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ABSTRACT
The application of lessons learned from biological systems to chemistry and materials
science has allowed researchers to impact technologies such as solar energy, antibacterial and
stain resistant clothing, and energy storage. These biomimetic studies and techniques hold
promise to address challenges present in nanomaterial synthesis and application. One biomimetic
system that has been used to address these challenges is peptide phage display, in which the M13
bacteriophage virus is used to identify peptides that are specific for target materials. These
peptides are then used either attached to the virus or separate from the virus for a variety of
applications ranging from nanoparticle synthesis to batteries to solar energy harvest. This
dissertation describes the study and use of specific and nonspecific interactions of M13
bacteriophage proteins with inorganic nanomaterials.
We first use the biological environment inherent for the incorporation of M13
bacteriophage – aqueous solution, room temperature, and atmospheric pressure – to synthesize
metastable alloy nanoparticles of Au-Rh, Au-Pt, Pt-Rh, and Pd-Rh. By changing the ratio of the
precursor metal salt solutions, the composition of the alloy nanoparticles can be tuned across the
entire bulk miscibility gap. A variety of molecular and polymeric stabilizers can be used in this
synthesis, and the alloy nanoparticles can be synthesized in the presence of a porous support or
M13 bacteriophage.
The next demonstration of the usefulness of M13 bacteriophage is the use of a goldspecific peptide identified via peptide phage display as part of a system to magnetically separate
non-magnetic materials. The gold-specific peptide is covalently linked to Strep Tag II, a biotin
analogue that will bind strongly to streptavidin. This peptide is used to link gold nanoparticles to
streptavidin-coated iron oxide particles, which can then be separated from solution using a
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benchtop permanent magnet. Gold nanoparticles are sequestered from solution as well as
separated from a mixture of gold and cadmium sulfide or cadmium selenide nanoparticles.
Finally, we demonstrate the ability to use isothermal titration calorimetry to semiquantitatively study the binding of a phage display identified platinum-specific peptide to an assynthesized platinum nanoparticles solution. The peptide is twelve amino acids long with five
constituent amino acid residues – glycine, leucine, proline, lysine, and histidine. By studying the
binding of these amino acids as well as small portions of the full peptide to the platinum
nanoparticle solution, we find that histidine and histidine-containing peptides bind to the
nanoparticle solution with exothermic heats of binding. We also study the origin of this binding
and find that the major contribution is from binding of histidine to the platinum precursor still
present in the nanoparticle solution. Binding of histidine to a purified nanoparticle sample is
endothermic in nature with a different characteristic binding curve than for the as-synthesized
nanoparticle solution.
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Chapter 1

Introduction

1.1 Biomimetics
Nature’s ability to exhibit precise control over biological processes has interested
researchers for decades. These processes occur at mild temperatures and pressures in aqueous
environments and with exquisite control over nucleation and assembly of materials. Biomimetic
research aims to imitate nature in order to provide scientific and technological advances. The
results of biomimetic research have been commercialized in products such as Velcro, which was
inspired by burrs (the seeds of the burdock plant);1 stain resistant clothing that is based on the
lotus leaf effect;2 and e-reader displays that have iridescent screens inspired by butterfly wings.3
These products are the result of fundamental research intersecting with market demands.
An example of biomimetic research that is at the forefront of scientific exploration is the
search for systems that can imitate photosynthesis.4 This interdisciplinary research involves
biologists, biochemists, and biophysicists who study the complex natural photosynthetic systems
and chemists, materials scientists, and others who apply the lessons learned to artificial mimics.5
This field has advanced greatly, evidenced by the Nocera group’s work on both hydrogen- and
oxygen-evolving catalysts to create a device that can do both in an artificial leaf architecture.6
Of particular interest to solid state chemists and materials scientists are the processes by
which biological systems coordinate and control the interactions of soft materials, such as
proteins and tissues, with hard inorganic materials. Biological processes often occur at the
nanometer scale, positioning biomimetic research to tackle nanoscale research challenges. For
example, ferritin is a natural protein complex that mineralizes iron oxide in its core cavity.7
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Researchers have exploited this biomineralization process to synthesize a variety of materials
such as Co/Pt particles8 and quantum dots9 with precise control over size and shape. In many
cases, the interaction of proteins with inorganic materials is crucial for proper orchestration of
nucleation and assembly in biological systems. Through precise recognition events based on
noncovalent interactions, inorganic materials can be nucleated at particular sites within or on
proteins and then guided into complex architectures by these or other proteins.10 One technique to
imitate these biological processes is peptide phage display.

1.2 Peptide Phage Display
Peptide phage display uses M13 bacteriophage, a filamentous virus, to identify peptides
with specificity for a target in a way that mimics evolutionary processes. M13 bacteriophage,
referred to here as phage, is approximately 1 µm long and 6 nm wide with five coat proteins.
Figure 1 shows the arrangement of the five copies of each minor coat protein – pIII, pVI, pVII,
and pIX – at the tips of the phage particle and the 2700 copies of the major coat protein, pVIII,
surrounding the circular single-stranded DNA of the phage along the length of the particle.

Figure 1-1: Cartoon of structure of M13 bacteriophage particle.
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The simplicity of the DNA allows for relatively straightforward genetic engineering of the coat
proteins to attach peptides and small proteins and to study of the interactions of these with target
materials. After binding experiments, the DNA of the phage that bind can be analyzed in order to
determine the sequence of the attached peptides or proteins that are responsible for binding.
Although attachment can be carried out on the tip of any of the coat proteins, pIII and pVIII
modification are most common. This method is part of a suite of combinatorial peptide surface
display methods including cell surface display and yeast surface display. M13 bacteriophage is a
desired vehicle for such peptide surface display due to the relative simplicity of its surface and
genetic code.11 (See Appendix A for experimental phage display details.)
Peptide phage display has been used to study enzyme active sites and antibody binding
since the mid-1980’s.12 Early phage display experiments included epitope mapping,13 in which
the region of an antigen that is recognized by the immune system as a foreign object was
identified. Other early reports focused on model systems such as streptavidin-binding peptides14
and binding to known antibodies for comparison against other identified ligands.15 The
development of peptide phage display libraries allowed researchers to screen large numbers of
peptides against targets with ease.14-16 Critical biological advances on targeting tumors for drug
delivery,17 drug discovery,18 DNA binding peptides,19 and hormone therapy20 have been made
with this method. More pertinent to the topic of this dissertation is the development of this
process to study and exploit the interactions of peptides with inorganic materials over the last 15
years.

1.2.1 Peptides for Inorganic Material Binding
The first instance of a combinatorial peptide surface display method being used to
identify binding affinity for an inorganic target was undertaken in 1992 by Brown, who identified
a peptide that would bind iron oxide in preference to other metal oxides.21 This technique was
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further developed over the next few years by several groups who created phage display libraries
for similar applications,22 and commercial phage display library kits were developed by New
England Biolabs (Ipswich, MA).
Several groups have been using peptide phage display to identify peptides with
specificity for inorganic materials – commonly referred to as “specific peptides” – and have
identified peptides with specificity for metals, metal oxides, chalcogenides, and carbonaceous
materials. In addition, these peptides have been used in a variety of ways. The Belcher group is a
pioneer in this field and has identified and used many specific peptides as well as created a
variety of nanoarchitectures using specific peptides on the phage particle. By displaying
semiconductor-specific peptides along the length of the phage and introducing the necessary
precursors, nanowires of ZnS or CdS were formed.23,24 In addition, they created branched
architectures by displaying gold-binding peptides along the length of the phage particle for gold
capture and a streptavidin-binding peptide at the tip; the streptavidin-specific peptides recognized
streptavidin coated nanoparticles in order to link several gold-coated phage particles.25 Bundles of
CoPt-coated phage particles were also prepared by this group in a similar manner.26 Additionally,
the Belcher group has developed phage and phage display identified peptides for use in
applications such as solar energy conversion27 and Li-ion batteries.28
Other groups have identified peptides with specificity for metals that were then used to
control the nucleation of the materials. One example is gold-binding peptides that were identified
by peptide phage display and studied for their ability to nucleate the growth of nanoparticles.
Naik, et al. identified peptides that could bind both silver and gold29 but could only nucleate gold
nanoparticles due to its ability to reduce gold precursor ions but not silver ions. It was found that
this peptide acts as both the reducing agent and the stabilizer for the gold nanoparticles and
reduces the polydispersity of the nanoparticles. The role of the specificity of the peptide was
investigated by synthesizing the nanoparticles in the presence of a non-specific peptide capable of
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reducing the gold precursor ions. This experiment revealed that the specific peptide was
necessary for size and shape control of the particles.30 A similar peptide was investigated for its
role in the reduction of ions in addition to stabilization and growth of nanoparticles when a
reducing buffer is present.31 The peptide was found to slow the growth of the nanoparticles,
improving the size and morphology monodispersity. Similar investigations were also undertaken
for silver, platinum, and palladium nanoparticles.29,32
Semiconductors have also been targets for peptide phage display. For example, peptides
with specificity for GaAs, InP, and Si were identified and then assembled on patterned
semiconductor surfaces.33 The Gergely group has identified peptides with specificity for several
semiconductors and applied them to functionalize these semiconductor surfaces with specific
placement of biomolecules,34 while retaining activity of attached proteins,35 and for optical
sensing applications.36 Interest in quantum dots for a variety of applications led to the
identification of semiconductor-binding peptides for nucleation and assembly of quantum
dots.23,37

1.2.2 Binding Studies of Inorganic Binding Peptides
In addition to identifying and using these specific peptides, it is important to study the
binding specificity and affinity as well as the factors that affect these properties. The simplest
way to evaluate the binding affinity of a peptide for a target is to count phage particles before and
after binding using a method called titering, in which serial dilutions of the phage solution infect
E. coli and the original concentration is back-calculated. While this method is straightforward in
practice, it can be unreliable and is an approximation of the original concentration. Quartz crystal
microbalance (QCM) techniques and surface plasmon resonance (SPR) spectroscopy have been
shown to be useful in probing the binding of specific peptides on inorganic surfaces. Both of
these techniques record the change in the output based on the adsorption of a ligand to the surface
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of the probe, which is modified with the target material. In QCM, a quartz crystal is in resonance
at a specific frequency that is affected by the adsorption of a ligand, while SPR involves a shift in
the plasmon resonance of the probe upon binding of ligand to the surface. The affinity and
binding kinetics of peptides with specificity for titania,38,39 silica,39 platinum,40,41 gold,40,42
hydroxyapatite,43 and quartz40 have been investigated with these two methods. Atomic force
microscopy (AFM) has been used to probe the specificity of gold- and titanium-specific peptides
for the target materials. One use of AFM is to measure peptide coverage at different
concentrations then calculate binding isotherms, which is how So, et al. probed the binding of a
gold-specific peptide on a thin film gold surface.44 Hayashi, et al. used adhesion force AFM to
probe the nature of the binding of a titanium-specific peptide that was bound to a ferritin protein
and determined that electrostatic forces were responsible for the binding.45 One study used timeof-flight secondary ion mass spectrometry to study the binding of a gold-specific peptide to gold,
silver, and palladium. Analysis of the fragments recovered in this technique identified the
importance of amino acid side chains containing nitrogen groups or sulfur atoms.

46

The peptide

was found to bind to silver and palladium in addition to gold, and the peptide sequence ATSGT
was identified as a common binding motif among all surfaces. In addition, methionine was
identified as important in binding to silver while glutamine, lysine, and isoleucine were found to
be important for binding to all three metals.
Often experimental data needs to be compared to computational analysis of the system in
order to fully understand all the details, as is true of the binding of peptides to inorganic surfaces.
This strategy is made difficult by the complexity of peptide-inorganic material interactions and
the presence of both organic and inorganic portions, which are often analyzed with different
computational methods. Identification of portions of the peptides that are conserved between
different peptides with specificity for the same target indicated their importance for binding, and
this knowledge allowed for a reduction in the complexity of the system for computational
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investigation of the methods of binding.47 It was found that the surface charge of the solid surface
is an important factors in binding.48 For a gold-specific peptide, simulations indicated the
importance of hydroxyl groups present in amino acid side chains for binding.49 In addition, the
role of a gold-specific peptide in the synthesis of gold nanoparticles was investigated to determine
that the peptide binds most strongly to ~5 nm particles, which explains the narrow size
distribution of the resulting nanoparticles.50 Even with these investigations, there is still much to
learn about the affinity and nature of binding of peptides to inorganic surfaces.

1.3 Nanomaterials
Nanomaterials are of great interest to scientists in many fields due to the unique
properties they exhibit compared to their bulk counterparts. These nanoscale materials show
unique properties that are evident when the materials are confined at or below the characteristic
length scale for certain physical properties. For example, optical and electronic properties can be
drastically different at the nanoscale than at the bulk scale, such as when photons or excitons are
confined to the size of the nanoparticle and the electric field around the nanoparticle is affected.
In addition, the increased surface-to-volume ratio of nanomaterials and the increased number of
steps and edges on nanomaterial surfaces can affect properties such as catalysis.51 One common
method for synthesizing these materials is via solution-phase methods in which nucleation of the
nanomaterials occurs from molecular, ionic, or atomic precursors often using surfactants to
passivate the surface.

1.3.1 Solution-Phase Nanomaterial Synthesis
Researchers have developed solution-phase methods to control size, shape, and
composition of nanomaterials.52,53 Many factors affect the products of nanomaterial synthesis,
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such as the solvent system, stabilizers, temperature, precursors, and concentrations. By studying
the effects of each of these on a variety of systems, researchers have gained more understanding
about and control over reactions and products.52,54 This section will detail a few representative
examples of systems in which great control has been demonstrated.
The simplest nanomaterials are those that contain one component, which is the case for
single-metal nanoparticles. These nanoparticles are of great interest due to their optical,55
electronic,56 and catalytic57 properties. Gold nanoparticles, for example, are studied for their
catalytic and optical properties and for applications ranging from single molecule detection to
biomedical uses.58 The most established synthetic technique to synthesize gold nanoparticles is in
aqueous solution containing citrate.59 Citrate acts as both the reducing agent and stabilizer when
the solution is boiled. While this is a straightforward synthetic technique, there is limited control
over the particle size, and it is difficult to tune the size or shape of the particles with this method.
An aqueous synthetic method was developed by the Murphy group to vary the aspect ratio of gold
nanorods by adjusting precursor ratios and including additives in the procedure.60 Different
shapes can be obtained by using cetyltrimethylammonium bromide and ascorbic acid while
varying the concentration ratios of these and other components to each other.61 Many groups have
studied the effect of stabilizers and solvent on the synthesis of gold nanoparticles.62 In addition,
the synthesis of gold nanoparticles can be carried out using the polyol method, in which the
solvent is an organic compound containing several hydroxyl groups, such as a glycol or diol.63
As one can imagine, adding a second component to the nanoparticle increases the
complexity of the synthesis as composition can be varied in addition to size and shape. For
example, bimetallic particles can be synthesized as homogeneous alloys, core-shell particles, or
hybrid nanoparticles depending on the reaction conditions.64 Systems that contain non-metallic
components, such as chalogenides and pnictides, can have substantial complexity. For such
systems, the phase diagrams can be complicated and may include many thermodynamically stable
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phases.65 Sophisticated synthetic techniques and experimental designs may be required to target
the material with the desired phase and composition. Sines and Schaak developed a method to
overcome this complexity by using a phase-selective trioctylphospine extraction to target the
most metal-rich chalcogenide that is stable.66 Another attempt to target the phase and composition
desired was undertaken by Dawood and Schaak. This method involved using a structural
template, ZnO, to synthesized the wurzite phase of ZnS and ZnSe.67
Synthesizing nanomaterials with more than two components is even more difficult. The
difficulty of synthesizing materials that contain three elements in a set composition can be
extrapolated from the above discussion. In addition, using solution methods to synthesize hybrid
nanocrystals of higher orders, such as trimers and tetramers, requires careful synthetic control and
tuning of all parameters. As discussed by Buck, et al., this can be seen as analogous to the
multiple steps organic chemists take in a “total synthesis” method.68 Often it is difficult to
specifically target the desired arrangement and, for example, flower-like morphologies may be
obtained when only two domains are desired.69 This is a prime example of the complexity that is
present in multicomponent systems and the challenges that must be overcome.

1.3.2 Cleaning Up and Reducing the Environmental Impact of Nanomaterial Syntheses
While much progress has been made in nanomaterial synthesis toward many important
applications, preparing pure and monodisperse samples can be a difficult and energy-intensive
process. Samples with high purity and monodispersity are vital for many applications. This is
especially true when the properties of the sample vary greatly with small changes in the size,
shape, composition, and/or phase of the constituent materials.70 Often, in order to obtain such
sophisticated nanomaterials, harsh conditions and toxic solvents are used, some of which are
described above. In addition, collection and purification of the materials can require energy- and
solvent-intensive procedures.71
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Many sophisticated syntheses involve high-boiling solvents that allow the reaction to
reach temperatures at which reduction of precursors and diffusion of components can occur.
These solvents can be hazardous and toxic. One example is olelyamine, which is a solvent used in
a variety of nanomaterial synthetic prepartions because it can act as both stabilizer and reducing
agent for a variety of materials, The hazards of this material include toxicity to aquatic life and
severe skin burns and eye damage if not properly handled. On top of this, harsh reducing agents
may be necessary.71 Biomimetic environments, in which aqueous, room temperature conditions
are used, can reduce the impacts of nanomaterial synthesis.
Typical nanomaterial sample clean-up involves precipitation and centrifugation, in which
the solvent system is varied in order to precipitate out the desired products based on stability of
the nanoparticle, generally surrounded by a surfactant, in these solvents.72 Nanoparticles of
different sizes can be precipitated preferentially at different centrifugation speeds to narrow the
size distribution of samples. Another simple separation technique is to use permanent magnets to
physically separate magnetic materials from the parts of the sample that are not magnetic.72 More
complicated separation techniques have been developed in recent years. Field flow fractionation,
as an example, involves applying a field to the solution of nanoparticles in order to separate them
based on their differential interaction with the field.73 Magnetic particles can be separated in a
similar technique, called differential magnetic catch and release.74 Chromatographic techniques
such as column chromatography and high performance liquid chromatography have been adapted
for nanoparticle separation, as have density gradient ultracentrifugation and electrophoresis.75

1.4 Research
The following chapters describe research at the interface of biology and materials. With
the aim of reducing the environmental impact of nanomaterial synthesis and purification, nature
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was used for inspiration. In particular, this research focused on M13 bacteriophage as a vehicle
for nanomaterial assembly and peptide surface display. This biomimetic technique and benign
reaction conditions were used to offer alternative nanomaterial synthetic and purification methods
and to add to current knowledge of peptide-inorganic material interactions. An inherently green
aqueous, room temperature environment was used to nanomaterial synthesis in order to include
M13 bacteriophage as a support for nucleation of nanomaterials. Phage display-identified
peptides were used to facilitate nanomaterial purification and the binding of a platinum specific
peptide to platinum nanoparticles was studied using a technique not previously used for these
peptides.
In Chapter 2, Au–Rh, Au–Pt, Pt–Rh, and Pd–Rh alloy nanoparticles are synthesized by
an aqueous room-temperature borohydride reduction of metal salts. These alloys have large
miscibility gaps in the bulk; therefore, they are non-equilibrium phases. The alloy compositions
are tuned across the entirety of the miscibility gaps by adjusting the metal salt precursor ratio. In
addition, the nanoparticles are supported on M13 bacteriophage and porous carbon in order to
reduce the agglomeration of the particles.
Chapter 3 describes a technique to magnetically separate non-magnetic nanomaterials
from a colloidally stable mixture of nanomaterials. A gold-specific peptide identified via peptide
phage display is linked to a biotin analog to allow for capture of gold nanoparticles on
streptavidin-coated iron oxide particles and separation using a benchtop permanent magnet. Gold
nanoparticles are sequestered from several mixtures of nanoparticles. UV-visible spectroscopy
and transmission electron microscopy were used to monitor the sequestration and separation.
The specificity of a platinum-specific peptide identified in our lab is investigated in
Chapter 4 using isothermal titration calorimetry. The binding thermogram of the peptide, with a
sequence of KPHPHLHHKPGP, to platinum nanoparticles indicates that all binding sites on the
surface of the nanoparticle are thermodynamically independent. Examination of the contributions
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of the constituent amino acids reveals that only histidine binds to the surface of the nanoparticles
at the binding pH of 7.5. In addition, small portions of the full peptide only showed characteristic
binding thermograms when histidine was present, indicating the strong dependence of the peptide
binding on histidine.
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Chapter 2

Aqueous room-temperature synthesis of Au–Rh, Au–Pt, Pt–Rh, and Pd–Rh
alloy nanoparticles: fully tunable compositions within the miscibility gaps

2.1 Introduction
Many binary late transition metal systems have large miscibility gaps, and in these
systems solid-solution alloys and intermetallic line compounds represent non-equilibrium phases.
However, accessing compositions within the miscibility gaps is important because such phases
offer interesting synergistic properties that cannot be achieved in phase-segregated mixtures.1
Some bulk synthesis methods succeed in accessing such alloys and inter- metallic compounds by
side-stepping equilibrium processing conditions, including rapid solidification,2,3 ion mixing,4,5
and low gravity methods.6 In recent years, many alloys and inter- metallic compounds that are not
stable in bulk systems have been accessed as nanoscopic particles using both physical and
chemical methods. For example, the non-equilibrium L12-type Au3M1—x (M=Fe, Co, Ni)
intermetallics can be accessed using an air-free solution chemistry synthesis route.7 Similarly, a
variety of late transition metal alloys that are immiscible in bulk under equilibrium processing
conditions can be accessed as colloidal nanoparticles, e.g. Ag–Pt, Ag–Rh, etc.8,9
Most of the chemical methods used to generate non-equilibrium late transition metal
alloys as nanoparticles rely either on elaborate synthetic techniques or sophisticated templates and
chemical precursors. The Au–Pt system, which is especially interesting for important catalytic
reactions

that

include

CO

oxidation,10,11

hydrogen

evolution,12

electrooxidation,13,14

electrocatalytic oxygen reduction,15 and various hydrogenations,16 has been extensively studied
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and provides a representative system for elaborating existing synthetic routes to colloidal
nanoparticles of bulk-immiscible alloys. Many methods rely on molecular encapsulation of Au
and Pt reagents in confined spaces, e.g. within micelles,12 dendrimers,10,17,18 or two-phase
systems,14,19–23 to facilitate co-nucleation via spatial sequestration. High-temperature reduction in
high-boiling organic solvents has succeeded in generating AuPt alloy nanoparticles,24 as have
more harsh methods that use strong reducing agents such as n-butyllithium.25 Bimetallic metal–
organic complexes can also facilitate the co-nucleation of Au and Pt to form AuPt alloy
nanoparticles.26 In general, the use of such synthetic approaches is rationalized either by the need
to overcome the different reduction kinetics of the distinct metal salt precursors or the need to
sequester both the Au and Pt precursors within the same confined space. Indeed, the prevailing
assumption often is that sophisticated strategies are needed for co-nucleating two immiscible
elements to form non-equilibrium alloy nanoparticles.
Here, we show that a simple and standard room-temperature aqueous synthesis route
yields composition-tunable alloy nanoparticles in the Au–Rh, Au–Pt, Pt–Rh, and Pd–Rh systems,
which have miscibility gaps as bulk-scale alloys prepared under equilibrium conditions.27–30 As
described above, the Au–Pt system has been extensively studied, but the other three (Au–Rh, Pt–
Rh, and Pd–Rh) have not. In this paper, room-temperature borohydride reduction of water-soluble
metal salt reagents in the presence of a variety of molecular and polymeric surface stabilizers is
shown to yield alloy nanoparticles with compositions that can be fully tuned across the miscibility
gaps. Nanoparticle aggregation and coalescence are frequently observed in the as- synthesized
particles, but highly dispersed non-agglomerated particles can be accessed by anchoring them on
high surface area carbon or bacteriophage supports during the synthesis. Importantly,
investigations into the formation of these non-equilibrium alloy nanoparticles suggest that a
‘‘conversion chemistry’’ pathway is involved in their formation: nanoparticles of one metal (e.g.
Au) nucleate first, followed by diffusion of the other (e.g. Rh) to form homogeneous alloy

3
nanoparticle products. This chemical transformation pathway can help to rationalize the
formation of alloy nanoparticles in bulk-immiscible systems using such mild conditions.

2.2 Experimental
2.2.1 Materials
Rhodium(III) chloride hydrate (99.99%), palladium(II) chloride (99.9%), hydrogen
tetrachloroaurate(III) (99.99%), potassium tetrachloroplatinate(II) (99.99%), sodium borohydride
(98%), polyvinylpyrrolidone Mw 8000, polyvinyl alcohol (86–89% hydrolyzed) medium Mw,
sodium citrate (ACS, 99.0% min.), sodium acetate anhydrous (ACS, 99.0% min.), and (1hexadecyl) trimethyl ammonium bromide (CTAB, 98%) were purchased from Alfa Aesar. PEG8000 (polyethylene glycol) was purchased from OmniPur. Borane tert-butylamine complex
(TBAB) powder (97%) was purchased from Sigma Aldrich. MISC Milled Vulcan XC-72 Carbon
was purchased from E-TEK. All chemicals were used as received, without further purification.
2.2.2 Synthesis
Alloy nanoparticles were synthesized using NaBH4 reduction of metal salts in water at
room temperature. In a typical synthesis, 3.7 mL of NANOpure 18 MU water, 200 mL of 80
mg/mLჼPEG-8000 and 1 mL total of 50 mM solutions of HAuCl4·3H2O and RhCl3·xH2O,
HAuCl4·3H2O and K2PtCl4, K2PtCl4 and RhCl3·xH2O, or PdCl2 and RhCl3·xH2O, with molar
ratios of the metal salts (referred to as ‘‘nominal compositions’’) ranging from 10:1 to 1:10 for
the Au–Rh system and from 7:1 to 1:7 for the Au–Pt, Pt–Rh, and Pd–Rh systems, were stirred
together in a 20 mL glass vial for 5 to 30 min (see Table 2-1 for details). 100 mL of 20 mg/mL
NaBH4 was added slowly to the solution while stirring, and stirring was allowed to continue for 1
hour. The particles were collected by centrifugation and washed several times with ethanol.
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The Au–Rh system was used as a model system for studying the reaction pathway.
Aliquots (1–2 mL) were taken immediately after the addition of 2 drops (20 mL per drop) of
NaBH4 and after 2 more drops of NaBH4 were added. In addition, a weaker reducing agent,
TBAB, was used to slow down the reaction. Aliquots (1–2 mL) were taken after the addition of 2
drops of 20 mg/mLჼTBAB, after 100 mL of the TBAB was added, and after the addition of 50
mL of NaBH4. Each aliquot was centrifuged to collect the solid and washed several times with
ethanol before being dried for XRD analysis.
Au–Rh with a 1:1 molar ratio metal salt solution (e.g. 1:1 Au:Rh nominal composition)
supported on a Vulcan carbon support was prepared as described above except 5 mg of Vulcan
carbon was added to the solution prior to NaBH4 addition. The sample was collected and washed
as described above. Au–Rh with a nominal composition of 1:2 supported on M13 bacteriophage
was prepared by mixing 200 mL of wild type M13 bacteriophage with 25 mL of 50 mM
HAuCl4·3H2O, 50 mL of 50 mM RhCl3·xH2O, and 175 mL of NANOpure, 18 MΩ water in a 2
mL centrifuge tube for 30 min followed by the slow addition of 50 mL of 20 mg/mLჼNaBH4. The
sample was centrifuged and washed as described above.
2.2.3 Characterization
Powder X-ray diffraction (XRD) patterns were collected on a Bruker Advance D8 X-ray
diffractometer using Cu Ka radiation. Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns were collected using a JEOL JEM 1200 EXII
microscope operating at 80 kV. High-resolution TEM, energy-dispersive X-ray spectroscopy
(EDS), and selected area electron diffraction (SAED) patterns were collected using a JEOL-2010
LaB6 microscope operating at 200 kV. Samples for TEM analysis were prepared by briefly
sonicating the samples suspended in ethanol and immediately drop casting 8 mL onto the surface
of a formvar carbon coated nickel grid, following by drying in air.
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Table 2-1: Volumes of reagent solutions.

Alloy

Au:Rh

Au:Pt

PtRh

PdRh

Ratio
10:1
7:1
5:1
3:1
2:1
5:3
1:1
3:5
1:2
1:3
1:5
1:7
1:10
7:1
3:1
1:1
1:3
1:7
7:1
3:1
1:1
1:3
1:7
7:1
3:1
1:1
1:3
1:7

HAuCl4·3H2O
909
875
833
750
667
625
500
375
333
250
167
125
90
875
750
500
250
125
-

µL of 50mM solution
RhCl3·xH2O
K2PtCl4
91
125
167
250
333
375
500
625
667
750
833
875
909
125
250
500
750
875
125
875
250
750
500
500
750
250
875
125
125
250
500
750
875
-

PdCl2
875
750
500
250
125
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2.3 Results and Discussion
In a typical synthesis of Au–Rh alloy nanoparticles, which serve as a representative
system, appropriate amounts of HAuCl4·3H2O and RhCl3·xH2O were dissolved in water along
with PEG as a surface stabilizer, and the metal salts were reduced using aqueous NaBH4.
Depending on the nominal Au:Rh ratio, different alloy compositions were accessed. Fig. 2-1
shows powder XRD data for all of the Au–Rh alloys, which range in nominal composition from
1:10 to 10:1 Au:Rh. All samples show a single phase, which corresponds to a crystalline face
centered cubic (fcc) alloy. The progressive shift of the (111), (200), and (220) reflections
indicates that the alloy composition is changing from Au-rich to Rh-rich. This shows that the
alloy compositions are tunable across the entire Au1 xRhx solid solution, which spans the nearly
-

complete bulk miscibility gap.
Au–Rh alloy nanoparticles also form with other common molecular and polymeric
surface stabilizers, including polyvinyl alcohol, polyvinylpyrrolidone, citrate, acetate, and CTAB
as shown in Figure 2-2. This indicates that co-sequestration of both elemental precursors on a
polymer chain, for example, is not required for the alloys to form.
Fig. 2-3 shows a plot of estimated composition (determined from the lattice constants
using Vegard’s law) vs. nominal composition. While this clearly indicates that composition is
tunable across the entire Au1 xRhx solid solution, Fig. 2-3 shows that the nominal and actual
-

compositions differ, with products that are more Au-rich than their nominal compositions would
have suggested. In order to understand this, we probed the reaction mechanism by studying
aliquots taken throughout the course of a typical reaction, using Au–Rh as a model system.
Aliquots taken immediately after the addition of small amounts of NaBH4 show that the alloy is
Au-rich, and it incorporates more Rh as more NaBH4 is added (Fig. 2-4a). In addition, TBAB, a
weaker reducing reagent that reacts more slowly than NaBH4, was used to study the initial stages
of the reaction. Aliquots taken after adding two drops of 20 mg/mL TBAB to an aqueous solution
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containing both HAuCl4·3H2O and RhCl3·xH2O produced exclusively gold nanoparticles with no
evidence of Rh incorporation. Upon addition of more TBAB, a Au-rich Au–Rh alloy was formed,
and after the addition of NaBH4, more Rh was incorporated into the particles (Fig. 2-4b). These
studies suggest that gold seeds nucleate first, followed by the diffusion of rhodium into the
particles to form homogeneous alloys. This is consistent with a “conversion chemistry”
mechanism: a chemical transformation that converts one type of nanoparticle (in this case, Au)
into another (e.g. Au1 xRhx alloys).
-

Rh
1:10
1:7

Intensity (arbitrary units)

1:5
1:3
1:2
3:5
1:1
5:3
2:1
3:1
5:1
7:1
10:1
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60

65
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70

2 Theta (degrees)
Figure 2-1: Powder XRD patterns for Au–Rh alloy nanoparticles ranging in nominal
composition from 10:1 to 1:10 Au:Rh. Vertical lines indicate the (111), (200), and (220) peak
positions for Au and Rh.
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Figure 2-3: Plot of estimated composition (via
analysis of the powder XRD data using
Vegard’s Law) vs. nominal composition for the
Au–Rh system. The line represents the ideal
direct 1:1 correlation between estimated and
nominal composition.
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Figure 2-2: Powder XRD patterns for Au-Rh
alloy nanoparticles synthesized with different
polymeric and molecular stabilizers. All nominal
Au:Rh compositions were 1:1 except for CTAB
(2:3) and PVP (1:2). Vertical lines indicate the
(111), (200), and (220) peak positions (left to
right) for Au (red) and Rh (blue).
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Figure 2-4: Powder XRD data for reaction pathway studies of the formation of Au–Rh alloy
nanoparticles. Vertical lines indicate the (111), (200), and (220) peak positions for Au and Rh.
Panel (a) shows the products after adding (i) 2 drops and (ii) 4 drops of 20 mg/mL aqueous
NaBH4 to a solution containing a 1:1 ratio of HAuCl4 to RhCl3. Panel (b) shows the products after
adding (i) 2 drops and (ii) 1 mL of 20 mg/mL aqueous TBAB, followed by (iii) 50 mL of 20
mg/mL NaBH4 to a solution containing a 1:1 ratio of HAuCl4 to RhCl3.
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Figure 2-5: (a) Powder
XRD patterns(d) for Au–Pt alloy nanoparticles ranging in nominal
composition from 7:1 to 1:7 Au:Pt. Vertical lines indicate the (111), (200), (220), (311), and
(222) peak positions (left to right) for Au and Pt.30(b) Representative
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(b) 2-6: a) Representative TEM image of Au–Rh alloy nanoparticles with a nominal Au:Rh
Figure
ratio of 1:1. (b) HRTEM image showing (111) lattice fringes for the Au–Rh alloy nanoparticles.
(c) SAED pattern indicating the presence of a single fcc alloy phase. (d) EDS spectrum indicating
a Au : Rh ratio of approx. 1:1. The Ni signal is from the TEM grid.

The Au–Rh alloy nanoparticles tend to be spherical but agglomerated, regardless of the
surface stabilizer that is used. UV-visible absorption spectra of the nanoparticle solutions showed

50 nm
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only diffuse scattering with no prominent plasmon bands, and this is consistent with the presence
of agglomerated particles in solution. Fig. 2-5a and b show representative TEM images of Au–Rh
alloy nanoparticles with a nominal Au:Rh ratio of 1:1. The HRTEM image in Fig. 2-5b confirms
the crystalline nature of the Au–Rh nanoparticles, and the corresponding SAED pattern (Fig. 25c) indicates that the sample consists of a single fcc alloy phase. An EDS spectrum for this
sample, shown in Fig. 2-5d, indicates a Au:Rh ratio of approximately 1:1, which is consistent
with XRD data (Fig. 2-1 and 2-3).
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Figure 2-7: Powder XRD patterns for (a) Pd–Rh and (b) Pt–Rh nano- particles ranging in
nominal composition from 7:1 to 1:7 Pd:Rh and Pt:Rh. Vertical lines indicate the (111), (200),
and (220) peak positions (left to right) for Pd or Pt and Rh. Enlargements of the (100) and (200)
reflections for the Pd–Rh and Pt–Rh samples are shown below the larger- range plots.

11

Other composition-tunable alloy nanoparticles can be synthesized as well. Fig. 2-6a
shows powder XRD data for several members of the Au1 xPtx solid solution, indicating
-

composition tunability across the miscibility gap analogous to the Au–Rh system. Fig. 2-6b
shows a representative TEM image and SAED pattern for the Au–Pt nanoparticles, which have an
agglomerated morphology that is similar to the Au–Rh nanoparticles. Fig. 2-7 shows powder
XRD data for the Pt–Rh and Pd–Rh systems, showing Pt1 xRhx and Pd1 xRhx solid solution
-

-

formation across the bulk miscibility gap, and Fig 2-8 shows a plot of estimated composition vs.
nominal composition for the Au–Pt, Pt–Rh, and Pd–Rh systems.
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Figure 2-8: Plots of estimated composition (via Vegard’s Law analysis of the powder XRD data)
vs. nominal composition for (a) Au-Pt, (b) Pt-Rh, and (c) Pd-Rh alloy nanoparticles. The lines
represent the ideal direct 1:1 correlation between estimated and nominal composition.
Many of the more sophisticated methods for synthesizing colloidal alloy nanoparticles
(e.g. dendrimer templates, high-temperature solvent reactions, etc.) can generate particles with
greater uniformity and less agglomeration than those shown in Fig. 2-5 and 2-6, including for
alloy systems with bulk miscibility gaps. However, the simple room-temperature aqueous
synthetic strategy can be modified to generate highly dispersed nanoparticles that are appropriate
for applications in catalysis, which is where such alloy nanoparticles are often used. Fig. 2-9a
shows a representative TEM image of Au–Rh nanoparticles anchored onto a Vulcan carbon
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support. This sample was synthesized in a manner identical to the agglomerated Au–Rh particles
shown in Fig. 2-5, but with the Vulcan carbon support added during the synthesis (prior to
borohydride reduction) in order to trap the growing nanoparticles on the surface and prevent
agglomeration. XRD data for this sample (Fig. 2-10a) shows an fcc Au–Rh alloy, and the EDS
spectrum (Fig. 2-10c) shows the presence of both Au and Rh within the field of view. This is
consistent with the formation of Vulcan carbon supported Au–Rh alloy nanoparticles.
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Figure 2-9: Representative TEM images of Au–Rh alloy nanoparticles (a) on a Vulcan carbon
support and (b) on wild-type M13 bacteriophage.
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Figure 2-10: Powder XRD patterns for Au-Rh nanoparticles anchored on (a) Vulcan carbon and
(b) wild-type M13 bacteriophage. Vertical lines indicate the (111), (200), and (220) peak
positions (left to right) for Au (red) and Rh (blue). EDS spectra are shown for (c) Au-Rh (1:1
nominal) on Vulcan carbon and (d) Au-Rh (1:2 nominal) on M13 bacteriophage.
Biological supports can also effectively anchor metal nanoparticles for catalytic
applications. For example, both wild type and genetically engineered M13 bacteriophage can
serve as supports for catalytic metal nanoparticles for reactions that include hydrogenation,31 and
oxidative steam reforming of ethanol.32 Fig. 2-9b shows a representative TEM image of Au–Rh
nanoparticles anchored to wild-type M13 bacteriophage, and XRD and EDS (Fig. 2-10b and d)
data are consistent with the presence of Au–Rh alloy nanoparticles on the bacteriophage surface.
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Similar results are obtained for Au–Pt alloy nanoparticles anchored onto M13 bacteriophage.
Previous studies have shown that phage-supported metal nanoparticle catalysts with similar
morphologies and loadings are colloidally stable and catalytically viable.31–33

2.4 Conclusion
In conclusion, we have shown that alloys of Au–Rh, Au–Pt, Pt– Rh, and Pd–Rh form
readily at room temperature using aqueous borohydride co-reduction of metal salt precursors. By
varying the nominal composition, the alloy compositions can be fully tuned through the bulk
miscibility gaps in all four systems. Using Au–Rh as a representative system, investigations into
the reaction pathway suggest the initial nucleation of one of the metals (e.g. Au), followed by
diffusion of the other (e.g. Rh). This is consistent with an in situ ‘‘conversion chemistry’’ reaction
that transforms a metal nanoparticle seed into a non-equilibrium alloy product. The alloy
nanoparticles can be easily immobilized on Vulcan carbon or M13 bacteriophage supports for
potential catalytic applications.

2.5 References
1. D. Wang, A. Villa, F. Porta, L. Prati and D. S. Su, J. Phys. Chem. C, 2008, 112, 8617.
2. H. Hartmann, P. K. Galenko, D. Holland-Moritz, M. Kolbe, D. M. Herlach and O.
Shuleshova, J. Appl. Phys., 2008, 103, 073509.
3. H. Ebert, J. Abart and J. Voitlander, J. Less-Common Met., 1983, 91, 89.
4. X. Bai, T. L. Wang, N. Ding, J. H. Li and B. X. Liu, J. Appl. Phys., 2010, 108, 073534.
5. Y. Y. Cui, T. L. Wang, K. P. Tai and B. X. Liu, J. Alloys Compd., 2009, 488, 223.
6. J. B. Andrews, R. A. Merrick, Z. B. Dwyer, A. L. Schmale, C. N. Buckhalt, A. C. Sandlin
and M. B. Robinson, Mater. Sci. Forum, 1991, 77, 269.

15
7. (a) Y. Vasquez, Z. P. Luo and R. E. Schaak, J. Am. Chem. Soc., 2008, 130, 11866; (b) J. F.
Bondi, R. Misra, X. L. Ke, I. T. Sines, P. Schiffer and R. E. Schaak, Chem. Mater., 2010, 22,
3988.
8. Z. M. Peng and H. Yang, J. Solid State Chem., 2008, 181, 1546.
9. K. Kusada, M. Yamauchi, H. Kobayashi, H. Kitagawa and Y. Kubota, J. Am. Chem. Soc.,
2010, 132, 15896.
10. H. G. Lang, S. Maldonado, K. J. Stevenson and B. D. Chandler, J. Am. Chem. Soc., 2004,
126, 12949.
11. V. Abdelsayed, A. Aljarash, M. S. El-Shall, Z. A. Al Othman and A. H. Alghamdi, Chem.
Mater., 2009, 21, 2825.
12. T. Yonezawa and N. Toshima, J. Mol. Catal., 1993, 83, 167.
13. J. Luo, P. N. Njoki, Y. Lin, D. Mott, L. Y. Wang and C. J. Zhong, Langmuir, 2006, 22, 2892.
14. Y. B. Lou, M. M. Maye, L. Han, J. Luo and C. J. Zhong, Chem. Commun., 2001, 473.
15. P. Hernandez-Fernandez, S. Rojas, P. Ocon, J. L. G. de la Fuente, J. S. Fabian, J. Sanza, M.
A. Pena, F. J. Garcia-Garcia, P. Terreros and J. L. G. Fierro, J. Phys. Chem. C, 2007, 111,
2913.
16. H. Takatani, H. Kago, M. Nakanishi, Y. Kobayashi, F. Hori and R. Oshima, Rev. Adv. Mater.
Sci., 2003, 5, 232.
17. T. Endo, T. Kuno, T. Yoshimura and K. Esumi, J. Nanosci. Nanotechnol., 2005, 5, 1875.
18. T. Endo, T. Fukunaga, T. Yoshimura and K. Esumi, J. Colloid Interface Sci., 2006, 302, 516.
19. B. N. Wanjala, J. Luo, R. Loukrakpam, B. Fang, D. Mott, P. N. Njoki, M. Engelhard, H. R.
Naslund, J. K. Wu, L. C. Wang, O. Malis and C. J. Zhong, Chem. Mater., 2010, 22, 4282.
20. O. Malis, M. Radu, D. Mott, B. Wanjala, J. Luo and C. J. Zhong, Nanotechnology, 2009, 20,
245708.

16
21. D. Mott, J. Luo, P. N. Njoki, Y. Lin, L. Y. Wang and C. J. Zhong, Catal. Today, 2007, 122,
378.
22. D. Mott, J. Luo, A. Smith, P. N. Njoki, L. Y. Wang and C. J. Zhong, Nanoscale Res. Lett.,
2007, 2, 12.
23. J. Luo, M. M. Maye, V. Petkov, N. N. Kariuki, L. Y. Wang, P. Njoki, D. Mott, Y. Lln and C.
J. Zhong, Chem. Mater., 2005, 17, 3086.
24. X.Guo,D.J.Guo,X.P.Qiu,L.Q.ChenandW.T.Zhu, Electrochem. Commun., 2008, 10, 1748.
25. S. H. Zhou, G. S. Jackson and B. Eichhorn, Adv. Funct. Mater., 2007, 17, 3099.
26. J. B. Xu, T. S. Zhao, Z. X. Liang and L. D. Zhu, Chem. Mater., 2008, 20, 1688.
27. H. Okamoto and T. B. Massalski, Bull. Alloy Phase Diagrams, 1984, 5, 384.
28. H. Okamoto and T. B. Massalski, Bull. Alloy Phase Diagrams, 1985, 6, 46.
29. H. Okamoto, J. Phase Equilib., 1992, 13, 223.
30. S. N. Tripathi and S. R. Bharadwaj, J. Phase Equilib., 1994, 15, 208.
31. K. N. Avery, J. E. Schaak and R. E. Schaak, Chem. Mater., 2009, 21, 2176.
32. (a) B. Neltner, B. Peddie, A. Xu, W. Doenlen, K. Durand, D. S. Yun, S. Speakman, A.
Peterson and A. Belcher, ACS Nano, 2010, 4, 3227.; (b) C. B. Mao, D. J. Solis, B. D. Reiss,
S. T. Kottmann, R. Y. Sweeney, A. Hayhurst, G. Georgiou, B. Iverson and A. M. Belcher,
Science, 2004, 303, 213

Chapter 3

Magnetic separation of colloidal nanoparticle mixtures using a material
specific peptide

3.1 Introduction
Over the past decade, advances in the synthesis of colloidal nanoparticles have led to the
ability to generate exceptionally complex nanostructures with tunable sizes and shapes, including
for multi-element systems such as alloys and for multi-component systems such as colloidal
hybrid nanoparticles.1-4 As these nanoparticles continue to become more and more complex,
sample purity becomes an increasingly important concern.5,6 For example, forming bimetallic
alloys of non-equilibrium phases, such as Au3Fe, in high yield requires one to suppress the
formation of related stable products, such as Au and Fe3O4, which can complicate studies of their
inherent properties.7 Similarly, to access colloidal hybrid nanoparticles with two or more domains
directly attached to one another, one must find synthetic conditions that favor heterogeneous
nucleation, generating, for example, desired Au-CdS linkages, while disfavoring homogeneous
nucleation and suppressing the generation of a mixture, such as that of Au and CdS.4,8 A
complementary approach is to separate the undesired particles (Au and/or Fe3O4 for Au3Fe and
Au and/or CdS for Au-CdS) from those that were targeted, in order to generate higher-purity
samples.
The issue of colloidal nanoparticle sample purification is therefore a critical bottleneck in
emerging applications of these and related materials. Several laboratory procedures are routinely
used for separating mixtures of colloidal nanoparticles, including centrifugation to separate
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particles of distinctly different sizes and permanent magnets to physically separate nanoparticles
that are magnetic from those that are not.9 More sophisticated separation and purification tools
are also emerging,9 including differential magnetic catch and release,10 field flow fractionation,11
and other chromatographic techniques,12,13 as well as density gradient ultracentrifugation,14
filtration,15 and electrophoresis.16 Even with these advances, the separation of mixtures of
similarly sized non-magnetic nanoparticles, as necessitated by systems such as those described
above, remains one of the most challenging problems in colloidal nanoparticle purification. One
approach to this problem is to specifically target the materials that are to be separated, and, for
example, selectively sequester one of the components of a two-component mixture onto a
stationary phase, then release it after it has been physically separated. Peptides that selectively
bind to specific materials, including metals,17,18 metal chalcogenides,19 and metal oxides,20 are
now routinely identified using peptide phage display. Materials-specific peptides have been
shown to allow mixtures of insoluble inorganic powders, such as ZnO and Cu2O, to be sorted by
sequestering ZnO onto magnetic beads that had been covalently functionalized with ZnO-binding
peptides and then removing them from the Cu2O powder using a permanent magnet.21
Here, we report a colloidal nanoparticle analogue of this approach, which involves
anchoring a modified Au-specific peptide to commercially available streptavidin-coated Fe2O3
nanoparticles (Fe2O3-strep) in order to sequester and magnetically separate Au nanoparticles from
a colloidal mixture of similarly sized Au and CdS nanoparticles. The Au-specific peptide,
VSGSSPDS, was identified previously using peptide phage display on Au thin films, and it is
know to bind Au nanoparticles.18 We then covalently linked it to a biotin analogue, WSHPQFEK
(Strep

tag

II),

by

two

glycine

residues

(GG).

(The

complete

peptide,

VSGSSPDSGGWSHPQFEK, is referred to as AuST.) This provides a proof-of-concept
demonstration that materials specific peptides identified using peptide phage display, which are
highly selective for known impurity targets and therefore are potentially quite general, can be
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directly incorporated into existing and commercially available separations platforms and then be
used to effectively separate colloidal nanoparticle mixtures into their constituent components. In
addition, we show that AuST cannot discriminate between Au and Ag nanoparticles in order to
sequester and magnetically separate Au nanoparticles from a mixture of Au and Ag nanoparticles.

3.2 Experimental
3.2.1 Materials
Hydrogen tetrachloroaurate(III) (99.99%, HAuCl4), sodium borohydride (98%, NaBH4),
sodium citrate (ACS, 99.0% min.), sulfur (325 mesh, 99.5%), selenium (325 mesh, 99.5%),
nonanoic acid (97%), dimethylformamide (99%, DMF), and nitrosonium tetrafluoroborate (98%,
NOBF4) were purchased from Alfa Aesar. Streptavidin−iron oxide particles from Streptomyces
avidinii (in 0.85% NaCl, 0.01 M phosphate, pH 8.0, containing 0.1% bovine serum albumin,
0.1% sodium azide), cadmium oxide (99.99%, CdO), trioctylphosphine (97%, TOP),
trioctylphosphine oxide (99%, TOPO), oleylamine (70%), and poly(ethylene glycol) methyl ether
thiol (Mn = 5000, mPEG-SH) were purchased from Sigma Aldrich. Octadecylphosphonic acid
(ODPA) was purchase from PCI Synthesis (Newburyport, MA).

Sodium hydroxide pellets

(NaOH), hydrochloric acid (HCl), and isopropyl alcohol (IPA) were purchased from EMD. Tris
hydrochloride (99% assay, Tris) was purchased from VWR. Tween 20 was purchased from GE
Healthcare. The custom peptide (AuST) was synthesized by the Core Research Facilities at The
Milton S. Hershey Medical Center of the Pennsylvania State University. All chemicals were used
as received without further purification. All water used was NANOpure, 18 MΩ water.
3.2.2 Synthesis of Au Nanoparticles
Au nanoparticles were synthesized using a pH-stabilized NaBH4 reduction of HAuCl4 in
water.22 A stock solution containing 50 mM HAuCl4 and 50 mM HCl was prepared in a 15-mL
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conical tube. A second stock solution containing 50 mM NaBH4 and 50 mM NaOH in water, was
prepared in a 2-mL microcentrifuge tube. To 9.6 mL of water in a 15-mL conical tube, 100 µL of
the HAuCl4/HCl stock solution was added.

While vigorously stirring, 400 µL of the

NaBH4/NaOH solution was added. The reaction was stopped after 5 min, and the pH was
adjusted to 7 with HCl and NaOH. The reaction solution was left uncapped overnight before use
of the nanoparticles. The Au nanoparticles are colloidally stable, but do not have any added
surface stabilizers, according to ref. 1. The λmax of the surface plasmon resonance for the Au
nanoparticles (~525 nm) is consistent with ref. 1.
3.2.3 Synthesis of CdS Nanoparticles
The synthesis of CdS nanoparticles was based on published synthetic preparations.23 To
a 50-mL round-bottom flask, CdO (103 mg), ODPA (0.59 g) and TOPO (6 g) were added. The
contents were held under vacuum at approximately 120 °C for 1 h prior to further heating.
Following the introduction of argon to the flask and its contents, the reaction was heated to 320
°C for 30 min to form a Cd-ODPA complex, evident by the clear and colorless solution. The
temperature of the flask was then decreased to 120 °C and vacuum was pulled on the contents for
1 h to remove water produced by the condensation reaction of CdO to Cd-ODPA. Following this
vacuum evacuation, the reaction flask was again heated to 320 °C under argon, where 1 mL of
TOP was injected into the flask. Once the temperature was stabilized at 320 °C, a stoichiometric
mixture (1:1:1 TOP:S:Cd) of TOP-S was introduced through rapid injection. A yellow color
slowly started to develop. The temperature was held near 320 °C for 50 minutes. Cooling was
achieved by removing the heating mantle from the base of the flask, and toluene was injected
near 80 °C to prevent the solidification of the TOPO solvent.

The reaction solution was

transferred to centrifuge tubes where IPA was added (roughly 3:1 ratio of IPA:reaction solution).
Following the first centrifugation run at 5000 rpm for 5 min, the yellow precipitate was
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resuspended in toluene with a small amount of nonanoic acid and oleylamine, flocculated with
IPA, and centrifuged. This process was repeated three times. The samples were stored in toluene
in a 20-mL scintillation vial.
3.2.4 Phase Transfer of Cadmium Sulfide
Phase transfer was carried out using a modification of a recently published protocol.24 In
an 8-mL borosilicate vial, 4 mL of DMF was stirred vigorously with 20 mg of NOBF4; 1.5 mL of
the cleaned CdS nanoparticle solution in toluene was added, and stirred vigorously for 5 min.
The nanoparticles were collected by centrifugation at 14000 rpm for 5 min and washed twice with
DMF, with collection by centrifugation. To the washed nanoparticles in DMF, 20 mg of sodium
citrate was added, and the solution was shaken vigorously for 1 min. The nanoparticles were
collected by centrifugation at 14000 rpm for 5 min and washed twice with water, with collection
by centrifugation. The nanoparticles were resuspended in 1 mL of water for use in the magnetic
separations.
3.2.5 Synthesis of Ag Nanoparticles
Ag nanoparticles were synthesized using a NaBH4 reduction of AgNO3 in water in an ice
bath.25 A 20-mL scintillation vial containing 5 mL of a 1 mM AgNO3 solution was placed in an
ice bath and stirred while 5 mL of 2 mM NaBH4 was added dropwise over 30 s. Stirring was
stopped immediately after all AgNO3 was added. The reaction was left uncapped overnight before
use of the nanoparticles.
3.2.6 Magnetic Separations
The magnetic separations were carried out in 8-mL borosilicate vials. Amounts of Au and
CdS nanoparticles were chosen such that they produced similar absorbances by UV-Vis. For the
magnetic separation of Au nanoparticles from solution, 1.75 µL of a 0.53 mM solution of the
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AuST peptide was incubated with 400 µL of Au nanoparticle solution in 1.6 mL of 10 mM
Tris/1% Tween at pH 7.5 (“Tris/Tween”) in one vial for 1.5 hours with rolling. In a separate vial,
300 µL of the Fe2O3-streptavidin particles were washed twice with 3 mL of water, followed by
once with 3 mL of Tris/Tween and once with 2 mL of Tris/Tween. Between washes, the particles
were collected with a cylindrical benchtop neodymium iron boride permanent magnet against the
side of the vial, and the remaining solution was removed with a disposable pipette. After the
initial incubation period, the Au-AuST solution was added to the Fe2O3-streptavidin particles (the
magnetic portion of the final wash). This solution was shaken for 30 s and then rolled for 2 h.
After this incubation period, a benchtop magnet was placed next to the vial to collect the
magnetic portion against the side of the vial. The remaining solution could be removed with a
disposable pipette.
The magnetic separation of Au nanoparticles from a mixture of Au and CdS
nanoparticles was carried out as above, except that incubation of the peptide with the
nanoparticles was carried out with 1.75 µL of the 0.53 mM AuST peptide, 400 µL of Au
nanoparticles, 200 µL of CdS nanoparticles, and 1.4 mL of water.

In addition, control

experiments were conducted with an identical procedure as above but with the following initial
incubation reaction mixtures: (1) 400 µL Au nanoparticles in 1.6 mL Tris/Tween (no peptide),
(2) 200 µL CdS nanoparticles and 1.75 µL 0.53 mM AuST peptide in 1.8 mL Tris/Tween.
3.2.7 Preliminary Recoverability Experiments
The magnetic portion of the above magnetic separation of Au nanoparticles from solution
was resuspended in 2 mL of water. With vigorous stirring, 100 mg of mPEG-SH was added to
this solution and stirred for 2 hours. The magnetic portion of the sample was sequestered against
the side of the vial with a benchtop magnet.
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3.2.8 Characterization
Transmission electron microscopy (TEM) images and selected area electron diffraction
(SAED) patterns were collected using a JEOL JEM 1200 EXII microscope operating at 80 kV.
Samples for TEM analysis were prepared by briefly sonicating the samples suspended in water
and immediately drop casting 8 µL onto the surface of a formvar carbon coated nickel grid,
allowing the sample to settle for 3-5 minutes, wicking away excess moisture with a torn piece of
filter paper, then air drying. UV–Visible absorption spectra were collected using an Ocean Optics
HR4000 spectrometer using a DH-2000-BAL light source and quartz cuvettes.

3.3 Results and Discussion
We began by studying the sequestration and separation of colloidal Au nanoparticles,
synthesized by NaBH4 reduction of HAuCl4 in water,22 as shown schematically in Figure 3-1a.
The Fe2O3-strep particles, received in phosphate buffer and washed with water and a Tris/Tween
solution, showed a characteristic orange color (Figure 3-1b) and could be collected easily using a
benchtop magnet (Figure 1c). A representative transmission electron microscopy (TEM) image of
the Fe2O3-strep nanoparticles reveals agglomerated particles with diameters that range from 5–31
nm (Figure 3-1g). An aqueous suspension of the colloidal Au nanoparticles that had been
incubated with AuST shows the characteristic pink color of colloidal Au (Figure 3-1d) and UVVisible absorption spectrum with λmax ≈ 525 nm (Figure 3-1i), consistent with the expected
Plasmon resonance for Au nanoparticles synthesized using this procedure.22 A representative
TEM image of the Au nanoparticles shows that they are largely spherical with an average
diameter of 5.8 ± 0.3 nm (Figure 3-1h). The aqueous solution of Au-AuST particles was then
added to the Fe2O3-strep particles and rolled for 2 h (Figure 3-1e) in order to bind the biotin
analogue on the surface of the Au-AuST nanoparticles to the streptavidin on the Fe2O3.
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Figure 3-1: (a) Schematic showing binding of the Au-specific end of the AuST peptide to Au
nanoparticles, followed by binding of the biotin analog end of AuST to the Fe2O3–strep
nanoparticles to form a magnetically recoverable Au-AuST/Fe2O3-strep precipitate. (b-f)
Photographs of vials containing (b) Fe2O3-strep, (c) Fe2O3-strep upon exposure to a benchtop
magnet, (d) Au nanoparticles incubated with AuST (Au-AuST), (e) the sample from (d) incubated
with Fe2O3-strep, and (f) the sample from (e) after exposure to a benchtop magnet. TEM images
of (g) Fe2O3-strep and (h) Au-AuST nanoparticles. (i) UV-Visible absorption spectra of the AuAuST sample from (d) (red) and the supernatant after magnetic separation of the AuAuST/Fe2O3-strep precipitate, from (f) (green).
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Figure 3-2: (a-c) Photographs of vials containing (a) Au nanoparticles with no AuST peptide, (b)
the sample from (a) incubated with Fe2O3-strep, and (c) the sample from (b) after exposure to a
benchtop magnet. (d) UV-Visible absorption spectra of the Au nanoparticles (red) and the
supernatant after incubation with Fe2O3-strep (without AuST) and magnetic separation (green).
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Magnetic separation of the Au-AuST/Fe2O3-strep conjugate resulted in a colorless
supernatant (Figure 3-1f) without a significant population of colloidal Au nanoparticles by UVVisible absorption spectroscopy (Figure 3-1i). This indicates that the Au nanoparticles are bound
to the magnetically separated Fe2O3-strep particles via the AuST peptide, and that they can be
removed from the solvent via magnetic separation. Based on the ratio of the non-normalized
absorption peak at 525 nm before and after sequestration of this Au-only sample (see Figure 1),
we estimate a separation efficiency of approximately 89%. As a control experiment, the Au
nanoparticles were incubated with Fe2O3-strep but without adding the AuST peptide. After
magnetic separation, the solution remained pink (Figure 3-2), indicating that the Au nanoparticles
do not bind to Fe2O3-strep when the Au-specific AuST peptide is not present.
This process can be extended to separate Au nanoparticles from a colloidal mixture of Au
and CdS nanoparticles. The Au nanoparticles were identical to those shown in Figure 3-1, and the
CdS nanoparticles were synthesized and phase-transferred into water using modifications of
published protocols.23,24 A TEM image and UV-Visible absorption spectrum of the 10.2 ± 0.8 nm
CdS nanoparticles in water are shown in Figures 3-3a and 3-3b, respectively. Photographs of vials
containing CdS nanoparticles incubated with AuST peptide (which was selected for Au,18 not
CdS, and therefore is not expected to have a significant binding affinity to CdS), the CdS-AuST
particles mixed with Fe2O3-strep, and the CdS-AuST/ Fe2O3-strep mixture after exposure to a
benchtop magnet are shown in Figures 3-3c-e, respectively. This control experiment indicates
that, under conditions identical to those that sequester the Au nanoparticles onto the Fe2O3, the
CdS remains suspended in solution, unattached to the Fe2O3, because the AuST peptide that
conjugates to the streptavidin on the Fe2O3 nanoparticle surface does not have a significant
binding affinity for CdS.
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Figure 3-3: (a) TEM image of CdS nanoparticles. (b) UV-Visible absorption spectra of CdS
nanoparticles incubated with AuST (red) and the supernatant after incubation with Fe2O3-strep
and magnetic separation. (c-e) Photographs of vials containing (c) CdS nanoparticles incubated
with AuST, (d) the sample from (c) incubated with Fe2O3-strep, and (e) the sample from (d) after
exposure to a benchtop magnet.
Figure 3-4 shows schematically how the AuST peptide can be used to selectively remove
the Au nanoparticles from the colloidal mixture of Au and CdS. The TEM image (Figure 3-5a)
and UV-Visible absorption spectrum (Figure 3-5e) of the colloidal mixture show that both Au and
CdS nanoparticles are present, and the color of the colloidal suspension containing both Au and
CdS nanoparticles (Figure 3-5b) is consistent with that expected from combining the pink-colored
Au nanoparticle solution (Figure 1d) with the yellow-colored CdS nanoparticle solution (Figure
3-5c). After incubating the Au/CdS nanoparticle mixture with the AuST peptide and the Fe2O3strep particles (Figure 3-5c), magnetic separation yields a yellow-colored supernatant (Figure 35d) that is consistent with that expected for colloidal CdS nanoparticles without Au. The
corresponding UV-Visible absorption spectrum (Figure 3-5e) also shows that the Plasmon peak
of the Au nanoparticles decreases significantly, leaving the peaks expected for CdS. A
representative TEM image of the magnetically separated Fe2O3 portion shows evidence of Au
nanoparticles attached to the Fe2O3 (Figure 3-5f), while a representative TEM image of the
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supernatant shows CdS nanoparticles (Figure 3-5g) that are consistent with those in Figure 3-3a.
It is difficult to provide a semi-quantitative estimate of the separation efficiency for the Au/CdS
system because of the overlap of the CdS and Au absorption peaks, their overall weaker signal,
and the persistence of non-zero absorption at 525 nm in the UV-Visible absorption spectrum for
the CdS nanoparticles. As a preliminary rough estimate, the Au/CdS absorption spectra were
normalized to the CdS-only absorption spectrum, the background at 525 nm due to the presence
of CdS was subtracted, and the resulting values, approximating those of Au only, were compared.
Based on this treatment, it was estimated that approximately 60% of the Au was removed. This
technique was extended to a mixture of Au and CdSe nanoparticles as well, though the absorption
peaks of the two materials overlap greatly, making it difficult to confirm separation of Au
nanoparticles from the mixture.

Figure 3-4: Schematic showing selective binding of the Au-specific end of AuST to Au in a
mixture of Au and CdS nanoparticles, followed by binding of the biotin analog end of AuST to
Fe2O3-strep to form a magnetically-recoverable Au-AuST/Fe2O3-strep precipitate that leaves the
CdS unbound and colloidally dispersed in the supernatant.
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Figure 3-5: (a) TEM image of the mixture of Au and CdS nanoparticles. (b-d) Photographs of
vials containing (b) a mixture of Au and CdS nanoparticles incubated with AuST, (c) the sample
from (b) incubated with Fe2O3-strep, and (d) the sample from (c) after exposure to a benchtop
magnet. (e) UV-Visible absorption spectra of the Au/CdS sample from (b) (red) and the
supernatant after incubation with AuST and Fe2O3-strep and magnetic separation of the AuAuST/Fe2O3-strep precipitate, from (d) (green). TEM images of (f) Au nanoparticles bound to
Fe2O3-strep and (g) free CdS nanoparticles after magnetic separation.
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Figure 3-6: (a-c) Photographs of vials containing (a) Au and Ag nanoparticles with AuST, (b) the
sample from (a) incubated with Fe2O3-strep, and (c) the sample from (b) after exposure to a
benchtop magnet. (d) UV-Visible absorption spectra of the Au and Ag nanoparticles (red) and the
supernatant after incubation with Fe2O3-strep and magnetic separation (green).
We also tested the ability of the AuST peptide to differentiate between Au and Ag
nanoparticles. The red UV-Visible absorption spectrum in Figure 3-6d shows characteristic
absorption peaks for both the Au and Ag nanoparticles. Figures 3-6a-c show photographs of vials
containing Au and Ag nanoparticles incubated with AuST peptide, the Au/Ag-AuST particles
mixed with Fe2O3-strep, and the Au/Ag-AuST and Fe2O3-strep mixture after exposure to a
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benchtop magnet. As can be seen in Figure 3-6a as well as in the green trace in the UV-Visible
absorption spectrum, there is no evident specificity for Au nanoparticles over Ag nanoparticles,
and both are bound to the Fe2O3-streptavidin via the AuST peptide.
As preliminary evidence that recoverability may be possible, the magnetically separated
Au-AuST/Fe2O3-strep precipitate was removed, washed, and then stirred in water for 4 h with
polyethylene glycol monomethyl ether thiol. The thiol-terminated polymer competes with the
AuST peptide for binding to the Au nanoparticle surface, ultimately releasing the Au
nanoparticles from the Fe2O3-strep. After magnetic separation, the supernatant is pink and the
corresponding UV-Visible absorption spectrum shows a peak with λmax = 530 nm (FIGURE 3-7),
both of which are consistent with polymer-stabilized Au nanoparticles. This indicates that some
of the Au nanoparticles are released from the AuST/ Fe2O3-strep conjugate, allowing them to be
re-used after the separation. We estimate that approximately 40% was recovered. We anticipate
that further optimization will lead to increased rocoverabilities.

(f)

(a)

(b)

(c)

(d)

(e)
(g)

100 nm

Figure 3-7: (a-c) Photographs of vials containing (a) Au nanoparticles incubated with AuST
(same photograph as shown in Figure 1d, for reference), (b) Au-AuST incubated with Fe2O3strep, and (c) the sample from (b) after exposure to a benchtop magnet. [Panels (b) and (c) are the
same photographs shown in Figures 1e and 1f, respectively, for reference.] (d-e) Photographs of
vials containing (d) Au-AuST/ Fe2O3-strep with polyethylene glycol monomethyl ether thiol and
(e) the sample from (d) after exposure to a benchtop magnet. (f) UV-Visible absorption spectra of
the Au nanoparticles released from Au-AuST/ Fe2O3-strep after incubation with polyethylene
glycol monomethyl ether thiol.
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3.4 Insights
While developing this method, many obstacles had to be overcome. The system design
was revised several times – from a chromatographic method involving bacteriophage to one
involving only a specific peptide to a magnetic method involving the specific peptide. It was
important to us to use materials that are easily purchased or synthesized by materials chemists in
order to make this system easily accessible even for researchers without any biological expertise.
Strep Tag II was chosen for its small size and ability to bind streptavidin or Strep Tactin.
While optimizing the system, several factors became clearly important. The activity of
the peptide decreased as the peptide aged. Even though the peptide was stored in the freezer as a
solid and solutions made only as needed, the peptide seemed to degrade. Therefore, when the
peptide was newly synthesized only a few µL of a 1 mg/mL solution of the peptide was needed for
binding but approximately 100 µL of the same concentration of peptide was needed for binding
when the peptide had been stored for about a year. In addition, if too much peptide was used,
sequestration of the Au nanoparticles was not achieved, likely due to the excess peptide
overwhelming the streptavidin surface of the Fe2O3 particles. In order to extend the life of the
peptide, it is recommended that the peptide be stored dry in the freezer with Teflon tape and
Parafilm wrapped around the lid of the conical tube. Only small volumes (1-2 mL) of peptide
solution should be prepared at a time, and this solution should be stored in the refrigerator. In
addition, the age of the Fe2O3-strep can affect the separation efficiency, and these particles (as
received from Sigma-Aldrich) should be stored in the refrigerator and bought new about once a
month.

3.5 Conclusion
In summary, we have demonstrated the magnetic separation of colloidal Au nanoparticles
from a mixture of Au and CdS nanoparticles by conjugating them to Fe2O3-strep particles using a
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linear peptide, which at one end contains a biotin analogue that binds strongly to streptavidin and
at the other end contains a peptide that had been identified as having a high binding affinity to
Au.18 More generally, this demonstrates that materials-specific peptides identified through
biopanning studies with combinatorial libraries of genetically engineered M13 bacteriophage can
be conjugated to magnetic particles, ultimately facilitating the selective magnetic separation of
non-magnetic components in colloidal nanoparticle mixtures. It is important to note the
limitations of the selectivity of peptides identified in this manner, as we have shown that Au and
Ag nanoparticles cannot be differentiated by the Au-specific peptide used in this method.
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Chapter 4

Binding thermodynamics of a phage display-identified platinum-specific
peptide

4.1 Introduction
Recognition events are crucial for many biological processes. Antibodies identify foreign
material in order to defend our bodies. Enzymes must properly recognize their target in order to
catalyze specific processes that are vital for organisms’ survival, such as in DNA repair and
during metabolic cycles.1 Mineralization of materials in biological systems often involves specific
protein-inorganic interactions.2 All of these processes involve precision and efficiency that
chemists and material scientists strive to attain, but biological systems have the advantage of
millennia of evolution. Biomimetics is the study of natural systems as inspiration for many
scientific and technological fields.3
One biomimetic technique that imitates evolutionary processes is peptide phage display,
which uses M13 bacteriophage to identify peptides with specificity for a target. In peptide phage
display, peptides are fused to proteins either at the tip or along the length of a phage particle;
phage displaying peptides that bind to the surface of a material “survive” while those that do not
bind are washed away. Several rounds of binding, washing, and eluting enrich the pool of
identified peptides with those that bind strongly to the material.4 Peptide phage display has been
used since the 1980’s to study the interactions of biomolecules with each other.5 In the past 15
years, this process has been adapted to identify peptides with specificity for inorganic materials,6
and this advancement has allowed researchers to use the “specific peptides” identified with
peptide phage display to assemble materials,7 induce nucleation of precursors into particles,8
control shape and size of nanoparticles,9 biofunctionalize materials,10 and micropattern surfaces.11
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Binding of the peptides to inorganic material surfaces can be due to several factors, including
electrostatic interactions, van der Waals forces, and crystal structure complimentarity.12 To add to
the complexity, there may be other species in the solution that the peptides could bind, such as
precursor metal salts and surfactants. It is most often assumed that the peptides bind to the solid
material surface, but careful consideration of the solution components must be undertaken.
While many researchers have found uses for these peptides in materials science, much
work is left to be done toward in-depth study of the nature of the interactions of these peptides
with the target materials.13 Often affinity is assessed based on the ability of a peptide (attached or
not to the phage particle) to bind to one material in preference to another and is monitored with
scanning electron microscopy, transmission electron microscopy, or immunofluorescence.14
Crude determination of the peptide or phage concentration left in solution after binding can
indicate binding affinity. Quantitative measurements of binding affinity have been undertaken
with atomic force microscopy,15 quartz crystal microbalance measurements,16 and surface
plasmon resonance microscopy.17 In addition, several groups have investigated the nature of
binding with computational methods. For example, it was found that hydroxl groups present in
the side chains of gold-specific peptides were important for binding. In addition, a gold-specific
peptide bound most strongly to ~5 nm nanoparticles, causing nanoparticles synthesized in the
presence of this peptide to have a narrow size distribution.18 Many of these studies have involved
ideal surfaces such as single crystals or thin films, and few reports have studied these interactions
in a nonideal environment.
Isothermal titration calorimetry (ITC) is another method that has potential to impact
biomimetic research and has been used for many years to study binding interactions of biological
systems such as streptavidin and biotin, Fe2+ binding within ferritin,19 and the interaction of
nucleotides with ribonucleases.20 Under ideal conditions, ITC can be used to quantitatively
determine kinetic and thermodynamic parameters in a single experiment. The calorimeter consists

38
of a sample cell containing a solution of the receptor and a reference cell containing the solvent.
The titrant solution, which contains the binding ligand, is titrated into the sample cell from a
syringe, and the instrument records the power required to keep the sample cell at the same
temperature as the reference cell as heat is evolved or absorbed due to the receptor-ligand
binding. Ligand is injected into the cell until the system is saturated, which is evident by the
leveling-off of the heat evolved upon injection of ligand into the receptor solution. The
thermogram peaks are integrated to determine the total amount of heat released per injection.
These integrated heats of binding can be fit to an appropriate binding model in order to obtain the
equilibrium binding constant, enthalpy of reaction, and reaction stoichiometry if the
concentrations of both receptor and ligand are known.21
In recent years, researchers have used ITC to investigate binding of ligands and proteins
to polymeric nanoparticles,22 of biomolecules to each other when attached to nanomaterials,23 and
of biomolecules and polymers to inorganic materials.24 Of particular relevance to the current
study is a previous report of the interaction of amino acids with gold nanoparticles,25 in which it
was found that, at physiological pH, aspartic acid bound strongly to Au nanoparticle surfaces
while lysine only bound weakly. The authors attribute this difference in binding to the availability
of deprotonated amines.
Here we report a study of the thermodynamics of binding of a 12-amino acid platinumspecific peptide with an as-synthesized aqueous platinum nanoparticle solution using isothermal
titration calorimetry. The platinum binding peptide, KPHPHLHHKPGP (referred to as PBP2),
was identified via peptide phage display against bulk platinum powder. Studying the binding of
the amino acids present in the Pt-specific peptide, as well as a series of smaller sections of the
peptide, with the Pt nanoparticle solution has provided new insights into the components of the
peptide that are most important for binding. These ITC experiments indicate the importance of
histidine residues in the peptide for binding to the as-synthesized nanoparticle sample. In
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addition, the experiments point to the ability of PBP2 to bind to the platinum precursor as well as
solid platinum. The experiments presented indicate the ability of the platinum-specific peptide to
bind both the solid platinum surface and the platinum precursor complex. The studies detailed in
this chapter provide evidence that this platinum-specific peptide could be useful for nanoparticle
nucleation and growth due to its ability to bind both platinum precursor salts and platinum
nanoparticles. In addition, the results of the studies can provide guidance for bottom-up design of
material specific peptides.

4.2 Experimental
4.2.1 Materials
Ph.D.™-12 Phage Display Peptide Library was purchased from New England Biolabs.
Hydrogen hexachloroplatinate(IV) (99.99%) and platinum powder (325 mesh, 99.9%), were
purchased from Alfa Aesar. Tris hydrochloride (Molecular Biology Grade) and glycine
(Molecular Biology Grade) were purchased from VWR International. Tween 20 was purchased
from GE Healthcare. Sodium chloride (Molecular Biology Grade), D(+)glucose (anhydrous),
sodium hydroxide (ACS grade), concentrated hydrochloric acid (ACS Grade), and polyethylene
glycol (Mw=8000) were purchased from EMD Millipore. Histidine, lysine, leucine, glycine, and
proline (≥99%) all were purchased from Sigma-Aldrich. All peptides were synthesized by the
Core Research Facilities at The Milton S. Hershey Medical Center of the Pennsylvania State
University. All chemicals were used as received without further purification. For preparation of
common buffers and solutions, please see Appendix A.
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4.2.2 Peptide Phage Display Biopanning Experiments
Peptide phage display was carried out using Pt bulk powder, which was thoroughly
washed ten times with 0.2% TBST prior to biopanning; 5 mg Pt was used in each round. Four
rounds of biopanning were performed as previously described in Appendix A. Nine plaques were
selected for DNA purifcation and sequencing. Sequencing was performed on an ABI Hitachi
3730XL DNA Analyzer using Big Dye fluorescent terminator chemistry. The sequence
KPHPHLHHKPGP was chosen for experimentation and called PBP2. This peptide was found on
4 out of 7 chosen plaques that produced viable DNA sequences.

4.2.3 Synthesis and Characterization of Platinum Nanoparticles
Water-dispersible

platinum

nanoparticles

were

synthesized

using

a

literature

preparation.26 Briefly, 1.5 mmol D(+)glucose was dissolved in 50 mL water in an Erlenmeyer
flask, and 200 uL of a 50 mM H2PtCl6 was added. The pH was adjusted to 9 using NaOH then 2
mL of 106 mM NaBH4 was added slowly to the stirring solution. The solution was allowed to stir
for 4-12 hours until the color of the solution no longer changed and was a yellow-ish gray before
adjusting the pH to approximately 7.5 for storage in 20-mL glass vials.
The Pt nanoparticles were characterized using powder X-ray diffraction (XRD) and
transmission electron microscopy (TEM). Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns were collected using a JEOL JEM 1200 EXII
microscope operating at 80 kV. Samples for TEM analysis were prepared by drop casting 8 µL of
the as-synthesized nanoparticles onto the surface of a formvar carbon coated nickel grid, allowing
the sample to settle for 3-5 minutes, wicking away excess moisture with a torn piece of filter
paper, then air drying.
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4.2.4 Isothermal Titration Calorimetry Experiments
ITC experiments were performed using a NanoITC III calorimeter (TA Instruments, New
Castle, DE) equipped with a hastelloy cell (V = 1.056 mL). All titrations were carried out at 25
°C using a 250 µL syringe at a stirring rate of 250 rpm. Generaly, the sample cell contained the Pt
nanoparticle solution at pH 7.5 and the reference cell contained the amino acid or peptide solution
at pH 7.5. Concentrations of the amino acid and peptide solutions can be found in Table 4-1.
Amino acid solutions were all initially tested at 100 mM. For those that did not show binding at
this concentration, 1 M solutions were used except for leucine, for which the molar solubility is
approximately 150 mM at pH 7.5.27 Solutions of peptides were prepared at lower concentrations
due to low availability of peptides and their cost; the concentration was adjusted to that
appropriate for the nature of binding for each particular peptide. For amino acid experiments, the
Pt nanoparticle solution was used as synthesized above. The Pt nanoparticle solution was diluted
to approximately 9 mM total Pt (estimated based on weight of solid upon drying in an oven) with
water before use in peptide experiments. The “heat flow” baseline was allowed to equilibrate
once the reference and sample solutions were loaded into the cells. The titrations began after
equilibration of the power rating. Titrations were run as an incremental series of injections of the
amino acid or peptide into the Pt nanoparticle solution. The time between injections was such that
the heat signature re-equilibrated before the next injection. Blank experiments were conducted by
titrating the same concentration of peptide into pure water to experimentally determine the heat of
mixing of the amino acid or peptide with the pure water. The average integrated heat of each
blank experiment was subtracted from each data point in the corresponding peptide experiment to
isolate the heat evolved from receptor-ligand interactions. Best-fit curves for plots of integrated
heats of binding were calculated in KaleidaGraph version 4.1.3 using the built in sigmoidal curve
fit function [y=m1+(m2-m1)/(1+(x/m3)^m4)] with starting values m1=-4000, m2=-3000, m3=1,
and m4=1.
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Table 4-1: Concentrations of amino acid and peptide solutions in water.
Amino Acid or Peptide
histidine, lysine
leucine
glycine, proline
PGP, KPHPH, HLHHK, LHHKPGP, PBP2
PHP, KPGP

Concentration (mM)
100
150
1000
10
20

4.3 Results
4.3.1 Platinum Nanoparticle Synthesis
A TEM image of the Pt nanoparticles can bee seen in Figure 4-1a. The SAED pattern in
Figure 4-1b indicates the face-centered cubic crystal structure of Pt nanoparticles. These particles
were used as synthesized and, if necessary, diluted for ITC.

(a)

(b)

50 nm

Figure 4-1: (a) Representative TEM image of the Pt nanoparticle sample. (b) The corresponding
SAED pattern.

4.3.2 Isothermal Titration Calorimetry
All ITC experiments were conducted at 25 °C and pH 7.5. The thermogram for binding
of PBP2 with the Pt nanoparticle solution and the integrated heats of binding are shown in Figure
4-2. The peaks in the thermograms correspond to the heat evolved upon the sequential titration of

43
the peptide into the Pt nanoparticle solution. The plot of integrated heats of binding (Figure 4-2b)
is graphed against moles of PBP2 added due to the uncertainty in calculating the available
binding sites on the Pt nanoparticles. All plots of integrated heats of binding in this report are
graphed in this manner. This method is similar to the approach by Joshi, et al., who graphed
thermograms against volume of amino acid solution added. A best-fit binding curve was
calculated for the plot of integrated heats of binding shown in Figure 4-2b for ease of analysis,
and we focus on the semi-quantitative data we can extract from this curve. The shape of this
curve indicates that all binding sites are thermodynamically independent of each other or positive
cooperativity is occurring.28 Exact determination of the ratio of binding ligand to receptor must be
known in order to differentiate between these two possibilities. The inflection point of the curve
occurs at approximately 0.6 µmol PBP2 added, and saturation of the Pt binding sites, evident by
near-zero titration peaks and very little change in heat evolved, occurs at approximately 2 µmol
PBP2 added. Based on drying of the Pt nanoparticle solution in an oven and weighing the
resulting solid, the inflection point occurs at a molar ratio of about 2.8 histidine to total platinum.
In order to understand the contribution of individual parts of the peptide to the overall
binding, we studied the binding of the constituent amino acids as well as smaller peptides
containing pieces of the larger peptide. Thermograms for binding of each of the five amino acids
present in the Pt-specific peptide to the Pt nanoparticle solution are shown in Figure 4-3a and
Figure 4-4. In comparison to the PBP2 peptide ITC experiment, amino acid experiments were
conducted without diluting the Pt nanoparticle solution. The exothermic nature of the
thermograms is due to the binding, and, as is evident from the magnitudes of the heat evolved and
the shapes of the thermograms, histidine shows strong binding at pH 7.5 while the other amino
acids show no evidence of binding at this pH. The integrated heats of binding of histidine with the
Pt nanoparticle solution are plotted in Figure 4-3b along with the binding curve. The inflection
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point of the curve occurs at approximately 0.8 µmol histidine added, and saturation of the binding
sites at approximately 1.4 µmol histidine added.
(a)

(b)

Figure 4-2: (a) Raw ITC data for the titration of PBP2 into the as-synthesized Pt nanoparticle
solution. (b) Plot of the integrated heats of binding vs. moles of PBP2 added.
(a)

(b)

Figure 4-3: (a) Raw ITC data for the titration of histidine into the as-synthesized Pt nanoparticle
solution. (b) Plot of the integrated heats of binding vs. moles of histidine added.
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(a)

(b)

(c)

(d)

Figure 4-4: (a) Raw ITC data for the titration of (a) glycine, (b) leucine, (c) proline, (d) lysine
into the as-synthesized Pt nanoparticle solution.
In addition to studying the binding of individual amino acids to the Pt nanoparticle
solution, we studied the binding of five smaller portions of the full PBP2 peptide (with sequence
KPHPHLHHKPGP) with the sequences PGP, PHP, KPGP, KPHPH, HLHHK, and LHHKPGP.
The thermograms and integrated heats of binding for PGP and PHP are shown in Figure 4-5. No
significant binding is seen in the plots for PGP (Figures 4-5a and 4-5c). In contrast, the plots for
PHP (Figures 4-5b and 4-5d) show the same shape as for the full PBP2 and histidine binding,
indicating binding of the peptide to the Pt nanoparticle solution with all Pt binding sites
independent of each other. The binding curve for the interaction of PHP with the Pt nanoparticle
solution shows an inflection point at about 1.1 µmol PHP added. Thermograms and plots of
integrated heats of binding for LHHKPGP, KPHPH, HLHHK, and KPGP are given in Figures 46 and 4-7. All of these peptides have thermograms of approximately the same shape as the full
PBP2. The inflection points of the binding curves shown in Figures 4-6c, 4-6d, 4-7c, and 4-7d are

46
at approximately 0.6 µmol, 0.6 µmol, 0.6 µmol, and 3.5 µmol for LHHKPGP, KPHPH, HLHHK,
and KPGP added, respectively.
(a)

(c)

(b)

(d)

3.4
Figure 4-5: Raw ITC data for the titration of (a) PGP and (b) PHP into the as-synthesized Pt
nanoparticle solution. Plots of the integrated heats of binding vs. moles of (c) PGP and (d) PHP
added.
In order to investigate the component of the Pt nanoparticle solution to which PBP2 is
binding, we titrated histidine into a solution of glucose in water and into a solution of the
platinum precursor, H2PtCl6. No binding was evident in the thermogram for glucose. The binding
thermogram and plot of integrated heats can be seen in Figure 4-8a and 4-8c. As can be seen in
this figure, the shape of the curve is as collected for all amino acids and peptides that bind to the
Pt nanoparticle solution. In addition, we purified the nanoparticles by precipitation with acetone
and washing with water to determine binding to purified Pt nanoparticles. The thermogram and
plot of integrated heats are shown in Figure 4-8b and 4-8d, in which it can be seen that the nature
of binding is different than previously seen. The binding heats are endothermic rather than
exothermic, and the shape of the thermogram is characteristic of multiple binding sites.
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(a)

(b)

(c)

(d)

Figure 4-6: Raw ITC data for the titration of (a) LHHKPGP and (b) KPHPH into the assynthesized Pt nanoparticle solution. Plots of the integrated heats of binding vs. moles of (a)
LHHKPGP and (b) KPHPH added.
(a)

(b)

(c)

(d)

Figure 4-7: Raw ITC data for the titration of (a) HLHHK and (b) KPGP into the as-synthesized
Pt nanoparticle solution. Plots of the integrated heats of binding vs. moles of (a) HLHHK and (b)
KPGP added.
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(a)

(b)

(c)

(d)

Figure 4-8: Raw ITC data for the titration of (a) histidine into H2PtCl6 and (b) histidine into
purified Pt nanoparticles in solution. Plots of the integrated heats of binding vs. moles of histidine
added for (a) histidine into H2PtCl6 and (b) histidine into purified Pt nanoparticles in solution.

4.4 Discussion
As discussed in Section 4.3.2, the thermogram for PBP2 with the Pt nanoparticle solution
(Figure 4-2a) indicates that binding occurs and that all binding sites are thermodynamically
independent or positive cooperativity is ocurring. Upon testing the binding of the five constituent
amino acids with the Pt nanoparticle solution using ITC, we found that only histidine binds to the
solution, and the thermogram signature is the same as for PBP2, suggesting that the main
contribution of binding of PBP2 with the Pt nanoparticle solution is from histidine. Histidine,
shown in Figure 4-9a, contains the typical amino acid backbone, with an imidazole side chain.
The side chain is highlighted for reference. It is interesting to note that, among the other
constituent amino acids, lysine also has a nitrogen-containing side chain (see Figure 4-9b). The
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ability of histidine to bind to the Pt nanoparticles but not lysine can be explained by the pKa of the
side chains. All ITC binding experiments were carried out at pH 7.5 to mimic the environment
present during peptide phage display experiments. The pKa of the histidine side chain is 6.00
while the side chain of lysine has a pKa of 10.53.1 Therefore, at pH 7.5, the histidine side chain is
deprotonated as shown in Figure 4-9a, while the lysine side chain is protonated as shown in
Figure 4-9b, making the nitrogens in histidine more available for binding than the nitrogen in
lysine. This suggests that the deprotonated nitrogen of the histidine imidazole side chain is
responsible for binding.

(a)

(b)

Figure 4-9: Structures of (a) histidine and (b) lysine, with the side chain residues highlighted
with red boxes.

ITC experiments for smaller portions of the full PBP2 peptide confirmed the importance
of histidine in the binding of PBP2 to the Pt nanoparticle solution. As can be seen in Figure 4-5,
the thermograms and integrated heats for PGP and PHP are very different, showing the
characteristic binding curve for PHP (Figure 4-5b and 4-5d) but only contributions from mixing
for PGP (Figure 4-5a and 4-5c). Figure 4-10 is a plot of all integrated heat data for peptides
containing histidine that bound in order to compare the general trends of the data. Integrated heats
are plotted as normalized to the total heat evolved in the experiment for ease of comparison. As
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can be seen, most of the peptides have similar integrated heat curves, with inflection points at
approximately 0.6 µmol peptide added, while the PHP curve has an inflection point of 1.1 µmol.
The inflection point of the curve is an indication of the stoichiometry of the binding. Due to the
uncertainty in the concentration of Pt binding sites on the Pt nanoparticle surfaces, this inflection
point can only be evaluated in a semi-quantitative manner. This inflection point is almost double
that of the other peptides, indicating that one mole of the PHP peptide added binds to about twice
as many Pt surface sites as one mole of the other peptides added. This is consistent with the
number of histidine residues in PHP, KPHPH, and LHHKPGP. Interstingly, HLHHK and PBP2
both contain three histidine residues and would be expected, with the logic above, to have
inflection points around 0.4 µmol of peptide added. This discrepancy may be due to the size of
the peptides.

Figure 4-10: Integrated heats of binding for histidine-containing peptides as a plot of normalized
heat vs. moles of peptide added.
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Of note is the binding of KPGP to the Pt nanoparticle solution because it does not contain
any histidine residues,. As seen in Figure 4-7b and 4-7d, there is an indication that this peptide
does bind to the Pt nanoparticle solution at relatively high concentrations compared to those for
the other peptides. The inflection point of the binding curve for KPGP is at approximately 3.5
µmol. It is unclear what the origin of this binding is, but it could be due to a very small portion of
deprotonated lysine side chain nitrogens or this specific amino acid combination.

4.4 Conclusion
In conclusion, we have shown the utility of ITC for studying the binding of a platinumspecific peptide for a platinum nanoparticle solution. While the peptide, PBP2, was identified via
phage display against micrometer particles with no stabilizer, PBP2 shows binding to glucosestabilized Pt nanoparticles as well as binding to the platinum precursor, H2PtCl6. Study of the
constituent amino acids and short regions of the peptide indicated the importance of the amino
acid histidine for binding of the peptide to the nanoparticles. This investigation demonstrates the
utility of ITC measurements for the study of specific peptide–nanomaterial interactions in
providing semi-quantitative analysis of binding and insight into binding pathways.
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Conclusions
This dissertation demonstrates the versatility and applicability of using M13
bacteriophage to address challenges in nanomaterial synthesis and purification. By exploiting
specific and non-specific interactions of proteins with nanomaterials, new, metastable materials
were assembled in a nanowire architecture and purification of non-magnetic samples by magnetic
means was accomplished. In addition, a study of the interaction of a phage display identified
peptide with nanoparticles using isothermal titration calorimetry was described.
These projects have seemed at times tedious but were rewarding in the end. My goal
throughout my time in the Schaak Lab was to find a technique that could be used to study the
interaction of specific peptides with inorganic material surfaces in nonideal systems. While I was
trying to learn about a variety of techniques and talk to people who could help me, I also had the
amazing opportunity to explore other projects related to bacteriophage and specific phage. I have
learned much about the ups and downs of research, and finally felt like the overall project could
be going somewhere, but so is my life. The following three paragraphs review the research
completed.
Drawing inspiration from physiological environments, Chapter 2 described the aqueous,
room temperature synthesis of bulk-immisible late transition metal alloys via borohydride
reduction of metal salts. The composition of these nanoparticles of Au-Rh, Au-Pt, Pt-Rh, and PdRh were tuned by changing the ratio of the precursor metal salt solutions. A study of the reaction
pathway indicated that, for Au-Rh nanoparticles, Au seeds form first then Rh diffuses into the
nanoparticles to form the final alloy particles. Due to the benign environment, it was possible to
synthesize the nanoparticles in the presences of M13 bacteriophage to assemble the particles
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along the length of the virus. In addition, the particles could be synthesized on a porous carbon
support.
Next, we discussed the use of a gold-specific peptide identified via peptide phage display
as part of a system to magnetically separate non-magnetic materials in Chapter 3. The peptide,
covalently linked to Strep Tag II via a glycine (GG) linker, allowed the gold nanoparticles to be
linked to streptavidin-coated iron oxide particles. The gold nanoparticles were then sequestered
from solution. In addition, we showed the ability of this system to preferentially separate gold
nanoparticles from a mixture of gold and cadmium sulfide or cadmium selenide nanoparticles.
Preliminary evidence for the recoverability of the gold nanoparticles was demonstrated by
introducing a sulfur-terminated polymer that competitively binded to the surface of the gold
nanoparticles, releasing them from the the iron oxide particles.
Chapter 4 described the study of the binding of a phage display identified platinumspecific peptide to an as-synthesized platinum nanoparticle solution using isothermal titration
calorimetry. Examining the binding of the constituent amino acids and smaller portions of the full
peptide indicated that histidine was important for binding to the nanoparticle solution with
exothermic heats of binding. In addition, we found that binding of histidine to a purified
nanoparticle sample in solution was endothermic in nature with a different thermogram shape
than for binding to the as-synthesized nanoparticle solution.
My hope for these specific phage – inorganic material systems is that, someday, a
technique will be identified that can be applied to the study of the interactions of the peptides
with surfaces. ITC is a small step in this direction, and I hope it continues. This will require lots
of exploration and reading about techniques and capabilities of instruments, but it will, hopefully,
be worth it one day.

Appendix

Common Solutions and Methods
A.1 Common Buffers and Solutions
All water should be NANOpure, 18 MΩ water. All solutions should be autoclaved after
mixing the materials unless otherwise noted. Unless otherwise noted, prepare in a 1-L bottle.
A.1.1 Tris Buffered Saline (TBS)
7.88 g Tris-hydrochloride
8.7 g sodium chloride
1 L water
Adjust the pH to 7.5 with sodium hydroxide and hydrochloric acid.
A.1.2 Tris Buffered Saline with Tween (TBST)
0.2% - 100 µL Tween-20 in 50 mL TBS
0.5% - 250 µL Tween-20 in 50 mL TBS
A.1.3 Luria Broth (LB) Media
10 g Bacto-Tryptone
5 g yeast extract
5 g sodium chloride
1 L water
A.1.4 Agarose Top
10 g Bacto-Tryptone
5 g yeast extract
5 g sodium chloride
1 g magnesium chloride hexahydrate
7 g agarose
1 L water
Dispense into 50 mL aliquots in 100-mL bottles before autoclaving.
A.1.5 Luria Broth/Isopropyl β-D-1-thiogalactopyranoside/X-gal/Tetracycline Agar Plates
15 g agar
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1 L LB media
Autoclave the solution at this point. Allow the solution to cool in a water bath until it reaches 70
°C. At this point add 1 mL 20

mg

/mL tetracycline hydrochloride (Tet) and 1 mL of the following

solution (which should be stored in a 50-mL conical tube wrapped in foil at -20 °C):
1.25 g Isopropyl β-D-1-thiogalactopyranoside (IPTG)
1 g X-gal
25 mL dimethyl formamide
Pour 10-15 mL of the solution into about forty 100x20 mm Petri dishes and allow to set. Store in
the refrigerator.
A.1.6 Iodide Buffer
0.0788 g Tris hydrochloride
50 mL water
Adjust the pH to 8.0 with sodium hydroxide and hydrochloric acid. Then add:
0.0186 g ethylenediaminetetraacetic acid
11.6 g sodium iodide
Store at room temperature, wrapped in foil, in the dark.
A.1.7 Polyethylene Glycol / Sodium Chloride
10 g polyethylene glycol (Mw = 8000)
7.25 g sodium chloride
A.2 Escherichia coli Growth
A.2.1 Escherichia coli Plate
1. Take an LB/IPTG/Xgal/Tet agar plate out of the refrigerator.
2. Sterilize a metal cell spreader with flame. Dip the very tip of the cell spreader into the
ER2738 Escherichia coli (E. coli) solution.
3. Spread the solution across a small area of the plate. Then pull the spreader from this high
concentration area into the main part of the plate with zig-zag strokes, being careful not to
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overalap any strokes. Repeat the zig-zag strokes coming from the high concentration area
about two times.
4. Cover the plate then place in an incubator at 37 °C overnight.
5. Remove the plate from the incubator; observe whether there are individual colonies on the
plate to be used for further cell amplification. If so, wrap with Parafilm and store at 4 °C.
A.2.1 Overnight Growth
1. In a 15-mL conical tube, combine 5 mL LB media, 5 µL of 20

mg

/mL Tet, and 1 ER2738 E.

coli colony from an E. coli plate as prepared in Section A.2.1.
2. Grow at 37 °C with shaking at 300 rpm overnight.
A.2.2 Over the Day Growth
1. In a 15-mL conical tube, combine 3 mL LB media, 3 µL of 20 mg/mL Tet, and 1 1 ER2738 E.
coli colony from an E. coli plate as prepared in Section A.2.1.
2. Grow to desired to optical density (O.D..550-600

nm)

at 37 °C with shaking at 300 rpm.

A.3 M13 Bacteriophage Amplification
1. Start an overnight ER2738 E. coli culture as described in Section A.2.1.
2. In as many Erlenmeyer flasks as desired and able, combine 25 mL LB media, 25 µL
overnight ER2738 E. coli culture from step 1m, and 25 µL of 20 mg/mL Tet.
3. Grow at 37 °C with shaking at 300 rpm to an O.D..550-600 nm of 0.2 (~1.5 hours).
4. Innoculate each culture with 1 µL of desired phage solution (1012-1015 pfu/mL).
5. Grow for 4 hours at 37 °C with shaking at 300 rpm.
6. Pour the contents of each Erlenmeyer flask into a 50-mL conical tube.
7. Centrifuge at 6000 rpm, 14 °C for 10 minutes. Keep supernatant. Repeat.
8. Transfer the supernatant to sterile centrifuge tubes containing 4 mL PEG/NaCl.
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9. Balance to within 0.05 g, then refrigerate at 4 °C overnight.
10. Centrifuge the balanced tube at 10000 rpm, 4 °C for 10 minutes.
11. Pour off the supernatant, keeping the phage pellet.
12. Resuspend each phage pellet in 1 mL TBS and transfer to a microcentrifuge tube.
13. Centrifuge at 6000 rpm for 10 minutes.
14. Transfer the upper 1 mL of the solution in each tube to a new microcentrifuge tube containing
175 µL PEG/NaCl.
15. Invert each tube then place on ice for 1 hour.
16. Centrifuge at 14000 rpm for 10 minutes.
17. Pour off the supernatant, keeping the phage pellet.
18. Resuspend each phage pellet in 200 µL TBS then combine all solutions into as few
microcentrifuge tubes as possible.

A.4 Titering
A.4.1 Spot Titering
1. Start an over the day ER2738 E. coli culture as described in Section A.2.2. Grow to an
O.D..550-600 nm of 0.5 (~4 hours).
2. Prepare serial dilutions of each phage sample to be titered (10-3-10-12) in LB media.
3. Warm as many LB/IPTG/Xgal/Tet agar plates as phage samples to be titered in an incubator
at 37 °C.
4. Microwave agarose top in short bursts (it may overheat and boil over before all is liquid) until
it is a liquid then pour 4-5 mL into a 15-mL conical tube for each titer plate. Place the conical
tubes in a 45 °C water bath until ready to use.
5. Add 200 µL of the ER2738 E. coli culture (O.D..550-600 nm = 0.5) to each 15-mL conical tube
containing warmed agarose top.
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6. Mix carefully but quickly (try to avoid bubbles) then pour onto the warmed plates. Allow to
set covered at room temperature.
7. Pipette 5 µL of each dilution of each phage sample onto marked spots on the plates and allow
to dry.
8. Incubate at 37 °C overnight.
9. Count individual plaques at each dilution possible and calculate the concentration from this
number.
A.4.2 Plate Titering
10. Start an over the day ER2738 E. coli culture as described in Section A.2.2. Grow to an
O.D..550-600 nm of 0.5 (~4 hours).
11. Warm as many LB/IPTG/Xgal/Tet agar plates as phage samples to be titered in an incubator
at 37 °C.
12. Microwave agarose top in short bursts (it may overheat and boil over before all is liquid) until
it is a liquid then pour 4-5 mL into a 15-mL conical tube for each titer plate. Place the conical
tubes in a 45 °C water bath until ready to use.
13. Calculate how much of which dilution from spot titering (Section A.4.1) will give you 30-50
plaques for each phage sample to be titered.
14. Add the amount calculated in step 13 to 200 µL of the ER2738 E. coli culture (O.D..550-600 nm
= 0.5). Incubate for 10 minutes.
15. Add the phage/E. coli solution to each 15-mL conical tube containing warmed agarose top.
16. Mix carefully but quickly (try to avoid bubbles) then pour onto the warmed plates. Allow to
set covered at room temperature.
17. Incubate at 37 °C overnight.
18. Count individual plaques and calculate the concentration from this number.
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A.5 Peptide Phage Display
A.5.1 Selection
1. Start an overnight ER2738 E. coli culture as described in Section A.2.1
2. Vigorously wash the target material powder (~5 mg) ten times with 1 mL 0.2% TBST, pH 7.5
then resuspend the material in 1 mL 0.2% TBST. Collect the powder with centrifugation
between washes.
3. Add 10 µL of the M13 bacteriophage library from NEB (Ipswich, MA) to the suspended
material.
4. Mix the target material–phage library solution with rolling for 1 hour.
5. Thirty minutes after starting step 4, start an ER2738 E. coli culture by combining 25 mL LB
media, 200 µL overnight culture (step 1), and 25 µL of 20 mg/mL Tet in a 125-mL Erlenmeyer
flask.
6. Wash the powder from the target material-phage solution ten times with 1 mL of 0.5% TBST,
resuspending the powder after each wash and transferring this solution into a new tube.
Collect the powder with centrifugation between washes.
7. Add 1 mL of 0.2 M glycine, pH 2.2 then mix with rolling for seven minutes. Centrifuge
briefly to collect the powder then quickly transfer the supernatant (containing eluted phage)
to a new tube containing 150 µL of 50 mM Tris, pH 9.1.
8. Add the above solution to the E. coli culture from step 5 once it has reached O.D.550-600 nm =
0.2. Amplify and collect the phage as described in Section A.3.
9. Save 5 µL of the collected and resuspended phage solution for future sequencing.
10. Repeat all steps above 3-5 times.
A.5.2 DNA Precipitation
11. Spot titer (Section A.4.1) then plate titer (Section A.4.2) all phage samples to be sequenced.
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12. Start an overnight ER2738 E. coli culture.
13. Make a master solution of ER2738 E. coli culture containing 1 mL LB media and 10 µL of
the overnight culture for each phage sample to be sequenced plus 1 mL LB media and 10 µL
of the overnight culture for error. Transfer 1 mL of this solution into the appropriate number
of 15 mL conical tubes.
14. Using a sterile Pasteur pipette, punch out individual plaques (separated completely from other
plaques) from the plate titer agarose top. Add each plaque to one of the conical tubes
containing the solution from step 13.
15. Amplify the phage at 37 °C with shaking at 300 rpm for 4.5 hours.
16. Transfer the amplified phage into individual microcentrifuge tubes. Centrifuge at 6000 rpm
for 10 minutes. Transfer the supernatant to a new microcentrifuge tube and repeat
centrifugation at 6000 rpm for 10 minutes.
17. Transfer the top 800 µL of the supernatant to a new microcentrifuge tube, then transfer 500
µL of this solution into another new microcentrifuge tube containing 200 µL of PEG/NaCl.
Invert to mix then place on ice for 10 minutes. (The remaining 300 µL of supernatant should
be stored at 4 °C.)
18. Centrifuge the phage–PEG/NaCl solution at 14000 rpm for 10 minutes to form a phage pellet.
Remove and discard the supernatant.
19. Suspend the pellet in 100 µL iodide buffer and 250 µL pure ethanol. Incubate for 10 minutes.
20. Centrifuge this solution at 14000 rpm for 10 minutes to precipitate the DNA. The DNA pellet
will be clear and invisible.
21. Remove and discard the supernatant then gently wash the pellet with 1 mL of 70% ethanol
without resuspending the pellet.
22. Centrifuge this solution at 14000 rpm for 10 minutes. Remove and discard the supernatant.
Allow the pellet to dry in a covered area overnight or briefly in a vacuum chamber.
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23. Suspend the DNA pellet in 20-50 µL sterile water. Determine the concentration of each
solution using an instrument such as a Nanodrop spectrophotometer. Submit samples for
DNA sequencing only if the concentration is greater than 75 ng/µL.
24. Submit the DNA solutions and the -96 primer (supplied by NEB with the phage library, 5 µL
of 1 µM solution per DNA sample to be sequenced) to the Nucleic Acid Sequencing Facility.
25. Once results are received from the Nucleic Acid Sequencing Facility, use a DNA sequencing
software (such as Sequencher) to view the compliment of the DNA and search for the Kpn1
cut site. In order to identify the 12 amino acid “specific” peptide, all three possible amino
acid reading frames may need to be viewed. The peptide sequence begins with SHS and ends
with GGG, with the specific peptide in the middle.

A.6 General Notes
1. Solid peptides should be stored at -20 °C, wrapped in Teflon tape then Parafilm.
2. Peptide and phage solutions should be stored at 4 °C. Only make as much sample as will be
used in a reasonable amount of time.
3. Targets for peptide phage display need to be recoverable by centrifugation without a cosolvent.
4. Always store biological materials and reagents at the recommended temperatures to extend
their shelf lives.
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