-GFP-AuBP protein on flat gold surface
via PDMS stamping. MBP-GFP, lacking the AuBP peptide, was used as a control.
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Figure 5.

(a) Schematic of micropatterning formed through PDMS stamping of bifunctional peptide
composed of silver and glass binding peptide domains (AgBP-GlBP) followed by silver
nanoparticle assembly and the micropatterns incubated with multi-functional fusion protein
(MBP-GFP-AgBP). (b) Fluorescence (upper) and dark field images of the micropattern
formed through PDMS stamping of AgBP-GBP followed by silver nanoparticle assembly
and the micropatterns incubated with 15 μM MBP-GFP-AgBP (left) and MBP-GFP
proteins.
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Figure 6.
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(a) Schematic illustration of the AuNP functionalization with gold binding fusion protein
GFP-AuBP. (b) Localized surface plasmon resonance (LSPR) spectra of fluorescent protein
functionalized AuNPs. Spectral peaks collected after 16 h of incubation with GFP-AuBP
and GFP protein. A red shift was observed due to increased protein concentration.
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Figure 7.

Fluorescence Intensity on (a) GFP-AuBP proteins bound to 5 nm, 15 nm and 50 nm AuNPs.
(b) GFP-AgBP proteins bound to 20 nm and 80 nm AgNPs.
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