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Abstract
Electrochemical Nanomoulding Through Proteins

Daniel B. Allred

Chairs of the Supervisory Committee:
Professors Daniel T. Schwartz and Frangois Baneyx
Department of Chemical Engineering
Professor Mehmet Sarikaya
Department of Materials Science and Engineering

The continued improvements in performance of modern electronic devices are
directly related to the manufacturing of smaller, denser features on surfaces.
Electrochemical fabrication has played a large role in continuing this trend due to its
low cost and ease of scaleability toward ever smaller dimensions. This work
introduces the concept of using proteins, essentially monodisperse complex polymers

whose three-dimensional structures are fixed by their encoded amino acid sequences,

as “moulds” around which nanostructures can be built by electrochemical fabrication.

Bacterial cell-surface layer proteins, or “S-layer” proteins, from two organisms —
Deinococcus radiodurans and Sporosarcina ureae — were used as the “moulds” for
electrochemical fabrication. The proteins are easily purified as micron-sized sheets of
periodic molecular complexes with 18-nm hexagonal and 13-nm square unit cell
lattices, respectively. Direct imaging by transmission electron microscopy on
ultrathin noble metal films without sample preparation eliminates potential artifacts
but still allows access to the high surface energy substrates necessary for high
nucleation densities.  Characterization involved imaging, electron diffraction,
spectroscopy, and three-dimensional reconstruction. The S-layer protein of D.
radiodurans was further subjected to an atomic force microscope based assay to
determine the integrity of its structure and long-range order and was found to be

useful for fabrication from around pH 3 to 12.
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INTRODUCTION

The performance of many modern day products in industries ranging from food and
drugs, cosmetics, textiles, and electronics, has benefited greatly from nanoscience and
nanotechnology.[1] Nanoscience is an amalgam of physics, engineering, chemistry,
statistical mechanics, and other disciplines that were integrated to describe unusual
phenomena when observing systems at length scales larger than that of atoms and
molecules but smaller than that of the wavelength of optical light. Nanotechnology
refers to the suite of tools needed to create, visualize, manipulate, and characterize

materials in this size spectrum.

Solution-borne nanomaterials display interesting properties, but the challenge is to
arrange these nanomaterials on surfaces to permit communication to them with other
components, such as electronic devices, thus permitting creating interesting
functional devices. Popular ways to simulate the large scale fabrication attainable by
using solution-based methods is to exploit self-assembling systems that can
spontaneously order themselves on surfaces. Examples of such systems include

anodized alumina [2] or phase-segregating emulsions.[3]

It has been suggested that crystalline proteins may make excellent alternative
template systems.[4] Because biologically produced proteins are essentially perfect,
i.e., there is no polydispersity, the architecture of protein crystals are atomically well-
defined. Thus, given a library of such proteins to choose from, one could select the
protein that best suits one’s fabrication needs, whether it is a given nanopore or
nanoparticle size or separation or a series of parallel lines, and use it as a mask which

will have nanoscale feature sizes and spacings with errors in the range of dngstroms.

It is then no surprise to find that many have already been using crystalline proteins

for ordering materials at the nanoscale. The vast majority of prior methods have used
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chemical precipitation methods to decorate the proteins with nanoparticles, either by
reducing pre-complexed salts on them or by capturing preformed particles. Examples
include cadmium sulfide nanoparticle formation on S-layer proteins from Bacillus
stearothermophilus,[5] platinum nanoparticle formation on S-layer proteins from S.
ureae,[6] organization of preformed gold nanoparticles on S-layer proteins from D.
radiodurans,[7] and the organization of preformed gold and cadmium selenide-zinc
sulfide nanoparticles on engineered chaperonin proteins from Sulfolobus shibatae.[8]
The mentioned methods are ultimately solution-based methods and there is no means
for contact to the surface except, perhaps to land the proteins on a surface and allow
reflow, if the particles and proteins remain assembled during this process. Surface-
directed fabrication approaches would be ideal over solution-based methods for this
reason. A number of surface-oriented fabrication approaches have been explored
previously. The most relevant approach is one where proteins on a surface are coated
with metal from a vapor and are subsequently ion-milled to reveal the pattern.[9-13]
Another approach uses an electron beam to locally reduce trapped metal salts in the

cavities of the protein structure.[14]

A more general strategy would be useful for filling the fine structures between, and
possibly within, the proteins’ nanoscale architecture. Modern integrated circuit
fabrication technology uses the method of electrochemical deposition as the process
of choice for building up the various layers of metallic interconnects and this method
is expected to continue to play a dominant role in future device fabrication.[15] It
was surprising to find a dearth of previously published successful implementation of
proteins as masks for electrochemical deposition, although private communications
had revealed that there were some attempts. The advantages of an electrochemical
approach include: electrodeposition does not require a direct line-of-sight path
through the masking material, the nucleation and growth of the deposit can be
independently influenced by plating conditions and solution conditions, and

electrochemical growth would be occurring in a fluid environment appropriate for a
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protein. Some disadvantages involve the larger average grain size of the deposit and

the complexity of electrolyte formulations.

What is presented in this work is a new method for nanofabrication via proteins
which, given maturation, could lead to integration in solid state devices as a platform
for communicating to patterned nanomaterials at densities higher than that which can
be achieved by lithography. The goal in this work is to clearly demonstrate that
proteins are effective masks, especially in contexts where electrochemical deposition
provides unique advantages in terms of bottom-up filling in a fluid environment.
Some key challenges that are to be expected will include figuring out which proteins
will make good candidates to illustrate the principle as well as survive in the strong
ionic solutions characteristic in electrodeposition, achieving the high nucleation
densities of material required to fill the protein void spaces, and most importantly
obtaining any detailed information about the structure of the deposit at the length

scales of proteins in all three dimensions.
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CHAPTER 1

Proteins as Pattern Generators for Electrochemical Fabrication

SUMMARY

Bacterial cell-surface layer proteins, or “S-layer” proteins, from three organisms —
Deinococcus radiodurans, Sporosarcina ureae, and Desulfurococcus mobilis — were
chosen as pattern generating masks for electrochemical fabrication. The proteins
have unit cell geometries of 18 nm hexagonal, 12 nm square, and 18 nm square
respectively. The S-layer proteins from both D. radiodurans and S. ureae contain
internal structure within the unit cell and therefore permit finer and denser patterns
than their lattice constants might otherwise suggest. The proteins chosen ranked in
difficulty of use from extremes in simplity to unknown because of a combination of
factors related to the growth and harvesting of the host organism, the purification of
the protein, and ultimately, the stability of the protein to electrochemical solutions

used for deposition.



1.1 From Data in the Literature to Proteins in the Bottle

1.1.1 Introduction

Proteins are a subset of polymers, i.e., a linearly bonded sequence of amino acids
with an extra carbon atom in between the amine group and the carboxylic acid group,
and this extra carbon atom is where all the functional side groups are attached in a
specific order along the chain. Self-assembly is accomplished spontaneously, or by
the aid of other proteins whose function is to assist in this endeavour. By contrast,
the modern chemical equivalent is that of liquid crystals and block copolymers,
where a molecule contains immiscible domains, ensuring phase separation on the
length scale of the molecule. This gives rise to a classical set of mesophases which
can be classified according to a common series of types depending on the
environmental conditions as shown in Figure 1 (taken from a review by P. Ekwall, et

al. [16]):
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Figure 1: A summary of mesophases available in liquid crystal systems.

Block copolymers are essentially larger versions of liquid crystals, where the length
scales can be selected by changing the chain length of the immiscible portions of the
molecule. For example, one example system used for fabrication is polystyrene-b-
methylmethacrylate, or P(S-b-MMA), where after assembly (often in hexagonal

phase and aligned in an external electrical field) the PMMA, being ultraviolet
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sensitive, can be removed after exposure to radiation, leaving behind patterned
cylindrical holes of a selected size.[17] The essence of obtaining a chosen pattern
relies heavily on the choice of chain lengths and, in either liquid crystals or block
copolymers, the concentration, nature, and number of solvents involved in

preparation, i.e., a phase diagram is needed.

Some polymer chemists, in an effort to break free from the traditional phases, make
more complex polymers by adding more blocks to the polymer with different
chemistries. Thus, instead of X-b-Y, we get X-b-Y-b-Z and so on and sometimes
new forms can be created that do not fall into the classification scheme as shown in
Figure 1. If one follows this trend to its ultimate extreme, one might conclude that
the greatest level of control over molecular structure is one where every “letter” on
the polymer chain is “written” in a well-defined order, i.e., precisely what nature does
with proteins using 20 different “letters”, or amino acids. Figure 2 is an example of a
protein used in this work where its amino acid sequence, obtained by J. Peters, e al.,
[18] is shown alongside its surface topography, obtained by D. J. Miiller, et al.[19]
This structure is the product of the sequence and does not rely on environmental
variables, although aggravating conditions may potentially damage it as will be
discussed later in this chapter. Thus, unlike previously mentioned self-assembling
systems, the final structure of a protein is genetically encoded and naturally
synthesized. it is therefore fixed, permitting a very useful, highly accurate template,

or mould, for fabrication at molecular dimensions.
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Amino acid sequence of the protein Atomic force microscopy of the protein crystal.

Figure 2:  The cell surface protein of Deinococcus radiodurans: Sequence and structure.

Fabrication around the extremely small spaces between and inside protein molecules
requires a very high fidelity nucleation and growth strategy. Because this work is
focussed on building on surfaces for the purpose of eventually being able to
communicate to the structures made, the challenge is multiplied by the vagaries of
heterogeneous surface energies which will require a careful selection of the surface
and its consideration as part of the fabrication process. The previously mentioned
work involving preformed nanoparticles does indeed allow one to construct precise
particles, but filling the protein volume and contacting the surface may not always
follow. Vapor deposition mechanisms are severely restricted by the protein coverage
and the openness of the pore structure. Salt precipitation is an electroless mechanism
which will perhaps perform a good job of filling the space, but control over which
parts of the protein are nucleated will be governed by the residues responsible for
nucleation and reduction of the salt, if needed, will be an additional step. Both vapor
deposition and salt precipitation have been useful for visualization since the 1940’s
and 1950°s,[20, 21] but were not used as fabrication tools. An aqueous

electrodeposition mechanism, which is the goal of this work, would begin nucleation
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on the surface, ensuring electrical contact, but from there, proceed to fill space
volumetrically even underneath confined spaces so long as ionically accessible space
is available. Electrodeposition offers the combined advantages of a surface-confined
nucleation mechanism, a volume-filling growth mechanism, and the convenience of
operating in fluid environments under environmental conditions likely to maintain the
structural integrity of proteins. Perhaps its greatest drawback is the complexity of
electrolyte formulation and the need to consider both electrode surface and electrolyte

volume as integral to the fabrication process.

Except for some commodity enzymes and specialty proteins, most proteins cannot be
purchased from catalogues. A typical commodity enzyme is egg-white lysozyme, a
digestive protein which can be purchase inexpensively as crystals in bottles.
Specialty proteins which come in small ampules would include proteins such as
bovine serum albumin (BSA) used as a protein mass standard, and a wide variety of
restriction enzymes, proteins that “cut” DNA (deoxyribonucleic acid, the genetic
chemical that encodes each life form) at specific sequences in a specific manner.
However, these are not necessarily the kind of proteins that make great patterns for

fabrication such as in Figure 2.

By using proteins that crystallize in only two dimensions, we ignore many possible
ways which the protein can organize on a surface and limit it to “up™ and “down”.
Additionally, some proteins remain inside the cell, some are retained in the cell wall,
some sit on the cell wall exposed to the environment, and some proteins are just
routinely exported into the environment altogether. This presents quite a range of
challenges in terms of purifying the proteins, from very simple to potentially difficult.
Additionally, some protein crystals will spontaneously crystallize once freed from the
cell, some will need to be recrystallized under special conditions, and some are
purified as intact crystals. Again, the challenges are variable. Some proteins come

from microorganisms that are pathogens to either humans or to animals and may
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require special laboratory space to work with, which may or may not be a
consideration, and some microorganisms require controlled environments.
Alternatively, some of the proteins come from plants and some from animals. All

these must be weighed against each other when a choice is being made.

Despite these many variables, there does appear to be a good general platform that
can be picked out as more likely to be useful than the rest. Table 1 on the following
page contains a summary of proteins that organize into 2D periodic arrays. From the
many that exist in the literature, this a short list which only contains those whose
structures have been looked at in some detail as noted by the reference. Note the
prevalence of proteins referred to as “S-layer proteins”. Many microorganisms carry
on their outer cell walls a periodic protein coating which is generally called an S-
layer protein, though this should not be construed to mean there is a common
ancestral form from which they have evolved.[22] The S-layers are exposed to the
lipid-like cell wall on one side and the aqueous environment on the other, which
generally means there is a “sidedness” which may prove useful when coating
surfaces. Many can be isolated as intact crystals, and many display unusually high
tolerance to temperature and aggressive chemicals.[23] Because of these many
properties, bacterial cell-surface proteins (S-layers) are the epitome of convenience

and will be the focus of the work contained herein.
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Table 1: A variety of 2D protein crystals, organized by structure, whose structures have been
investigated.
space
symmetry rou unit cell (angstroms) protein source reference
p1 64 x 52,121° Na,K-ATPase rabbit kidney 124]
p1 120 x 29, 93.7° cell sheath protein Methanospirillum hungatei {25)
p1 103 x 79, 81° S-layer protein Bacillus stearothermophilus NRS 2004/3a [26}
p1 94 x 74, 80° S-layer protein Bacillus coagulans E38-66 27}
p1 200 x 380, 82° S-layer protein Chiamydomonas asymmetrica
pt 280 x 210, 88° S-layer protein Clamydomonas angulosa 28]
oblique p1 250 x160, 71° S-layer protein Chlamydomonas incisa
p1 215 x 70, 80° S-layer protein Chlorogonium elongatum [29]
p2 161 x 241, 84° photosystem li barley Hordeum vuigare viridis zb®® [30]
p2 101 x 78, 91° vacuole membrane protein bean seeds (Phaseolus vulgaris) [31]
p2 285 x 236, 80° Sdayer protein Chiamydomonus reinhardi [32]
p2 118 x 78, 73° S-layer protein Aquaspinilum putridiconchlyum [33]
p2 240 x 160, 109° S-layer protein Lobomonas pinformis [25]
p2 118 x 53,102° S-layer protein Lactobacilius acidophilus ATCC 4356 [34]
p12, 138 x 145 photosystem | Synechococcus sp [35)
p2gg 190 x 176 C-reactive protein rabbit serum {36]
p2,24 73 x184 catalase beef liver 373
rectangular p22,24 100x79 OxIT Oxalobacter formigenes {38)
P22;24 71x 81 OmpG Escherichia coli {39)
p22,2, 111 x122 Oomp21 Comamonas acidovorans {40]
p22,24 182 x 154 BetP Corynebactenum glutamicum {41]
p12, 157 Potassium channel protein rat brain [42]
p2 97 S-layer protein Pseudomonas avenae 43]
pé 128 S-layer protein Sporosarcina ureae [33]
p4 125 S-layer protein Aeromonas salmonicida [44]
p4 184 S-layer protein Azotobacter vinelandif [45]
p4 1185 S-layer protein Clostridia thermosaccharolyticum [46]
p4 131 S-layer protein Bacillus sphaericus® [47]
pd 120 S-layer protein Aeoromonas hydrophila TF7/U14 (48]
pd 100 S-layer protein Bacillus polymyxa (49}
square p4 110 S-layer protein Pseudomonas acidovorans (50}
p4 90 S-layer protein Bacillus cereus 51}
p4 65 S-layer protein Pseudomonas delafieldii } (2]
p4 65 S-layer protein Pseudomonas facilis
p4 64 lens major intrinsic protein ovine lens fiber cell 53]
pd 104 glycerol uptake facilitator (GlpF) Escherichia coli [54]
p4g 99.2 CHIP28 human erythrocyte membranes [55]
p422 90 heat shock protein Mycobacterium tuberculosis (56}
p42,2 165 p10 $29 bacteriophage 57}
p42,2 96 aquaporin 1 human erythrocyte membranes (58]
p42,2 95 aquaporin Z Escherichia coli [59]
p3 62 purple membrane Halobacterium halobium 60}
p32, 167 H’-ATPase Neurospora crassa [61]
p321 129.5 light-harvesting complex plant ceits [62)
p312 162 chaperonin TF55 Sulfolobus solfataricus 63]
p3tm 72 OmpF Escherichia coli [64]
p6 80 outer membrane protein Bacteroides bucchae 65]
p6 180 S-layer protein Deinococcus radiodurans® [686]
hexagonal pé 235 S-layer protein Caulobacter crescentus [67]
pé 153 S-layer protein Methanoplanus limicola [68]
pPé 175 S-layer protein Chiamydia trachomatis 69}
p6 256 S-layer protein Lampropedia hyalina [70}
p6 146 S-layer protein Clostridia thermohydrosuffuricum [46)
p6 145 S-layer protein Aquaspinfium serpens 67]
pé 185 S-layer protein Acetogenium Kivui [71]
p6 311 S-layer protein Thermoproteus tenax } 72
pé 304 S-layer protein Thermoproteus neutrophilus
psmm 160 S-layer protein Aquaspiniium serpens MWS [33]

previously, Bacillus brevis
previously, Micrococcus radiodurans
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1.1.2 Methods and Materials

Stock cultures of cells

Deinococcus radiodurans SARK (ATCC 35073), Sporosarcina ureae (ATCC
13881), and Desulfurococcus mobilis (ATCC 35582) were obtained as freeze-dried
cultures and transferred to 5 mL of growth media: 0.5% peptone, 0.3% yeast extract,
0.1% glucose (TGY medium), for D. radiodurans, 3.0% tryptic soy broth (TSB
medium), for S. ureae, and a complex basal salts medium based on a Sulfolobus
medium [73] for D. mobilis via crimp vials under a nitrogen atmosphere with
resazurin as an oxygen indicator based on the protocol by W. Zillig, et al.[74] These
were grown overnight in rotary shakers at 30°C, except for D. mobilis which was
grown for weeks at 88°C, and plated onto media solidified with 1.5% agar. Repeated
difficulty emerged with D. mobilis and so it was abandoned. Individual colonies
were regrown overnight at 30°C in the appropriate growth media. Glycerol was
added to 24% vol/vol final concentration and 2 mL stocks were stored at -80°C in

cryogenic tubes.

Cell culture and optical density measurements

For cultivation, a heated platinum wire loop was used to transfer a small amount of

cryogenically frozen cells to 5 mL of freshly prepared TGY or TSB media, for D.

radiodurans and S. ureae, respectively, and cells were grown overnight at 30°C in
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rotary shakers. The overnight culture was used to inoculate 25 mL of media (by 50-
fold dilution using sterile techniques) and cells were grown to at least early stationary
phase. The resulting culture was used to inoculate 1 L of growth medium as above.
Growth was monitored by measuring the optical density of the solution at 600 nm
using a 96-well microplate reader with 200 ul of sample, with dilution into fresh
media as necessary if the density was too high which may result in detecting stray
light. To obtain dry cell mass measurements, a known volume of culture was
occasionally removed at logarithmically equal intervals of optical density and
precipitated at 10,000 g and washed by this process repeatedly in deionized water to
remove media components before lyophilization. Lyophilization was performed
under vacuum for 4 to 5 hours at -50°C to sublimate the ice resulting in a flaky dry
cell mat which was weighed on a balance. For obtaining proteins. cells were
harvested after early stationary phase and rinsed by repeatedly centrifuging at 2000 to

3000 g for 15 min and resuspending in deionized water 3 times.

Protein purification and concentration measurement

S-layer proteins were purified by differential centrifugation. For D. radiodurans.
cells were stripped of their S-layers by incubation in 50 mL 5 wt% sodium dodecyl
sulfate (SDS) for 2 hours at 60°C. For S. ureae, cells were lysed by a French press
operated at 10000 psi. In both cases, the suspensions were centrifuged at low speed

(2000 to 3000 g) to remove denuded and unbroken cells, and the supernatant was
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transferred to fresh centrifuge tubes. S-layer proteins were recovered by
centrifugation at 28000 g for 50 min. For D. radiodurans. the proteins were
resuspended in 2 mL 5% SDS and the purification is complete. For S. ureae. protein
pellets were resuspended in 30 mL 50 mM sodium phosphate pH 7.8, supplemented
with 1% Triton X-100 and 1 mM MgCl, (SPBM buffer), and incubated overnight at
room temperature. On the next day, S-layer proteins were pelleted by centrifugation
at 28000 g for 50 min. resuspended in 30 mL of SPBM buffer and the process was
repeated 3 times. Finally, lysozyme (Sigma) was added to 100 ug mL™ final
concentration and the suspension incubated overnight at 37°C in a rotary shaker.
Proteins were pelleted and washed in deiniozed water with 1% Triton X-100 three
times as above. S-layer proteins from D. radiodurans were stored at room
temperature in 5% SDS. S-layer proteins from S. urege were stored at 4°C in 1%
Triton X-100 and | mM MgCl,. Both protein products were stored as stocks at 1 mg
mL" concentration based on the Bradford assay [75] using a portion of the protein
resuspended in deionized water as the detergent influences the assay results. Bovine

serum albumin (BSA) was used as the protein standard in the assay.
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SDS-PAGE was performed essentially as reviewed by D. Garfin.[76] Gels, | mm
thick, were generally made of 10% or 12.5% bis-acrylamide for the resolving gel. and
4% bis-acrylyamide for the stacking gel. and operated potentiostatically at 200 V for
about 45 minutes using 15 L. of protein samples, which were previously boiled in
the running reagent for 5 minutes prior to loading. Staining of gels was performed
typically by Coomasie Blue (Sigma) but for quick results copper staining was more

often performed.[77]
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1.1.3 Results and Discussion

Using modern search engines, one can merely type “2D Protein Crystals’ and obtain
a vast account of literature dating back dozens of years on studies of proteins that
assemble this way. Table 1 contained a partial list of such proteins gathered from
from books and review articles, organized by structure, but includes only those
proteins whose structure has been characterized in some way along with references.
However, this table contains little information needed to choose a protein
intelligently, unless one is lucky enough to have friends in a biological laboratory
willing to routinely provide fresh protein stocks at regular intervals. Therefore, a
table that contains information about how to grow the organism that synthesizes the
protein, where it can be obtained, as well as how the protein is purified, is more
useful that a mere listing of lattice constants. Table 2 thus contains this additional
information on a reduced subset of Table 1 which only contains S-layer proteins.
This final table is essentially a more condensed version that has explored the
literature deeper to find out key information about how the organisms grow, how the
proteins are purified, and if any information has been found regarding studies of their

stability in aggravating conditions.
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Table 2: A short summary of S-layer proteins containing relevant information for fabrication,
including organism growth methods and protein purification procedures.
TARGET STRUCTURE HOST ORGANISM DETAILS PROTEIN DETAILS

unit cell geometry size ® density ° Species and Hazard Class (BSL#) source’ growth® | purification® stability®
Inm(xnm. Bangle) Inm  1#x10" cm?
el 10x8 81° 28 25 1 [ gz:ﬁ;’gﬁopm/us NRS 2004133 1 F.A?;ZESSY T[‘7812- )EB%]C [%E]
p1 9x7,80° 30 43 7 fﬁig'u”éns £38-66 1 P [;;] [e%]iR%} ?
p2 24x16,108° 65 08 | (28] | Lolomones 1 CcAPasH . &9 »
p2 20x24x80° 25 03 | (327 | Slemydomonas 1 ATCC 18798 [é“2} ‘-[3210 2
p2 12x8, 78 18 34 | (33 :3,‘{,‘?5;’,’;’2‘;’,’}’,“," 1 ATcctezre  SomTen [%g'} p"'[g‘;‘] M
p3 21 38 03 | [sg | Surolobus 1 DSM5389 T{B_,f]c L Ese?c »
p3 19 43 10 | 87 Z‘;’e‘f;ae;fs 1 DSM 1651 T'[ES,;]” L ['37?C [E%]
woom 20 o8 | pa | fommones e g | °
pé 18 54 03 | (eo] | Desuurococcus 1 DSM2181 ™ [% s’ L go':]’C 2
p4 13 17 o8 | (o1 | Seorosarana 1 ATcCtassr  Ognn L D[gﬂD E pH[gg]D E
p6 18 34 11 | [ee] | Democoocus ok 1 aTcc3sors  SORe ?QB]C "H[”g";]D E
oo RN T e : Tamt o getel cgE R
pe 24 38 04 | 167) | Cascone onvis 7 POES;’“@“ “en [?3% pfévh?‘

Minimum feature size and areal density is estimated based on the protein structure reconstructions cited in the reference

ATCC: Amer. Type Cuit. Collec., DSM: Germ. Collec. of Microorg. & Cell Cult., CCAP: Cult. Centre of Algae & Protozoa (UK)

T High T (> 37°C), T" : Low T (< 30 °C), O, limited to no oxygen, lll: light, $° elemental sulfur required, ac: acidic pH, inf: infection of tissue,
H: homogenization of infectant, DC: differential centrifugation, common: 30° - 37° C, shake flask

L: lysis, D: detergent treatment, X: chaotropic disruption, RC: recrystallization, OC: differential centrifugation, E: enzyme treatment

pH: pH sol: solvent, M*: solvated cationic content, D: detergent, E: enzymes, ?: no significant study known at present
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Growth of bacterial cells is conveniently monitored by light scattering, though this
data is rarely shown in the literature because one may make alterations to the growth
temperature or to media constituents. In general, the literature will cite the stage of
growth at which bacteria are harvested, and it will be up to individuals to determine
when that time point is reached. Given a recipe for maximizing cell density in a
batch fermentor, key growth stages involve the pre-exponential phase, the mid-
exponential phase, the early stationary phase, the stationary phase, and the death
phase (which is rarely used as a collection point). These stages reflect variations in
cell metabolism and, for some proteins, represent opportunities to collect higher yield
or higher purity product. From Figure 3, which was collected for both Deinococcus
radiodurans and Sporosarcina ureae as model organisms to be used in this proof-of-
concept, one can clearly see the phases and the transition from the exponential phase

(which appears linear on a log-plot) to the stationary phase.

Deinococcus radiodurans SARK Sporosarcina ureae
s r 1. .00 .
§ 100 4 : u 1.0 - § 10.00 4 i .
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-~ s ~ -~ oo e e > 0 —
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£ g time " B £ time E
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time after 1:50 inoculation / hrs time after 1:50 inoculation / hrs

Figure 3: Growth curves (note log scales on the y-axes) obtained for D. radiodurans and S. ureae
revealing the time to harvest cells for S-layer protein extraction.

Note the difference in the time taken to get to collection points. The initial point is
called the “inoculation”, an injection of cells into fresh media from a smaller volume
of growth media. The original starting point is a scraping from frozen cell culture in
a cryogenic freezer. Also noted is the absence of a growth curve for the organism D.
mobilis. This archaebacterium (a separate kingdom of life not to be compared equal

to eubacteria such as Escherichia coli or the others used in this study) is an unusual
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archae that grows on elemental sulfur (see Table 2). Although there were numerous
studies involved with this organism, [74, 90, 99-104] after contacting the authors it
was clear that all cultures were obtained from the original isolator, Prof. Wolfram
Zillig, not by following his protocol [74] as often reported. Deeper reading revealed
that archae growth on elemental sulfur, due to sulfur’s practical insolubility in water,
is a poorly understood issue and that these archae might use sulfur in a variety of
ways.[31, 105-109] Because of this, it is likely that there is some minor issue with its
growth that is not mentioned in the protocol such as a gas needed in the headspace or
some other similar thing not thought to be detailed, and so this organism was
abandoned. Otherwise, once the growth curve is constructed, harvesting of cells can
be performed more casually as most of the time is just waiting (when performed in
batch fermentation mode as is done here). Knowing how dry cell mass corresponds
to the measured optical density can provide a clue as to how much protein can be

extracted if the protein made per biomass of organism is roughly known.[110]

Purification of proteins from harvested cells is often performed precisely as
mentioned in the literature, as this procedure often requires a lot of time consuming
wet lab work and careful measurements. However, in an article by Baumeister, e?
al.,[110] there was a listing of many variations of the same theme of a purification
procedure for the S-layer of D. radiodurans. Also, there were subtle differences in
other work by P. Lancy, Jr., et al.,[95] and B. G. Thompson and R. G. E.
Murray,[111] mostly in variations in the centrifugation speeds and whether a true
density gradient was used or differential centrifugation was used to separate the cells
from their S-layers. In summary, the cells are denser than their S-layer proteins. The
S-layer proteins, because they remain crystals, are denser than any soluble proteins.
Therefore, purification requires precipitating denuded cells at a low centrifugation
speed (the exact speed not being crucial) and removing them. Final purification
involves precipitating the S-layers at a very high centrifugation speed (again, the

exact speed not being crucial) and removing the solution to resuspend the precipitate
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in fresh solution. Figure 4 shows protein gels used to demonstrate product recovery
and approximate purity (the contaminant bands are likely cleavage fragments of the
original protein, not foreign proteins [112] ). So, though normally protein
purification is a complex procedure and therefore one often follows the literature
religiously, it turned out that, in the case for pre-assembled S-layer proteins, the key
issue is to centrifuge the denuded cells at a low enough speed to prevent precipitating

S-layers, and to centrifuge the S-layers at a high enough speed to precipitate them all.

Deinococcus radiodurans Sporosarcina ureae
M WC SL M WC SL

Figure 4:  Sodium dodecyl sulfate — polyacrylamide gel electrophesis (SDS-PAGE) patterns
of proteins used in this work. Arrow denotes expected position of protein.

M marker proteins
WC  whole cell contents
SL  S-layers after purification
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1.2 Stability of S-Layer Proteins in Electrolytes: The New “Phase Diagram™

1.2.1 Introduction

As seen in Table 2, some S-layer proteins have been subjected to stability studies.
The extent of these studies varies, but this data is a good start in finding a good match
between a protein and an electrolyte. The types of disrupting agents that are common
in these studies are summarized in Table 3 with respective to their relevance in

electrochemical fabrication.

Table 3: Summary of common disruption agents used to test proteins in solution and their
relevance in electrochemical fabrication

Disruptive Agent Examples Electrochemical Application
Alkali Salts Na', Mg®", Ba™", La*" Supporting Electrolyte

Metal Chelators EDTA (ethylenediamminetetraacetic acid) Stabilizing ligands
Detergents SDS (sodium dodecyl sulfate), Triton X-100 Wetting Agents

Disulfide Bond Breakers DTT (dithiothreitol), f-mercaptoethanol Reducing Agents’

Hydrogen Bond Breakers urea, guanidine hydrochloride None known

Enzymes lysozyme, trypsin, lipase None known

Temperature 45°C, 60°C, 70°C, 95°C Common Parameter

pH 2,4,7.10 Common Parameter

* These particular ones are not often used

The work by T. Beveridge [92] looked at the S-layers of S. ureae under solution
conditions (even most of these here) and characterized their disruption by staining
them under a transmission electron microscope. Although this method is good for
indicating positive results (i.e., good crystals) it is not clear how they distinguished
them from negative results which were not shown directly, nor how one could
evaluate “partials”. Additionally, there may be variations associated with S-layers
adsorbed onto surfaces due to the lower degrees of freedom available. The work on
D. radiodurans was a bit mixed. In one study [95] stability was based on how much

protein was solubilized by exposure to various disruption agents (a subset of those in
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Table 3) which would only prove complete destruction of the protein, for which none
of the agents were successful. This study would have one believe that the protein
might be stable up to a pH of 14 overnight or overnight exposure to EDTA, which is
quite remarkable. Another study [110] discusses in more detail about how this S-
layer protein may in fact denature but leave its outline intact where pH studies were
conducted down to pH 1, but a thorough time investigation was not studied, and
characterization was performed using rotary shadowing in a transmission electron
microscope, which has a better chance of revealing negative results. In summary,
before one can use data on protein stability one must scrutinize the protocol used and

determine whether that is relevant to the application intended.

In this work, the intended application for the proteins is for them to maintain their
structural detail and long range order once adsorbed onto a surface in a given
electrolyte for some period of time. To electrochemically build structures only a few
nanometers thick, time scales of minutes are most likely the upper bound necessary.
Much of this literature might not capture the needed information, and the mixture of
data makes it difficult to standardize the results into a readily interpreted form that
can be used to guide choices for an electrolyte, though they did prove helpful in
providing a starting point. This is most likely due to the lack of need for data in this
form because the concept of S-layer proteins being used in fabrication is only

recently being introduced, and this work is the first for an electrodeposition process.

Finding the stability range for a protein of our choice will require experiment because
the complexity of proteins does not permit de novo prediction, and dynamic
simulations of proteins in complex solutions are not readily formulated nor would
they be reliable without experimental evidence, even if atomic resolution structure
were available for these proteins. Ideally, one should span a range of conditions that
should demonstrate a trend to show a behavioral pattern that displays a stability

“envelope” which would be comparable to a phase diagram, one which points to
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locations in phase space where the protein is or is not an intact periodic template
useful for fabrication. Because this a matter of a geometrical structure which may
change, and protein structure modulations are on the order of several nanometers, the
best tool for characterizing this is one that is most sensitive to surface topography.
The atomic force microscope is the most direct way to obtain this information, and
although faster and simpler methods were sought after, this method was ultimately

chosen to perform this key task.

A new challenge then became apparent, that of compressing about one hundred
topographic images into a readily interpretable form that captures the essence of the
data without introducing human bias due to subjective expectation and the low data
collection efficiency of atomic force microscopy. This requires sampling the surface
repeatedly without being able to visualize whether the proteins are intact or not, but
still able to find the protein “sheets™. Additionally, as the tip shape is convoluted
with the image, a region of surface must always be captured in the image as a control
to determine whether structural data can be trusted to have attained sufficient
resolution to determine whether protein structure is intact or not. Finally, a uniform
algorithm must be used which processes the numerical data obtained and tested
against controls. Thus, using a “blind” data collection mechanism and a single
processing algorithm that operates on all data uniformly to reduce images into a
collection of data points, it should be possible to determine a protein stability

“envelope” without resorting to showing a montage of images.
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1.2.2 Methods and Materials
Surface Preparation

Disks of freshly cleaved mica (5 mm diameter) were coated with 10 nm of platinum
in a Gatan ion-beam sputter coater, where growth was monitored using an in-situ
quartz crystal microbalance monitor. The platinum film had a cobblestone
appearance with small grains 2 — 5 nm in size and were very reproducible from

preparation to preparation.
Protein adsorption

In general, proteins can be adsorbed at complete coverage or partial coverage. For
complete coverage, stocks prepared as in Methods and Materials from Section 1.2
were used (i.e., | mg mL™ protein concentration) and about 5 — 10 uL. were applied
by pipette onto the surface. Excess liquid was wicked away and the rest allowed to
air dry. The surface was then rinsed in deionized water by repeated immersion and
dried under nitrogen or argon. For partial coverage, the concentration was diluted
tenfold to 0.1 mg mL™" and 5 — 10 puL were applied onto the surface. The excess was
wicked away and after 20 — 40 seconds the surface was rinsed in deionized water

several times by repeated immersion and dried under nitrogen or argon.
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Protein exposure to disruptive agents

Chemicals were prepared from reagent grade chemicals and the pH was tested using
litmus paper. Protein-coated surfaces were then either dipped up-side down on a drop
of the solution (for 1 second time intervals) or a drop was placed on the surface (for
longer time intervals). After the time interval was up, the liquid was immediately
blown dry with a nitrogen or argon gas stream. The surface was then rinsed a few

times by repeated immersion in deionized water and dried similarly.
Atomic force microscopy

A Nanoscope 111 AFM was used for all imaging using DI (Digital Instruments)
capture software. AFM was performed in ambient conditions in Tapping Mode®
using an open amplitude feedback control loop. Scan rates were nominally set to
about 1 — 2 linear um's™'. Tips were obtained from MI (Molecular Imaging) and had

typical resonance frequencies of 350 kHz and tip radii of 10 nm.
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1.2.3 Results and Discussion

Atomic force microscopy proved very useful for visualizing the topography of
protein crystals which requires no sample preparation effort other than adsorbing
them onto a smooth surface, such as freshly cleaved mica. Figure 5 shows examples

for the two S-layer proteins used in this work.

S-layer protein from D. radiodurans S-layer protein from S. ureae

Figure 5:  Atomic force microscopy images of S-layer proteins on mica used in this work

Figure 5 shows these proteins on freshly cleaved mica, excellent smooth surfaces for
good detail, but not useful for electrodeposition. The Fast Fourier transform inserts
clearly point out the hexagonal and square symmetry involved with D. radiodurans
and S. ureae S-layers, respectively. However, the topography of the S. ureae proteins
is very difficult to see, and the 3D reconstruction work [91] clearly reveals why this

would be so. Thus, work here will be confined to the S-layers of D. radiodurans.

A 2D protein crystal can “land” on a surface in only of two ways, “up” or “down”.
Figure 6 shows AFM images of the S-layer of D. radiodurans in both of these

configurations.
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configurations, on platinum-coated mica, noting the difference in topography.

Because of this variation and their potential impact on image analysis, the first step
was to quantify how often these proteins expose the “easier to image” side, which we
will refer to as the “up” side, over the “more difficult to image” side, which will be
referred to as the “down” side. This was performed by repeatedly imaging on the
same surface samples of protein crystals. Although we do not show the array of
images here, the initial screenings showed that, although perhaps one side may have a
preferential adsorption side, the side exposed to the microscope probe is nearly 50-50
“up”-“down” because the protein crystals often fold over, revealing an arbitrary side
to the tip which can’t penetrate through to the first layer which is the primary

template layer for fabrication.

Knowing that, in advance, half of the protein regions are facing in the “down”
orientation, the strategy for data capture is to always hunt for folded proteins to
guarantee that one always has at least one of the “up” regions in the field of view.
This is important because a tip with moderate resolution has shown that a “down”
orientation protein can in some cases be misinterpreted as a damaged protein even
when no disruption agents were used. Additionally, searching must be performed

“blind”, that is, without sufficient resolution to see the protein detail but enough to
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determine the proteins are there. Figure 7 shows a region captured under “blind”

scanning and “capture” scanning.

£ g j s
Figure 7:  The general strategy for choosing regions for image analysis by AFM to study
protein stability in disruption agents. This sample was performed at pH 12 after a
1-s exposure.

Because we wanted to map out a region of conditions that are significant for
electrochemical fabrication and see a clear trend that is not sensitive to occassional
misinterpretation likely to result from a massive collection of data which is sensitive
to these orientation variations, pH was chosen because it is important for both
proteins and electrodeposition in aqueous media. As previously noted, the S-layer of
D. radiodurans was found to be highly insensitive to pH from extremely basic to
extremely acidic, but the characterization methods were not uniform nor necessarily
applicable to a fabrication technique such as electrodeposition. However, the
existence of preliminary work in the literature should allow us to obtain higher
quality data to complement these studies and obtain results more useful for
fabricators. Figure 8 shows example images used for image analysis under
conditions that left proteins intact, partially degraded proteins, and which completely

destroyed proteins.
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Figure 8: A selected suite of AFM data of proteins adsorbed on platinum-coated silicon taken
after the same protein exposure time to different pH conditions. This is a small
subset of all data accumulated. The pH conditions are as shown, the time of
exposure for all images is 100 seconds. Profilometry across the structures indicate
a z height of 5-6 nm, indicating all are monolayers (not shown).

Images were then binned into a “quality” number based on the how much survival
there was. For complete destruction a “0” is assigned and for complete survival a <1~
is assigned. An automated algorithm became too complex after discovering the issue
with folded proteins, so for partials, the data was binned into one-quarter intervals as

a discrete quality estimator. The data is plotted versus pH on one x-axis and exposure

time on another x-axis, as shown in the accumulated results in Figure 9.
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Figure 9:  S-layer protein of D. radiodurans under different pH conditions for different times.
A quality of 1 indicates intact protein crystals, 0 indicates complete disruption.



29

The combined effect of pH and time is effectively a “charge dose”, although we keep
them separate in Figure 9 because the physical principle of the disruption may be
exceedingly more complex. In principle, a protein has an isoelectric point (pl) about
which it will be positively or negatively charged depending on the pH of the solution.
Some amino acids such as lysine and arginine will lose positive charge at a
characteristic high pH and others such as aspartic acid will gain negative charge. At
low pH, the effect will be opposite. Hystidine can exhibit complex charge states
which will be dependent on its local environment. Thus, proteins can go through
phases where pH has little effect until a critical point is reached, then a massive
transformation occurs. Additionally, all proteins are ultimately sensitive to acid
hydrolysis, where some peptide bonds are unusually sensitive to low pH due to
cleavage of the peptide bond and release of water, but apparently some S-layers have
evolved resistance to this. Indeed, many archae thrive in conditions below pH 1,
truly a marvel, but protons play a critical metabolic role in some of these organisms’
lives, and oxygen is often deadly to them. Their environment-exposed S-layers
clearly may have evolved some mechanism of shielding their sensitive peptide bonds

from such chemical attack.
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CONCLUSIONS

This chapter describes a generic outline for choosing an appropriate protein as an
accurate mould, or “mask”, for electrochemical fabrication. In summary, books and
review articles allow one to find proteins that crystallize in two-dimensions, very
useful for fabrication, as well as their lattice parameters. More searching is needed to
determine if their three-dimensional structure has been solved to any degree of
resolution. Even further searching is required to find data relevant to actually
harvesting the organism and purifying the protein for use. Based on this work, it
appears that S-layer proteins, on average, are probably the best candidates to work
with. This stems from their typically being highly ordered, readily purified, and that

some are stable assesmbled in suspension.

Clearly pointed out is that, despite a vast wealth of literature on proteins that organize
themselves, there is important information regarding protein stability relevant to
fabrication that is not generally available in a readily interpretable form. The work
here demonstrates how one can obtain the data oneself experimentally and
quantitatively, although this is not likely to be necessary in practice. A more practical
approach is to start taking data close to fabrication conditions, and if the proteins do
not survive this for the time needed, begin exploring outwards in phase space using
less aggressive conditions until the edge of the stability envelope is found.

Quantification is not needed if the data is for one’s own practical application.
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CHAPTER 2

New Tools for Characterizing the Protein-Inorganic Nanocomposite

SUMMARY

In order to use the best tool for characterizing the materials to be fabricated at the
length scales necessary, a new platform of self-supported thin metallic substrates
were used in conjunction with transmission electron microscopy. These substrates
are incredibly thin, i.e. 2 — 3 nm, to keep their superimposed detail to a minimum.
Because traditional fabrication methods were so tedious but large quantities were
needed for experiment, an alternative fabrication strategy is developed to allow a
production-scale quantity of these products to be made. Armed with this capability, a
vast experimental space can be explored with ease and several applications are shown
using the transmission electron microscope and its capability of high resolution

imaging, diffraction, and spectroscopy.
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2.1 High-Throughput Production of Self-Supporting Thin Metallic Films

2.1.1 Introduction

Electrochemical deposition is essentially a problem of heterogeneous nucleation and
growth on surfaces. To fill a nanoscale template well, instantaneous nucleation
density must be very high in order to maximize the filling efficiency. Thus, to prove
the principle of nanomoulding around proteins, requiring nucleation densities of the
order of 10" cm™, the surfaces will be primarily made of noble metals such as gold,
platinum, and palladium, which generally have the highest surface energies for

nucleation because their surfaces resist oxide formation.

Perhaps the most challenging aspect of this work is to choose a characterization
platform that permits distinguishing the resulting product from other possible
nanostructure forming mechanisms. Topography imaging will not say much about
the composition of the deposit, and secondary electron imaging in electron
microscopes are resolution constrained by the interaction volume of electrons into the
bulk of the substrate. The best information can be obtained from an electron
microscope and looking at transmitted electrons, but this requires a transmission
electron microscope platform, perhaps the most difficult platform as this requires a
sample that permits electrons to pass through the sample with minimal scattering.
Often, this is achieved by a wide variety of sample preparation techniques, most of
which permanently damages the samples and many introduce artifacts,[113]
especially when the length scale of interest is a few nanometers arrayed over microns
of surface area. Performing this task normally would require sanding the sample
from the backside until it is thin enough for grinding, dimpling, and ion milling to
transparency. Repeating this on hundreds to thousands of samples is not time

efficient.
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For others, transmission electron microscopy is relatively simple because the sample
is such that it can be captured onto ultrathin films of carbon coated grids which can
be purchased commercially. Because of the low surface energy of carbon, it makes a
poor substrate for nucleation and growth, and coating an existing carbon-coated grid
with a noble metal by vapor deposition requires far too much thickness (nearly five to
ten nanometers) before a complete film is formed allowing electrical contact
throughout the surface, which has been seen before.[114] The high scattering power
of these electron dense noble metals will require an extremely thin film to be made,

unfortunately, such products do not exist in the market.

The literature is replete with examples of making metallic thin films.[115-119] Most
processes can be generalized as producing a thin coating on a sacrificial support
which is then dissolved away after which the film is loaded onto a conventional
microscope “grid”. This permits one to make several metal-coated grids at a time.
Because of the need for repetitive experimentation, alternative strategies were
explored, ultimately leading up to a larger-scale preparation method that resulted in a
filed patent and allowed the fabrication of over a thousand such products during the

course of this study. Sample preparation would thus be eliminated.
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2.1.2 Materials and Methods

Sputtering of Materials

A variety of metals were sputter-coated onto sacrificial supports suspended across
gold TEM grids (SPI Supplies) such as Sharpie® pen ink, fingernail polish (Revion®),
or a sugar-aerosol solution as described by A. Kuehner.[120] The sugar-aerosol
solution is a 2 wt% aqueous solution of sodium dioctyl sulfosuccinate and sucrose
added to 40 wt%. Metal was sputter-coated for a film of 2-3 nm thick. Targets used
ranged from 60-40 gold-palladium alloy (AuPd), platinum, palladium, gold, silver,
nickel, silver, carbon, silica, alumina, copper, and titanium. For AuPd, Pt, Au, Cu,
Ti, C, SiOy, and AL,Os, pure targets were used. For Pd, Ag, and Ni, targets were

made by electrodeposition of the metal onto a copper target.

Scanning Electron Microscopy (SEM)

Secondary electron imaging was performed on a JEOL 7000 field-emission gun SEM
operating around 20 kV at 5 — 7 tA at a working distance of 6 — 10 mm.

Transmission Electron Microscopy (TEM)

TEM was performed typically on a Phillips 420 TEM operating at 120 kV which has
an estimated C, of 1.3 mm. Electron diffraction was calibrated using an aluminum
foil standard. Where noted, some work was performed using a JEOL 2010 TEM at
200 kV in the Environmental Molecular Sciences Laboratory at Pacific Northwest

National Laboratory (PNNL) with an estimated C; of 0.5 mm.

Assembly of Nanospheres

Silica or latex beads (Duke Scientic Corporation) were used as obtained and about 1 —

2 uL. were applied by pipette onto metal coated grids and allowed to air dry.
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FElectrodeposition

A traditional three-electrode cell was used in conjunction with a PAR 273
potentiostat/galvanostat in constant potential mode. All potentials are reported to a
standard calomel electrode (SCE), i.e., a mercury/mercurous chloride redox system
fritted against a saturated potassium chloride solution fritted against the test solution.
The working electrode was the metal-coated TEM grid, and the counter electrode was
a platinum foil. Copper plating was electrodeposited in an acid sulfate bath, 0.5 M
sulfuric acid, 0.5 M copper sulfate,[121] and cuprous oxide was electrodeposited
from a Stareck plating bath, 0.4 M copper sulfate, 3.0 M lactic acid, and pH adjusted
to 9.0 with sodium hydroxide.[122] Actual plating voltages and times / charges are
reported.
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2.1.3 Results and Discussion

Using a traditional method, first attempts were made by coating gold-palladium alloy
films onto freshly cleaved sodium chloride crystals and then floated off in water for

extraction onto microscope grids. A summary of this work is shown in Figure 10.

2x

Figure 10: Thin AuPd (60-40) films prepared using the rocksalt technique, various
thicknesses. The thickness is not know accurately, so only the relative thickness is
shown compared to the thinnest (1x).

Although this did work, it was very difficult to prevent film damage (in Figure 10,
damaged films were intentionally chosen for imaging so that empty space could be
included in the figure along with the film), and only small regions could be coated.
Considering the need for large quantities of such products, the cost needed to be

reduced and the quality of product needed to be increased.

Alternative sacrificial materials were then surveyed to find another material that
could serve as the base which could act as the receiver of the metal film. Because of
the variety of materials tested, such as magic marker ink, fingernail polish, etc., a
variety of solvents were exposed to the metal films which later proved to be valuable
information. It turns out that water, as an extraction solvent, was resulted in much
damage, and that alcoholic media such as methanol and ethanol were superior for
maintaining film integrity after extraction. Acetone was reasonable, but the metal
films tended to immediately fold upon themselves once freed and when a metal film

is folded up it can not be “re-opened”. Although it was not clearly understood why at
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the time, the ink from a blue Sharpie® pen turned out to be the best alternative; it was
cheap, dissolved rapidly and completely in methanol, and the films were rarely

damaged after extraction and so were of better quality.

The ink solution worked for some time but this only solved the problem of quality,
i.e., it still took significant time to load films floating around in methanol onto grids.
A new idea took shape, that if the grid itself could be bathed in the ink in such a way
that it could be coated with metal along the ink itself, and the ink could be extracted
allowing the metal film to be left on the grid, then a parallel extraction process could
be pursued. A platform was needed to allow this and ink was extracted from pens to
be applied by pipette onto grids loaded onto a fabricated platform which exposed
both sides of the grid to the solvent, allowing the ink to dissolve away from under the
grid. Figure 11 shows the platform, where 2/3 of the platter is loaded with grids, and
half of the grids have already been “loaded” with ink. The cuts between grid holder
spaces allow excess ink to drain away so it does not pile up over individual grids, and
the bottom of the platform is cut away to allow drainage of the ink into an alcoholic
bath from the bottom side so the metal film stays on the grid. The key to this strategy
is that, after the ink dries, there is a solid film left in the grid windows which survives

a vacuum and can have metal sputtered onto it. This is Sharpie®’s secret.

Figure 11: Fabricated grid holder for applying ink into the interstitial spaces inside the TEM
grids by a pipette. Note that the next blank grid is just about to have ink applied.
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The process yielded an even more exceptional quality of films. The idea of wetting
the interstitial spaces between the grid openings was thus born, but the process of
doing so still took much time because it still required handling individual grids to
load the platform and apply the ink. However, once the grids were loaded, every step
thereafter was parallel and the time required was independent of the number of grids
needing coating. It was also becoming clear that the ink itself had no special
properties, that a surfactant that can solidify within the grid windows and survive a
vacuum and have metal sputtered onto it will suffice, such as the sugar-aerosol
solution introduced by A. Kuehner,[120] but even though it can be dissolved by

water, alcoholic solvents were still superior for maintaining film integrity.

The final stage in the evolution of the process required a completely hands-free
method for the entire process of obtaining grids onto a loading stage, wetting them
with a sacrificial support, coating them with metal, and extraction of the film from the
support. Though the fabricated platter was a beautiful piece of machine work, it only
serves a few purposes, to allow the sacricial support to make a meniscus between the
windows, to expose the grids face up to the coating system, and to provide an
underside pathway for the sacrificial material to dissolve away aftwerwards. It was
found that the simplest manifestation that could achieve these effects was merely a
wire mesh screen that was bent on its edges so that it would be raised above a fluid
level. To load grids faster, they could be “sprinkled” from high above a water
container where they would float. They could then be manipulated by hand into a
small region where the mesh screen could pick up a large batch. The sacrificial
support was then loaded onto a dish high up enough that the grids could be contacted
to the meniscus from underneath, effectively wetting all of them simultaneously.
After a thorough drying of the sacrificial surfactant film, the grids randomly
dispersed on the screen was ready. At last, the final process allows the fabrication of

an arbitrary number of thin metal film coatings on microscope grids without ever
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touching a single one, ready to use in fabrication, where the cost in time and money is
very low and nearly independent of how many one makes in a batch. Over a

thousand have been made in this work. Figure 12 illustrates this final concept.

Figure 12: A simple wire mesh screen is enough to load grids and apply a sacrificial support
for coating ultrathin metal films in a hands-free manner for high productivity.
Here, shown is a copper mesh screen with edges folded over to lift its surface above
a fluid level. In the middle image shows some TEM grids (little dots) sprinkled
onto a water-filled trough. After moving the grids over to one side by using your
hand to confine the grids to a smaller space, they will pack and the lot can be
picked up by the holder as shown in the right image. All grids can be coated
simultaneously by a sacrificial surfactant film by touching the bottom to a free fluid
surface in a dish with a smaller diameter than that of the holder.

The final product is a very thin film containing ultra-fine particles of metal with a
“wetting” metal film in between. Figure 13 shows a scanning electron micrograph at

low magnification and a transmission electron micrograph at high resolution to show

a typical platinum film used for fabrication.



Figure 13; SEM (left) and TEM (right) of a 2 nm self-supported thin platinum film. The TEM
was performed at PNNL to obtain the high-resolution structure. The films were
loaded with 1.6 um silica beads to show that there is indeed a surface there.

Demonstrating their value in research, they have been subjected to numerous
situations where the surface is a vital component in fabrication, most importantly for
electrochemical fabrication. In general, electrodeposition was performed using the

method as shown in Figure 14.

Electrodeposition
Cu?* 4+ 2¢c —+ Cu

Figure 14: Method for electrodeposition onto the TEM grid working electrode (counter and
reference electrodes not shown). The left image is a schematic of the principle. An
optical image of the deposit is shown for copper deposition at -300 mV vs. SCE for
3 seconds in the middle, and the far right image is a TEM image of the deposit
taken near the interface (dark region is copper, light region is bare platinum).

To illustrate the sample-preparation free nature of this process, a template of
polystyrene latex spheres was cast onto an AuPd film, imaged, then electrodepostion
of cuprous oxide was performed and the same region was imaged afterwards as

shown in Figure 15.
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BEFORE

Figure 15: Electrodeposition of cuprous oxide at -450 mV vs. SCE for a total charge to
generate about 50 nm of deposit around 240 nm latex spheres, as seen by TEM
imaging the same region before and after electrodeposition, on an AuPd surface.

It was concluded that this was an invaluable tool for characterization at the nanoscale
templated nanostructures directly on surfaces without the difficulties associated with
traditional transmission electron microscopy and associated sample preparation
involved with fabricated samples. Clearly, any template could be applied, even
proteins, and the many tools that come with transmission electron microscopy, such
as diffraction, spectroscopy, and even three-dimensional reconstruction, would

become available as will be shown in the following chapter.
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CONCLUSIONS

A new platform for plan-view characterization of fabrication processing by
transmission electron microscopy is demonstrated which bypasses the need for
sample preparation. Although not shown, this platform has also proven useful for
self-assembled monolayers, electron-beam lithography, and plasma-enhanced vapor
deposition for growing carbon nanofibers. Additionally, the same technique can be
used to make many base metal and nonmetal films. A patent entitled “Unsupported,
Electron Transparent Metal Films, and Related Methods™ was filed with the U.S.
Patent Office on Dec. 14, 2005, describes more results with different materials.

Some data is also included in the Appendix.

This platform will be crucial to perform the various investigations needed to prove
the principle of the electrochemical nanomoulding through proteins concept which
will be thoroughly described in the following chapter. This is because of the
tremendous variety and high resolution of information attainable in terms of
geometry, structure, and composition, available by using transmitted electrons. Very
little information was obtained using more conventional nanoscale imaging and

characterization techniques, though significant effort was expended.
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CHAPTER 3

Proof of Principle: Nucleation and Growth around Protein Void Space

SUMMARY

Using two different S-layer proteins, one from Deinococcus radiodurans and the
other from Sporosarcina ureae, and metal salts of platinum, copper, cobalt, nickel,
iron, and palladium, the principle of electrochemical nanomoulding through proteins
is proven and generalized. Using the transmission electron microscope in
conjunction with electron transparent cathodes, and by keeping the fabrication
conditions within the bounds of protein stability, key information about the structure
of the deposited material is uncovered allowing for distinguishing the resulting
nanostructure from other possible mechanisms such as staining and nanoparticle

binding.
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3.1 Electrodeposition and Visualization of Nanostructures

3.1.1 Introduction

The peptide bond of proteins is electrically broken by carbons in sp3 hybrid states, a
very poorly conducting bond which should make them insulators compared to the
electrode (a noble metal in this study) as well as the depositing material (either a
metal or a semiconductor in this study). However, proteins are not merely flat sheets
with “holes” drilled into them with a particle beam, but in fact complicated three-
dimensional nanoscale architectures which is the reason the term “nanomoulding™ is
chosen to distingiush these two kinds of mask types. Therefore, it is not possible to
employ the “dual Damascene” [123] process used in the microelectronics industry to
fill deep trenches with high fidelity, because the internal structure of the protein will
be inaccessible to a seed-layer coating. Instead, high instantaneous nucleation
density is needed to obtain nuclei at all surface sites exposed at the protein-surface
interface and preferably progessive nucleation to fill the volume laterally as rapidly as
possible to reach into all the nonconducting crevices before vertical growth overfills

the template beyond the desired height.

At electrochemical equilibrium (open circuit), the net current is zero across the
electrode interface, though this does not necessarily mean nothing is happening. In
principle, there are possibly numerous electrochemical reactions, and the sum of
oxidation reactions and reduction reactions simply add to zero. The magnitude of
these reactions is called the exchange current density, and is a signature of intrinsic
dynamics at equilibrium. To electrodeposit material, the electrode must be biased
and the circuit closed at some deviation away from equilibrium, thus electro-
deposition is governed by kinetics, where concepts such as mass transfer and reaction
rates come into play. When growing such a thin film, the nature of the substrate will
also govern the type of deposit formed, and steady-state conditions will not likely

ever be achieved. This work will thus always be “in the transient”.
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Because electrolytes can be tailored so much, there is a potentially vast experimental
space to explore. In this work, we focus attention on varying the materials instead of
choosing one and tailoring it to perfection. This way, it is hoped that some quality of
thin film growth (where thin in this case is on the order of a few nanometers, not
microns) and penetration into the cavities of the proteins will be attained, perhaps
similar in some ways to the filling of tortuous void space of lead-acid batteries but at
a much different length scale. To avoid an explosion of exploration with electrolytes,
in this study electrolytes and plating conditions will be chosen because they were

either common, studied well in the literature, or provided by commercial vendors.
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3.1.2 Materials and Methods

FElectrodeposition

Electrodeposition was carried out as in Materials and Methods in Chapter 2.1.2,

except for SEM characterization, the working electrode was circular platinum disk of

1 cm diameter, polished down to 0.25 wm with diamond paste. More materials were

used, and so all are reported here:

Copper:

Cuprous oxide:

Nickel:

Cobalt:

Iron:

Strong acid sulfate baths were 0.5 M copper sulfate and 0.5 M
sulfuric acid. Mild acid sulfate baths were 0.6 M copper sulfate,
0.5 M magnesium sulfate, pH adjusted to 3 with sulfuric acid.
Low concentration copper baths were made with 50 mM sodium
acetate/acetic acid buffer to pH 4, 1 mM magnesium sulfate, and

10 mM copper sulfate.

Cuprous oxide baths were made as before, 0.4 M copper sulfate,

3 M lactic acid, pH adjusted to 9 with sodium hydroxide.

Nickel baths were based on the Watts type bath, {124] i.e., 1.0 M
nickel sulfate, 0.2 M nickel chloride, 0.5 M boric acid.

An ethanolic cobalt bath was selected from the literature based
on the work by A. Suzaki and T. Watanabe, [125], 100 mM
cobalt chloride in ethanol, and in this case a platinum wire

reference electrode was used.

Iron baths were made with 10 wt% ferrous ammonium sulfate

and 10 wt% magnesium sulfate, prepared under argon using
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deoxygenated water and electroplated under an argon gas stream
with an SCE reference electrode filled with deoxygenated

saturated potassium chloride.

Noble Metals: Electrolytes were purchased from Technic, Inc. Platinum baths
were formulated from dinitrosulfatoplatinous acid (Platinum
AP), silver baths were silver (I) cyanide (Bright Silver),
palladium baths were palladium (Il) chloride (Pallaspeed), and
gold baths were potassium gold (I) cyanide (Neutral Soft Gold).

Preparation of protein templates

Cells were grown and harvested, and proteins purified as in Materials and Methods of
Chapter 1, section 1.1.2. Proteins were adsorbed onto metal-coated grids under either
partial or complete coverage conditions as described in Chapter 1, section 1.2.2.

Metal coated grids were prepared as described in Chapter 2.

Scanning Electron Microscopy (SEM)

SEM was performed as described in Chapter 2, section 2.1.2.

Transmission Electron Microscopy (TEM)

TEM was performed as described in Chapter 2, section 2.1.2.
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3.1.3 Results and Discussion

Before a given material is attempted with respect to deposition through protein, its
nucleation and growth as a plain film is studied first using conventional
electrochemical studies such as voltammetry and electron microscopy. In the absence
of literature data, a simple and efficient study involves sweeping the potential from
equilibrium towards more reducing until a plateau or a spike is reached. The plateau
is indicative of some kind of rate-limitation such as depletion of the ions at the
interface (mass transfer effects), limited anode oxidation capacity (often designed to
not be a problem), or in the case of p-type semiconductors such as cuprous oxide, the
mobility of electrons through the deposit. A spike is indicative of the hydrogen
evolution potential, or another secondary chemistry of unintended consequences. A
follow-up study will then involve a constant potential deposition at various points
along the sweep for the same total charge (over the same area of surface) and imaging
in the SEM or TEM to qualitatively look at the nucleation density. The product with

the finest grain wins.

Figure 16 illustrates this process using a low concentration copper plating bath which
was altered from standard recipes. The voltammetry is only a fast overview since the
process is occuring while deposition is happening; we are seeing the effect of
nucleation and growth on what was initially a platinum surface then a mixed copper /
platinum surface depending on the rate at which the voltammetry is scanned. The
rate of the scan will also influence the rate of the depletion of the ions at the surface
so the mass transfer limiting current (if the plateau is indicative of this effect and not
of something else) appears to be different than it would be if a pulse were applied.
Thus, different curves are taken on fresh electrodes, as shown, to look at nucleation
behavior under constant potential deposition, where a step potential is applied and
held for a given duration. The intial sharp rise is due to electrode charging needed to

“build” the electrode double layer, effectively a capacitor that is solid on one side and
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an ionic liquid on the other. The small hump, as shown by both arrows in Figure 16,
at the smaller overpotential is indicative of an instantaneous nucleation event which is
then overtaken by growth on existing nuclei. At greater overpotentials, nucleation
can dominate progressively, so the hump is not seen, instead, nucleation occurs
rapidly everywhere, and the current transient decays as the double layer is depleted of
reacting ions and a concentration gradient expands outward into the bulk solution. If
the solution is not mixed well, this is a likely candidate for fractal-like dendritic

“arborescent” growth over time.
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Figure 16: A basic approach for finding conditions for an unknown system. First (upper left)
voltammetry is performed to find reaction limiting conditions (such as at -50 mV
here for a low concentration copper bath) and what appears to be mass transfer
limiting conditions (such as at -350 mV). Next, after repolishing the surface,
electrodeposition at constant potential is performed at chosen conditions (upper
right figure, insert shows different current range). SEM is then performed on the
deposits (lower two figures, labelled depending on conditions, performed for the
same total charge, i.e., total mass deposited) to look at nucleation and growth.
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In summary, voltammetry provides an in-situ overview of nucleation and growth
integrated over the entire surface, and electron microscopy provides ex-situ the fine
detail needed to determine which conditions are likely to generate the density needed
to fill protein void space. Another ex-situ technique that is useful but not used here
would be x-ray diffraction, where the figure of merit to look for is the smallest grain

size attainable.

Some of the best quality films were produced using cuprous oxide electrolytes.
These were tested extensively on both proteins in this study under both partial
coverage conditions (more useful for analytical purposes) and complete coverage
conditions (which illustrates the electrochemical principle of bottom-up filling).
Figure 17 shows an example of a partially coated AuPd film with cuprous oxide
electrodeposited through a protein mask derived from the S-layer of Deinococcus
radiodurans. The image pair shows both a surface merely coated with protein, and
the resulting TEM image of the deposited material on a protein-coated metal film.
The high magnification inset in the TEM image is an FFT-filtered image using the
most visible spots in the power spectrum as well as the center spot to form the mask
for the inverse FFT, showing that on average the pattern of the protein structure is
well-preserved in the deposit. Some artifacts appear as a result of the crystals not
being in perfect hexagonal lattices. Notice that a plain speckled film of random
crystallites forms in regions where patterns aren’t evident, indicating that
electrodeposition proceeds in all areas regardless of whether a mask is applied. This
is useful for analysis as these structures will later be probed and the unpatterned areas
are like built-in control samples. The same type of results are shown in Figure 18 for

the S-layers of Sporosarcina ureae.



300 nm

Figure 17:  Electrodeposition of cuprous oxide at -450 mV vs. SCE for 10 minutes on AuPd
using the S-layers of D. radiodurans as the mask. Left image is a topographic
image of partial coverage, and the right image is the resulting TEM image of the
deposit. In TEM, the protein is essentially transparent (brighter) than the deposit
(darker). Also, diffraction produces extra contrast where deposit crystals are
oriented with strong diffraction zones normal to the beam, seen as a random
assortment of dark speckles in the image.

Figure 18: Similar to Figure 17, except electrodeposition of cuprous oxide was performed
through S-layers of S. ureae on Pt. Otherwise, all conditions were the same.

Figures 17 and 18 show the resulting patterned deposits using proteins studied under
partial coverage coverage conditions. With S-layers of D. radiodurans the resulting

deposit has a pattern geometry of a hexagonal lattice with a periodicity of 18 nm just
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like the protein mask, and with S-layers of S. ureae the resulting geometry is a square
lattice with a periodicty of about 13 nm just like its protein mask. To follow up this
study, complete coverage conditions are also tested to demonstrate the capabilities of
electrodeposition to reach the electrode through protein multilayers, though these

conditions are not further used for analytical work. These are shown in Figure 19.

In each image pair are shown topographs of a fully coated surface and electron
micrographs of electrodeposited cuprous oxide performed as before on platinum thin
films fully coated, using both proteins studied in this work. Because of the vast
height variations in the topographs, they are shown in amplitude mode, i.e., the
oscillation response of the tip to the changing topography which generally goes
higher (displayed brighter) when going up topography and goes down (displayed
darker) when going down in topography (as it scans left to right), which can be be
crudely thought of as a surface which is “illuminated” by a light source from the left
of the image. In the electron micrographs, the image is a mosaic of the many protein
crystals in contact with the surface, and any overgrowth is forced through multilayers.
Thus, no filtered image is shown, instead the fast Fourier transform is shown,
revealing the many rotated crystals which can join to form rings at the characteristic

primary periodicity of the protein crystal selected.
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Figure 19: Electrodeposition of cuprous oxide under the same conditions as in Figures 17 and
18 on Pt films under complete protein coverage conditions. Because the surface is
completely covered, the topographs (left) are a complex stack of overlapping
protein crystals and the image is shown in amplitude mode. The TEM images
(right) show a mosaic pattern of many rotated crystals, which shows up in Fourier
transforms as rings with a characteristic primary displacement to that of the protein

used (labelled on the top left corner of each image pair by its host organism).
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To generalize the process to other materials, electrolyte systems for metals were
chosen. Figure 20 demonstrates the metals which were successfully patterned
through the S-layers of D. radiodurans. No success has been achieved thus far with
the S-layers of S. ureae, and a more thorough understanding of its stability in
electrolytes is thus in order. Topographs are not recorded here, as they are all the
same as in the sub-monolayer case as in Figure 17, but each electron micrograph is
shown alongside its FFT insert in the upper left (with the metal labelled) and a
filtered image insert in the upper right.

Each material system has its own characteristics, although to look for trends across
materials is a difficult thing to do as the surface, the electrolyte, and the material
being deposited all contribute to its structure. One obvious feature are variations in
nucleation density, and the variations in deposit morphology. For example, platinum
forms very large nodular deposits (in TEM, it seems everything is very large, even
though the deposition conditions were carefully selected by voltammetry and SEM
for very fine grains as previously mentioned). A possible explanation is the need for
high overpotentials to prevent preferential nucleation on freshly deposited material,
however, in the case of platinum, its surface energy is such that its nuclei may have
surface energies that exceed that of the electrode surface so that once nuclei form,
they become preferential nucleation points for growth, making film-like growth very
difficult. Applying greater overpotentials to overcome this might be obvious, but the
commercial baths appear to be well formulated for robustness against potential
variations. so there was little gain in doing so, things only got worse. The best case
outside cuprous oxide was for cobalt in an ethanolic bath. Ethanol was used because
in aqueous media, highly textured crystals were formed, with large grains (not
shown). This makes growth highly anisotropic, not ideal for lateral growth to fill in
tortous non-conducting void space. In the literature this ethanolic system [125] was
was claimed to produce “amorphous” cobalt, though clearly this means too fine-

grained to contribute significantly in x-ray diffraction.
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Figure 20: Electrodeposition of various metals through S-layers of Deinococcus radiodurans
under partial coverage conditions on AuPd films. Ni was plated from a Watts-type
bath at -850 mV vs. SCE for 15 s. Pt was plated from a commercial bath at -175
mV vs. SCE for 2 s. Pd was plated from a commercial bath at -900 mV vs. SCE for
5s. Co was plated from an ethanolic bath at -1750 mV vs. Pt for 30 s. FFT inserts
(upper left) are included, with the metal labelled along with filtered images (upper
right). All scale bars in filtered images correspond to 50 nm.
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For Sporosarcina ureae, no base metal system worked for which it is believed to be
due to protein instability in acidic electrolyes as described in Chapter 1; however, for
Deinococcus radiodurans, a very wide range of materials could be nanostructured
with the noted exception of copper. Under a failure, what is seen are empty regions
of geometric patches surrounded by deposited material, and close examination
reveals no material within the electron transparent space, except perhaps a few
scattered nucleated deposits. Based on knowledge obtained in Chapter 1, section 1.2,
it became obvious that a strong acid sulfate bath was the source of this failure.
Essentially, at a pH of 0, the protein pattern is immediately lost in less than a second,
although the protein sheet is still physically on the surface. Thus, the first, and only
apparent needed adjustment was to move the pH towards a more compatible region
for the needed time. For copper plating, barely a few seconds of time is needed for
exposure to electrolyte and plating, so a mild acid sulfate bath at pH 3 was made, and
to maintain ionic strength magnesium ions (of sulfate) were substituted for the loss in

protons. The results are shown in Figure 21.

Figure 21: TEM images of copper electrodeposition on Pt at -300 mV vs. SCE for 3 s through
S-layers of D. radiodurans under partial coverage conditions. The left image was
done using a strong (pH 0) acid sulfate bath, the right image was done using a
milder (pH 3) acid sulfate bath supplemented with Mg** to maintain ionic strength.
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3.2 Electron diffraction studies

3.2.1 Introduction

Although Chapter 1 discusses the stability issue of proteins with respect to pH, it does
not address the complexity of electrolytes which will also contain background
electrolytes, high concentrations of metal salts, and potentially additives such as
wetting agents and metal chelators. Thus, pattern formation in the TEM can
accompany the mere exposure of an electrolyte to proteins, or follow an electroless
reduction pathway as a result of the presence of oxygen, or a change in pH near the
cathode. Although the TEM image itself contains diffraction phenomena such as
diffraction contrast, electron diffraction is the most direct way to confirm the
presence of crystalline material which is the product of an electrodeposition process,
and readily distinguishes between salts, oxides, and pure metals. Unlike x-ray
diffraction, electron diffraction can easily sample regions from nanometers to many

microns in size which can be directly connected to its electron image.

One disadvantage of diffraction analysis is that, while a crystal structure has only one
true electron diffraction pattern, an electron diffraction pattern does not identify a
unique crystal structure. An energy-dispersive spectroscopy detector (EDS) or
electron-energy loss spectroscopy detector (EELS) can provide the elemental analysis
if desired to narrow down the list of possible structures, but in most cases the critical
piece of data is the electron diffraction pattern. This will be the case here because
electrodeposition generally provides such pure phases that unless the structure
matches that expected, one can consider the process to have failed. If failure occurs
repeatedly. then the elemental analysis may prove more valuable to identify the
failure mode, or where the structure of interest is not an inorganic crystal such as the

protein itself (electron crystallography of protein crystals is an endeavor unto itself).
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3.2.2 Materials and Methods

Preparation of Samples

Samples were electrodeposited through S-layer proteins prepared as detailed in
Chapter 1 in section 1.1.2 under partial coverage conditions as described in Chapter |
in section 1.2.2 on self-supported metal films made as described in Chapter 2 using

the methods as described in this chapter in section 3.1.2.

Transmission Electron Microscopy

Transmission electron microscopy was performed on a Phillips 420 TEM at 120 keV

as described previously in Chapter 2 in section 2.1.2.

Electron Diffraction

Electron diffraction was performed using a nominal camera length of 950 mm, with
an effective camera length adjusted by calibration with an aluminum foil standard.
Parallel beam diffraction patterns were used in conjuction with a selected area
aperture to define a circular region of interest, with a minimum selectable diameter of
| um. Converging beam diffraction was used to examine crystallinity of individual

particles, with the smallest useful probe size of 3 — 5 nm, depending on the material.
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3.2.3 Resuits and Discussion

In all experiments, sub-monolayer coverage conditions were chosen to ensure that on
the same sample, regions of plain film could be compared side-by-side with regions
containing patterns as a built-in negative control. In some cases, bare areas could be
found nearby. due either to surface contamination by adventitious carbon or
sometimes to the excessive resistivity of the film due to its being extremely thin.
These regions are very useful as a third control, i.e., regions that contain a three-phase
interface, where there is no film, plain film, and patterned film all in one field of
view. This allows electron diffraction due to the substrate to be sampled independent
of the material deposited, despite its weak signal. Figure 22 shows an example of one
such interface for cuprous oxide electrodeposited through the S-layers of D.

radiodurans.

Figure 22: Converging beam electron diffraction of cuprous oxide electrodeposited at -450 mV
vs. SCE for 10 minutes on AuPd through S-layers of D. radiodurans. Above the
image are the diffraction patterns of the regions shown in circles: (i) patterned film,
(ii) plain film, and (iii) bare surface.
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Interpreting the converging beam diffraction patterns shown in Figure 22 takes a bit
of time. Essentially, one assumes a crystal structure (such as cuprite, the crystal
structure for cuprous oxide and one other material, silver oxide), and finds a pattern
of spots that appears grouped together (such as the hexagonal series in the plain film
region). The spots are then indexed using a software package which checks your
measured displacements and angles (taking into account the accelerating voltage and
the calibrated camera length) and provides a list of possible crystal orientations. If
one appears suitable because the intensities of the spots match well, then the match is
likely. One must also check other possibilities, such as cupric oxide (CuO, vs Cuy0),
and copper (Cu), etc. However, both patterns index to Cu,0O and the bare surface

clearly indicates a significant loss of crystallinity relative to the film regions.

A contrasting example is that of gold deposition from a commercial gold cyanide
bath. The result is shown in Figure 23. The figure shows an attempt to electrodeposit
gold through the D. radiodurans S-layers on AuPd. At first the presence of a pattern
was heralded as a success, however, after attempting electron diffraction, where local
analysis was needed because the structure of pure gold differs from the substrate (a
gold-palladium alloy) by only a trivial amount, it could not be determined to be gold.
Although some spots happened to be at the right position, the pattern does not index
to any orientation of a gold lattice. Another indication that this is not an
electrodeposition product is the lack of crystallites surrounding the patterned region.
Thus, electron diffraction proved invaluable in scrutinizing the results because one
can ask what the compound is. Because of the electron density, there is almost
certainly gold there, but it probably is a precipitate of some kind. Later, it was
discovered that the detergent used to store the proteins is incompatible with cyanides,
resulting in a white precipitate, regardlesss of the direction of dilution (cyanide into

detergent, or detergent into cyanide).
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Figure 23: Electrodeposition of gold from a commercial cyanide bath at -800 mV vs. SCE for
5 seconds on AuPd through S-layers of D. radiodurans, with corresponding
electron diffraction pattern in the inset of a selected region in the patterned area.
The spots could not be indexed to elemental gold. The brightest focused ring is a
(111) powder diffraction ring corresponding to the AuPd substrate.

It is also conceivable that electroless deposition may proceed by merely immersing
the proteins in the bath. The electron source could be provided by dissolved oxygen
and all surfaces would act as nucleators to drive a net zero current electrochemical
reduction reaction which could still result in seeing the correct electron diffraction
patterns. Although generally this process is sped up by adding a reducing agent in the
solution, this can still be checked by mimicking the process in the absence of passing
current. This is shown in Figure 24 where a parallel electron beam over large regions
indicate the lack of any deposits anywhere after long immersion times, and only the

structure of the substrate is visible in the diffraction patterns.
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Exposure of S-layers of D. radiodurans on AuPd to a cuprous oxide plating bath
for 10 minutes without electrodeposition, and corresponding electron diffraction
patterns of regions A) protein covered area, and B) bare area. Marks show
positions of simulated diffraction patterns for the AuPd substrate (i.e., face-centered
cubic with @ = 0.399 nm) as usually found in this work.

Figure 24:

These summarize the suite of electron diffraction studies typically employed to
validate that a material has been successfully electrodeposited through a protein.
Additional work not shown is dark field transmission electron microscopy, where a
selected crystal orientation is looked at as an image, however, this is ancillary
information and used more qualitatively; it could be thought of as performing a bunch

of converging beam diffraction experiments simultaneously over a large area.
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3.3 Electron Energy-Loss Spectroscopy

3.3.1 Introduction

As previously mentioned in the section on electron diffraction, elemental analysis is
useful in cases of failure to identify the failure mode or where the material is not of
crystalline nature, or to aid in distinguishing crystal structures where the material is

unknown.

In this work, most electron spectroscopy is limited to energy dispersive spectroscopy
(EDS) in the SEM on plain films deposited onto bulk substrates to first confirm the
electrodeposition, and then confirming the crystal structure by electron diffraction in
the transmission electron microscope using the thin metal film substrates. In one
case, however, there was an opportunity to exploit facilities at the Pacific Northwest
National Laboratory to use the TEM instrument there equipped with an electron
energy-loss spectrometer (EELS) system, which affords better localized resolution

and does not suffer from the same fluorescence problems encountered with EDS.
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3.3.2 Materials and Methods

Preparation of Sample

The sample was that of cuprous oxide electrodeposited through S-layer proteins of D.
radiodurans prepared as detailed in Chapter 1 in section 1.1.2 under partial coverage
conditions as described in Chapter | in section 1.2.2 on a self-supported AuPd metal

film made as described in Chapter 2 using the methods as described in this chapter in

section 3.1.2 at -450 mV vs. SCE for 10 minutes.

Transmission Electron Microscopy and Electron Energy-Loss Spectroscopy (EELS)

EELS was performed on a JEOL 2010 TEM at 200 kV in the Environmental
Molecular Sciences Laboratory at Pacific Northwest National Laboratory (PNNL)
equipped with a Gatan EELS system. All energy windows are shown with the

background subtracted from the spectrum.
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3.3.3 Results and Discussion

A sample of cuprous oxide electrodeposited through S-layer proteins of D.
radiodurans was saved for EELS analysis. Although cuprous oxide had already been
confirmed by electron diffraction, it was hoped that other details might be confirmed
by EELS, such as whether the presence of protein could be detected, which can not
be seen by either imaging (due to the low contrast of carbon) or electron diffraction
(due to the lack of “true” crystallinity of the protein). A similar three-phase region
containing patterned region, unpatterned region, and bare surface was found for this

analysis. The EELS data (with background substracted) is shown in Figure 23.

C. N, O window
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cuprous oxide region, (if) a plain cuprous oxide film region, and (iii) the bare
surface. Two different energy windows are shown, one window shows carbon,
nitrogen, and oxygen energy-loss edges, another shows just the copper edge.

The results shown in Figure 25 were intially quite surprising, in that there is presence
of combined carbon, nitrogen, and oxygen on a plain film area. This implies that
there is protein present in this region, even though no patterning is apparent there.
The reduced signal of copper could be a result of a thicker growth of cuprous oxide
(though the oxygen signal should then be anomalous by comparison to nitrogen and

carbon), but most likely, there is a protein sheet sitting on fop of the plain CuzO film.
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The theory here is that the structure is a bilayer of plain Cu,O, which is of
comparable thickness to that of the structured film, with protein on top of it. This
would imply that, when the proteins are submerged in the electrolyte, there is some
probability that some portions are not well adhered to the surface and become
momentarily freed, though still attached to the portions that are well adhered.
Electrodeposition proceeds as normal, and only forms nanostructures where proteins
are physically still attached to the surface. After removal from the electrolyte,
dangling portions of the protein then may land back on the surface (which is now the
freshly deposited surface). The image is overwhelmed by the high contrast of the
film to see the proteins directly, and diffraction will not pick them out unless they are
truly atomically ordered. However, spectroscopy can detect them if they contain
elements not normally seen (such as nitrogen). Had this been thought of at the time, a
further experiment to perform would be to continue probing with EELS further away
until the nitrogen signal disappears to see how much effect the protein thickness has

on the copper signal.
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3.4 Three-dimensional reconstruction of the material

3.4.1 Introduction

Though plan-view transmission electron microscopy was an incredible achievement
using the platform developed as discussed in Chapter 2, the lack of a full three-
dimensional model severely limits what can be discussed in terms of the concept of
moulding throughout the protein void space. It is expected that the deposit should be
in contact with the surface, and that it shall have filled some, if not most or all, of the
internal molecular architecture of the protein up to the height of the deposit.
Fortunately, the need for three-dimensional imaging in transmission electron
microscopy has been a solved problem and the general strategy involves tilting the
sample in the microscope on one or multiple axes and combining the projected views
and back-calculating the 3D electron density using known microscope and electron
lens parameters. Because this work involves periodic objects the objective was to try
the correlation averaging technique [94] to obtain better spatial information. Though
this process will undoubtedly eliminate many variations in individual structures, this

will provide an average view of where growth is limited, i.e., the deposition envelope.

Only the best quality samples were to be sent to callaborators at the Scripps Institute
in La Jolla, CA. Multiple samples were prepared and only those where high-quality
regions could be found near the centers of grid windows where high-angle tilting
could be performed were sent for study. Samples were prepared of cuprous oxide

electrodeposited through S-layers of both D. radiodurans and S. ureae.
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3.4.2 Materials and Methods

Preparation of Samples

The sample was that of cuprous oxide electrodeposited through S-layer proteins of D.
radiodurans and S. ureae prepared as detailed in Chapter 1 in section 1.1.2 under
partial coverage conditions as described in Chapter 1 in section 1.2.2 on self-
supported Pt metal films made as described in Chapter 2 using the methods as

described in this chapter in section 3.1.2 at -450 mV vs. SCE for 15 minutes.

3D reconstruction by TEM

3D reconstructions were performed by Anchi Cheng at the National Resource for
Automated Molecular Microscopy, in the Department of Cell Biology at the Scripps
Research Institute in La Jolla, CA. Averaging was performed over 5 different
patterned regions using dual tilting up to 70° after unbending each image and warping

to fit a perfect lattice.
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3.4.3 Results and Discussion

The first calculation involves an “unbending” which is required to displace all
periodic elements to their least squares positions in a perfect lattice permitting higher
quality averaging. This is performed over two orthogonal tilt axes, an example of
such a series (in one of the axes) is shown in Figure 26 for the structure formed

around D. radiodurans.

FFT

Figure 26: Sample of recorded tilt series along one tilt axis (after unbending) of cuprous oxide
electrodeposited through S-layers of D. radiodurans at -450 mV vs. SCE for 15
minutes on Pt. FFT shows information out to about 3 — 4 nm.

The images are a result of projection of the electrons passing through a three-
dimensional object onto a planar surface, the imaging camera. With automated
centering and focusing stages, the two-dimensional projections contain information
about the sample in a “negative pyramid” shape, where the missing information is

lost due to physical limits on the tilt angle, here 70° as is typical.
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In this work, there are two types of periodic objects, an electron light object and an
electron dense object. However, the calculations result in numbers which correspond
to the electron density in x, y, and z space. Generally, the data is represented in 2D as
a series of contours at regular intervals of electron density, or it may be rendered in
3D as a surface-shaded volume if a proper contour can be chosen as the “cut-off”

density.

To represent the data, a freely available software package called Chimera is available
that permits the rendering of surfaces by choosing the “cut-off” for the electron
density contour. For the protein, which is very low in electron density, the choice is
very clear because its structure is inwardly shaped, has finite mass, and was
previously determined by others. For the inorganic nanostructure, the choice of the
cut-off is not as clear, so for representation a “reasonable” cut-off is chosen, one that
stops before obvious artifacts are seen, i.e., strange periodic features in the z-direction
that appear above and below the plane of the “cube” representing the volume of the
unit cell. The finalized data, with various views and cross-sections, is shown in

Figure 27.
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Figure 27: Various views of the 3D reconstruction from cuprous oxide deposit through S-
layers of D. radiodurans, from top, bottom, tilted, and cross-sections through the
six-fold symmetric sites and through the three-fold symmetric sites.

What can be seen in Figure 27 is that material growth is occuring underneath
structural features such as the connecting arms and is just about to proceed over and
around them, thought at the average thickness of this particular deposit, complete
moulding had not yet occurred. Also of interest is that in the finer features the
average thickness is taller (look at cross-sections A and B), than in the more open
spaces. This is potentially another manifestation of the classical current crowding
effect due to field lines, i.e., the Laplacian of the potential field is zero (to a first
approximation). A non-mathematical way to think of it is that, just as sharp points

make good field emitters, sharp pits make good field absorbers.
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Unfortunately, no data is presented for the reconstruction of S. ureae templated
structures. There was only a very tiny structural feature with scattered fragmentation
patterns which were so difficult to interpret that it would be erroneous to report it.
Considering how dense the 3D structure of the protein is and how fine the open space

is, it is not a surprise considering the best resolution attained was 3 nm.
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CONCLUSIONS

The ability to use the imaging platform developed in Chapter 2 to perform
transmission electron microscopy and its corresponding capabilities in terms of
imaging, diffraction, and spectroscopy, has allowed a very wide view of the
nanoscale architecture of electrodeposited material through and around the S-layer
proteins of Deinococcus radiodurans and Sporosarcina ureae. The best data came
from Deinococcus radiodurans as a result of its larger, more open structure, as well
as its incredibly high tolerance to wide variations in acidity. In the case of
Sporosarcina ureae, only cuprous oxide could be successfully deposited. In terms of
3D structure, we can see the effects of the moulding process clearly around the S-
layers of D. radiodurans, that connecting structures are surrounded by deposit, that
deposit appears to make good contact with the surface (although it is not visible in the
reconstruction, it stops suddenly in the same plane as the bottom of the protein), and
the average variation in thickness follows from traditional electrodeposition concepts
such as crowding of electrical field lines in finer patterns such as the central hole over
the larger openings. For S. ureae, the 3D reconstruction was of insufficient resolution
to see anything but a tiny blob of material and speckles floating in space, despite

clearly seeing the pattern in plan-view images.
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CLOSING STATEMENTS

Having proven a new method for fabricating nanostructures directly on surfaces, here
the chapters are generalized to extract their most useful concepts for those who want

to go further.

Chapter 1 discusses how a protein is selected and tested for suitability in a fabrication
environment. In general, the protein selection will be one’s choice. To prove the
concept, obviously only “easy” proteins will be chosen, that is, proteins that can be
easily purified from organisms that be can easily maintained and grown. For
example, one might not want to bleed rabbits constantly day after day to get
micrograms of protein for one experiment. That is why Table 1 is organized by
structure, then protein, organism, and reference. There may be a trade-off, how exact
does the fabrication have to be, and can you get away with something a little different
to save a lot of hassle? These are the questions one should ask at the beginning if one

is serious to build something.

In the next section of Chapter 1, a particular protein is selected for a stability study.
Here, a pretty wide range of conditions is studied and analyzed. However, this would
not need to be done in practice. It would be wise to test the chosen protein under the
conditions one intends to operate in, and if it is disrupted, begin moving “outwards”
towards more neutral zones in whichever manner desired until a stability edge is

found. Quantification is not necessary, one must merely find the envelope.

Chapter 2 is about how a thin metal film platform was developed which allows
transmission electron microscopy to be performed on noble metal surfaces. the best
surfaces for good electrodeposition work. It is hoped that over time, these will

simply be commercially available, but until then, there’s Chapter 2 and the Appendix.
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Chapter 3 is about how the transmission electron microscope was used to validate the
electrodeposition work. Clearly, not all of this work must be repeated under all
circumstances. The easiest thing to do, provided one has TEM capabilities, is to
perform elemental spectroscopy using an x-ray spectrometer (EDS). As mentioned in
the text, this is not ideal nor does it “prove” much, but it is fast and easy to do if one
has the detector. If one uses a scanning electron microscope (SEM), one will not

easily see these structures, and EDS only tells you about elements.

Finally, the fabrication strategy proven in this work begins the idea of using the
combination of proteins and electrochemistry together to build solid-state structures
on surfaces. Biological and chemical sensors are the first likely platform for which a
fabrication system like this is most readily suited, because the orientation of the
sensing component, as well as its size and density are figures of merit. Because the
two S-layers used in this work are stabilized by detergents, it is most likely that they
have two different sides which may be used to preferentially adsorb one side to a
surface. In this work high energy substrates are used for the nucleation densities
needed, here the challenge would be for one to find conditions that permit the

overwhelming majority of adsorbed S-layers to exposed a certain side for sensitivity.

Another challenge arises due to the lack of atomic resolution information on S-layer
proteins, thus making it difficult to genetically fuse an appropriate sensing attachment
in an ideal location on the protein surface. Although one might consider using
another type of protein, the advantage of S-layers may prove to outweigh the use of
other proteins due to the need for overexpression by genetic engineering and the need
for recrystallization of the monomeric complexes. For example, without knowing the
crystal structure, S-layers of Bacillus stearothermophilus have been successfully
fused with other proteins and have demonstrated both the ability to organize into

ordered arrays as well as maintain the function of the fused protein.[126, 127] There
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are also techniques for finding potential insertion sites in proteins without knowing

their structures in advance.[128]

The first materials for which one might consider sensing would be that of the protein
itself. Because cuprous oxide has demonstrated a high fidelity moulding process, and
has strong optical absorption in the blue due to its excitonic properties,[129] a strong
surface enhanced Raman effect may potentially be seen for any protein residues
coming into intimate contact with cuprous oxide. However, it may be necessary to
change the material to observe the effect more pronouncedly. If a certain residue has
a unique spectroscopic signature, it may be possible to get a crude map of which
residues that are solvent exposed, thus gleaning additional insight into S-layer protein

structure which has fascinated biochemists since their discovery in 1953.[130]
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APPENDIX
Additional Works on Thin Metallic Films

The purpose of this appendix is to provide more data on the thin metal film
development as well as applications attempted that did not have direct
correspondence to the work in the main text. Some of this data is intended for
publication, and some is presented because it is believed to be of some use but not of

sufficient impact to be in a journal article.

Firstly, there was some concern that the fine dividing material in between the
resolvable grain pattern in the film was some residual organic material leftover from
the sacrificial support, in some complexing state with the metal surfaces making them
insoluble in the thin film state. Organic materials are often problematic in any
surface-based analytical instrumentation such as x-ray spectrophotometry (XPS) and
secondary-ion mass spectrometry (SIMS). A common method for removing
atmoshperic-borne organics, sometimes referred to as adventitious carbon, is to
expose the surface to an oxygen plasma. An oxygen plasma cleaner is a common
instrument in laboraties where such studies are routinely performed. At Pacific
Northwest National Laboratory, there was opportunity to attempt a before-after test
using the TEM there to look at a platinum film and look to see if the film survives
such a test. In short, it did, and based on energy-dispersive spectroscopy, the carbon
signal clearly goes down by a significant margin, though the metal signal remains the
same (using the same spot size, and intensity is corrected for the different integration

time). This data is shown in Figure Al.
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Figure Al: Energy-dispersive spectroscopy (EDS) of Pt films before (black) and after (gray)
oxygen-plasma treatment. Note the precipitous drop in carbon content in the film,
and that the platinum itself remains.

Figure A1 shows a couple of things. First, note the number of elements shown,
carbon and oxygen (both contaminants), copper and gold (both from fluorescence),
and platinum (the substrate). Electron energy-loss spectroscopy would be better but
it was not set up at the time. The fluorescence issue explains the copper and gold,
they come from the proximity of the probe (the electron beam) to the sample holder
(brass) and especially, the grid itself (gold). The variation in the gold signal is likely
attributed to the fact that the proximity of the beam to the edge of a grid window is a
large contribution to the fluorescence signal there and the “after” spectrum is not of
the identical position, only of the same spot size. However, copper fluorescence
comes from the holder most likely, so it matters not the precise beam placement. The
finding of significance here is that the platinum film is still intact up to 200 kV
accelerating voltage after 15 minutes in an oxygen-plasma cleaner, and that the
carbon signal has dropped significantly, even though the cleaned metal film was
exposed to the atmosphere again for about five minutes while waiting to get back in
the microscope due to other users. The carbon signal is even less than copper
fluorescence. There is a possibility here for using EELS or EDS to do analytical
chemical analyses on carbon-containing compounds with such a low background of

this element on a support film that is not made of this material.
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Additional applications of these films would involve any situation where one would
want to look at a surface and where more information is sought than can be obtained
by scanning probe microscopy or scanning electron microscopy (because those
methods are already possible and generally easier to perform). Essentially, the
surface itself is tantamount to preparing a sample, it not merely a support, it is
integral. Because noble metal films were already made, the first efforts were directed
towards functionalizing them with alkylthiols, molecules which make chemical bonds
to metal surfaces via metal-sulfur bonds. In general, only noble metals will present
such a surface, base metals will presence an oxide surface, and silica and carbon are
not candidates. These functionalized surfaces are nearly always visualized by
scanning probe microscopy, though scanning electron microscopy can also see them
if patterns are made. It is believed that Figure A2 is the first demonstration that

patterned surfaces containing alkanethiols can be seen in TEM.

Figure A2: TEM images of octadecanethiol microcontact printed onto AuPd films, then loaded
onto gold TEM grids and imaged. The brighter regions are the thiol-coated regions,
based on the right image which was made from a non-symmetric stamp.

Although the contrast is very poor, in fact, the darker regions are actually the bare

surface regions (G. M. Whitesides previously concluded that the coating passivates
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those regions from contaminant adsorption, thus contrast appears as a result, in the
SEM studies), and the darkness results from the slight amount of adventitious carbon
that accumulates there over time before imaging. One approach to make this more
useful as a TEM sample would be to use terminal groups that are used to crystallize
materials out of some solution, like biomineralization, or anything else where TEM

dominates over other techniques and where sample preparation should be avoided.

In another patterning approach, electron-beam lithography was toyed with to make
scattering masks; as the films are transparent it was considered a potential candidate
for electron projection lithography. Figure A3 shows two examples of some cobalt

patterns made by electron-beam lithography as seen in TEM.

Figure A3: Electron-beam lithography using JC Nabity Lithograph
JEOL-7000 SEM, with 200-nm PMMA resist (no baking) spin-cast onto a Pt-film
which was tacked down onto a small piece of Si using the sugar-aerosol solution as
noted in Chapter 2. After spin-coating, the grid was extracted by adding water,
then patterned in the SEM, developed, cobalt pulse plated at -1100 mV vs. SCE 6
times for 0.5 seconds ON and at open circuit for 1.5 seconds OFF, then the resist
was removed with acetone. The film was made using the earlier ink technique
mentioned in Chapter 2, hence the folds in the left figure (bands of darkness).

For those curious, the letters “DAI” correspond to the last name of a previous

colleague who was learning lithography at the time. Note the dark band patterns.
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This is due to the folding of the metal film because the film was made using the older
method of picking up the film after stripping it from a sacrificial support. These
flattened wrinkles appear from place to place to allow for drainage of fluid during
drying. These regions are triple the original thickness, so if the film itself is 2 nm,
then the dark bands are 6 nm thick, thus thin films for heavy metals are absolutely

essential to maintain good image quality, every nanometer counts.

Lastly, films of iron were electrodeposited onto Pt to try building carbon nanofibers,
ultimately to test the idea of patterning them using the S-layers. This work was
performed by collaboration with Alan Cassell at NASA-AMES, CA. The SEM and
TEM data are shown in Figure A4.

g,
AR

; 3 ‘ L

Figure Ad: SEM (left) and TEM (right) of carbon nanofibers (CNFs) grown on iron-plated Pt
coated grids by plasma-enhanced chemical vapor deposition (PE-CVD) by Dr. Alan
Cassell at NASA-AMES.

It is interesting to note that on regular bulk substrates, often times a barrier layer is
used to separate the catalyst particle film from the substrate. There is some
speculation that during plasma bombardment, the local surface temperature may
reach a point where the catalyst particle may alloy with this barrier layer and some
attempt has been made to analyze the bed layer to see if any homogenization has
occurred. Unfortunately, after cross-sectioning and ion-milling, one can not discern
whether homogenization has occurred because of ion bombardment or ion milling.

Of course, the sample shown here has not been subjected to any such preparation.



104

VITA

Daniel B. Allred Jr. was born in Austin, Texas in 1974 but constantly moved
throughout childhood, being the son of a member of the armed forces. He enrolled in
the University of Washington in 1992 with the intent of majoring in Business. He
started a small business in 1993 and stopped it in 1994. He left college for some time
and had other adventures. After returning in 1997 he majored in Chemical
Engineering, for which he obtained his Bachelor’s Degree in 2000. He then interned
at Pacific Northwest National Laboratory for a summer to work on reformers in fuel
cell microreactors and then worked in the Physics department at this University on a
CERN project to build particle detectors for the Large Hadron Collider on the border
of France and Switzerland. After learning of an opportunity to get into graduate
school at this University he decided to turn down a chance at a staff position and

instead entered the Graduate School in this University in 2001.



